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Abstract 
 

Carbon dots (C-dots) are zero-dimensional fluorescent nanomaterials typically measuring 

below 10 nm. They have gained attention for their unique structure and properties, 

including cost-effective fabrication, easy chemical functionalization, high 

photoluminescence, tunable optical properties, resistance to photobleaching, thermal 

stability, and biocompatibility. Their growing use in biomedical applications is driven by 

their impressive potential as highly responsive optical sensors, monitoring probes, 

antimicrobial agents, and trackable carriers for drug delivery. This thesis explores two 

distinct methods for modifying the structure, and therefore their properties, of C-dots, 

each based on different precursor materials: one involves electrochemical surface 

functionalization, while the other employs an oxidizing agent to modify structural 

properties. The study examines how these approaches uniquely impact the optical and 

structural properties of each C-dot system, as well as their potential applications in the 

biomedical field. 

Firstly, a novel electrochemical mechanism is presented, that significantly transforms the 

structural and optical features of C-dots that were synthesized via pyrolysis of citric acid 

and ethanolamine at 300°C. This method uses electrogenerated hypochlorite for 

electrochemical etching, which causes intense oxidation and breaks carbon-carbon 

bonds on the nanoparticle surface. As a result, the particle size is progressively reduced 

while the quantum yield increases dramatically, reaching an enhancement of up to 640%. 

This research is the first to provide concrete evidence of this highly efficient reshaping 

mechanism in C-dots, enabling precise control over particle size and photoluminescence 

emission properties. 

Secondly, this chapter investigates the structural, optical, and biological properties of C-

dots (CU100D) synthesized via pyrolytic treatment of citric acid and urea at 230°C, 

particularly after oxidation treatment with NaClO. This treatment reduced the particle size 

from 4.3 nm to 2.9 nm, enhancing the surface area-to-volume ratio and altering the 

physicochemical properties, while FTIR analysis showed improved dispersibility. Optical 

properties underwent notable transformations, as NaClO treatment decreased UV 
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intensity and increased transparency, while boosting the quantum yield by up to 350%, 

addressing the common challenge of low quantum yield compared to commercial 

graphene quantum dots. The irreversible destruction of the 2-(2'-hydroxyphenyl) 

benzothiazole (HTTP) fluorophore, a byproduct formed during synthesis, upon interaction 

with NaClO, suggests potential for novel functionalities beyond fluorescence imaging. 

This cost-effective and scalable method yielded nanoparticles with high cell viability and 

strong antifungal activity, demonstrating their excellent performance for biomedical 

applications. 

Finally, the citric acid-urea-derived C-dots, following NaClO treatment, were compared to 

commercially available surface-modified graphene quantum dots functionalized with 

amine groups and imidazole. This comparison underscored the CU100D nanoparticles' 

cost efficiency, superior optical properties—such as a markedly higher quantum yield—

and enhanced cell viability, showcasing their benefits over functionalized graphene 

quantum dots. 

In conclusion, this thesis presents simple, green, cost and time-efficient, and scalable 

strategies for generating multifunctional C-dots with improved optical properties and 

versatile chemical compositions. Both approaches allowed the fine-tuning of the structural 

characteristics, and thereby the optical properties of C-dots, with significant quantum yield 

improvements. Treatment with NaClO enhances the C-dots' optical properties, 

biocompatibility, and biological activity. Overall, these findings highlight the potential of C-

dots as a promising, cost-effective alternative to conventional fluorescent materials in 

various applications. 
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Chapter 1:   Introduction 

1.1. Overview of nanomaterials 

Nanotechnology focuses on the creation, synthesis, characterization, and application of 

innovative nanomaterials, which are materials exhibiting at least one dimension that 

measures 1-100 nanometers [1]. The past decade has witnessed significant attention 

directed toward nanomaterials owing to their extensive utilization across various domains 

including electronics, sensors, catalysis, photonics, microfluidic lateral flow devices, 

pharmaceutics, and medical diagnostics [2]. The ability to engineer nanomaterials with 

specific shapes, sizes, and structures is achievable by selecting appropriate synthesis 

methods and adjusting manufacturing parameters.  

Nanomaterials are classified based on their dimensional attributes—zero-dimensional 

(0D), one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D)—wherein 

0D nanomaterials encompass all dimensions at the nanoscale, while 1D, 2D, or 3D 

materials exhibit one, two, or three dimensions at the macroscale, respectively. This 

classification system is closely tied to electron movement within nanoscopic materials. In 

0D nanomaterials, electrons are confined within dimensionless spaces, while in 1D 

materials, electrons are able to move along a single axis measuring less than 100 nm. In 

2D and 3D nanomaterials, electron movement extends across the x,y-axes and x,y,z-

axes, respectively. However, the spotlight largely rests on zero-dimensional 

nanoparticles, which are categorized as organic, inorganic, or hybrid, contingent upon 

their inherent components. Inorganic nanoparticles are constructed from diverse 

inorganic constituents, organic nanoparticles are composed of basic polymeric building 

blocks, such as C-dots, and hybrid nanomaterials enclose engineered nanoparticles, like 

carbon-coated magnetic nanoparticles [3]. Notably, the nanoscopic dimensions of 

nanoparticles enable them to easily traverse bacterial and mammalian cells (Figure 1), 

rendering them highly promising for diverse biomedical applications. These applications 

range from functioning as fluorescent nanoprobes for imaging bacteria or cancer cells to 

serving as highly efficient nanocarriers with exceptional loading capacities for targeted 

drug delivery systems [4].  
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Figure 1. Comparative size scale from macroscale to nanoscale represented by different objects. [5] 

1.2. History of carbon nanomaterials 

The origin of carbon nanomaterials can be traced back to 1985 (Figure 2). The discovery 

of fullerenes by Harold Kroto, Robert Curl, and Richard Smalley, awarded them the Nobel 

Prize in Chemistry in 1996 [6]. Fullerenes, such as C60, C70, and other cage-like 

structures, were the first members of the carbon nanomaterial family to captivate scientific 

interest. These hollow, soccer ball-shaped molecules comprising carbon atoms exhibit 

remarkable mechanical, electrical, and optical properties [7]. Their discovery not only 

introduced a new class of carbon allotropes but also spurred intense research into other 

carbon-based nanostructures. 

The subsequent groundbreaking revelation came in 1991 with the isolation of CNTs by 

Sumio Iijima [8]. CNTs, cylindrical arrangements of carbon atoms resembling rolled-up 

graphene sheets, quickly became a focal point in nanoscience due to their exceptional 

strength, electrical conductivity, and thermal stability [9]. The two main types of CNTs—

SWCNTs and MWCNTs—captured attention for their potential applications in 

nanoelectronics, nanocomposites, and various other fields. Further advancements in 

carbon nanomaterials unfolded with the discovery of graphene, a one-atom-thick sheet 

of carbon atoms arranged in a hexagonal lattice, in 2004 by Andre Geim and Konstantin 

Novoselov [10]. This two-dimensional material exhibited extraordinary mechanical 
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strength, high electrical conductivity, and exceptional flexibility, opening up avenues for 

fundamental studies and technological innovation. Graphene's emergence led to 

extensive research into its properties and applications, ranging from flexible electronics 

to energy storage and biomedical devices. 

Beyond fullerenes, CNTs, and graphene, the carbon nanomaterial family expanded to 

include various derivatives and hybrids. C-dots, zero-dimensional carbon-based 

nanoparticles with intriguing photoluminescent properties, emerged as a new frontier in 

nanomaterials research [11]. These fluorescent nanoparticles have found applications in 

bioimaging, sensors, and optoelectronic devices. Moreover, the development of carbon-

based nanocomposites, integrating carbon nanomaterials with polymers, metals, or 

ceramics, showcased synergistic properties, combining the unique characteristics of each 

component for enhanced performance in diverse applications. 

 

Figure 2. Schematic illustration of different structures of nanomaterials in the order of their discovery. [12] 

1.3. Structure of C-dots 

The composition and structure of carbon dots (C-dots) can vary significantly depending 

on their synthesis methods, offering a wide range of possibilities for designing different 

types of C-dots. Essentially, C-dots represent a diverse family of nanoscale systems, 

each capable of unique structural variations. The core of C-dots may exhibit crystalline or 
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amorphous characteristics, while the outer layer can accommodate various chemical 

groups, including both polar and nonpolar entities. These chemical groups may vary from 

small functional units to longer atomic chains. Some researchers have attempted to 

classify C-dots into subtypes to comprehend this diversity, although there is currently no 

widely accepted classification system in scientific literature. [13]. To help with this, we 

have proposed a classification scheme in Figure 3, which identifies the most relevant 

types of C-dots based on their unique core structures and shapes. 

 

Figure 3. Characteristic C-dot structures. 

Spherical-shaped graphitic C-dots are frequently encountered in the scientific literature 

[14], [15], [16], [17], [18], [19], [20], [21], [22], [23]. However, it's essential to acknowledge 

that comprehensive HRTEM studies confirming the presence of a graphitic 

monocrystalline structure in C-dots have only been accomplished by a limited number of 

studies [23], [24], [25]. Like graphite, the core of these dots consists of layers of carbon 

atoms arranged in a sp2-hybridized configuration, stacked atop one another. The lateral 

dimensions of these layers are constrained by the overall diameter of the C-dot, typically 

spanning a few nanometers. The crystalline nature of the core is typically verified using 

various structural techniques, including HRTEM, XRD, and Raman spectroscopy. Figure 

4 illustrates the visualization of the graphitic core through HRTEM measurements. 
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Figure 4. TEM (a) and HRTEM image (b) of C-dots with graphitic core structure; the average lattice spacing 

of these C-dots is 0.21 nm which is compatible with the (100) planes of graphite. [26] 

In many instances, the utilization of HRTEM is commonly coupled with AFM. This 

combination of techniques proves essential for acquiring a comprehensive understanding 

of both the crystalline core structure and the three-dimensional morphology of C-dots. 

Moreover, it facilitates the differentiation between graphitic C-dots and graphene quantum 

dots (GQDs) [27], [28], [29]. It's important to emphasize that GQDs exhibit a distinct 

morphology; they take the form of small, layered disks composed of 1–3 layers of 

graphene stacked on top of each other, in contrast to the spherical nature of C-dots. While 

GQDs often share optical characteristics similar to those of spherical C-dots, our 

fundamental comprehension of GQDs remains an ongoing challenge. The scientific 

community continues to debate the extent to which GQDs should be considered as a truly 

distinct system separate from C-dots. 

Moreover, in addition to the crystalline varieties, there exists a substantial body of 

evidence supporting the existence of amorphous C-dots [30], [31], [32], [33], [34], [35], 

[36]. These amorphous C-dots represent a distinct category characterized by a blend of 

sp2 and sp3 hybridized carbon atoms in variable proportions within their core. Notably, 

unlike their crystalline counterparts, amorphous C-dots lack long-range periodicity in their 

core structure. However, despite this structural distinction, they appear to share several 

noteworthy features with crystalline C-dots, such as their strong fluorescence properties. 

Within the realm of amorphous C-dots, a novel core structure has emerged in recent 
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studies, particularly in those C-dots synthesized through bottom-up approaches. This 

alternative core structure involves the aggregation of small molecules that typically form 

during the carbonization process of common precursors like citric acid (CA) (widely used 

in C-dot synthesis) [37], [38]. These aggregated molecules maintain a quasi-spherical 

shape due to relatively weak interactions, such as π-π stacking, hydrogen bonds, and 

Van der Waals forces. 

1.4. Synthesis methods 

In recent years, the preparation of carbon-based nanomaterials has been an active area 

of research, with numerous synthetic methods being developed. The methods can be 

broadly classified into two main approaches: top-down and bottom-up strategies. 

In the top-down approach, larger carbon-based materials such as graphene sheets or 

CNTs are reduced in size through physical or chemical methods to create smaller 

nanomaterials like GQDs or nanotubes with smaller diameters. This method relies on the 

use of existing carbon precursors and involves breaking them down into smaller pieces, 

hence the name "top-down." The main advantage of the top-down approach is the ability 

to control the size and shape of the final nanomaterials. However, this method can also 

result in defects and damage to the carbon-based precursors, which can affect their 

properties. 

On the other hand, the bottom-up approach involves the formation of carbon 

nanomaterials from smaller organic or inorganic molecules through chemical reactions. 

This method involves the formation of chemical bonds to build up the carbon-based 

materials from smaller building blocks, hence the name "bottom-up." The main advantage 

of the bottom-up approach is the ability to precisely control the chemical composition and 

properties of the final nanomaterials. However, this method can also be more challenging 

in terms of scalability and reproducibility. 

Several studies have investigated the synthesis of carbon nanomaterials using both top-

down and bottom-up approaches. For instance, one study reported the synthesis of 

GQDs using a top-down approach by using GO as a precursor and reducing it through a 

hydrothermal method [39]. Another study reported the synthesis of CNTs using a bottom-

up approach by using a catalytic CVD method with acetylene as a carbon source. 
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In summary, the choice of the synthesis method depends on the desired properties of the 

final carbon nanomaterials and the availability of starting materials. Both top-down and 

bottom-up approaches have advantages and limitations, and researchers continue to 

investigate new methods to improve the synthesis and properties of carbon 

nanomaterials. 

1.4.1. Top-down approaches 

1.4.1.1.  Laser ablation 

Laser ablation represents a method for the efficient fabrication of nanostructures through 

the utilization of laser irradiation, resulting in minimal by-product generation. In this 

process, a high-intensity laser beam is employed to penetrate the surface of a material 

and selectively remove a specific amount of it. The extent of material removal depends 

on factors such as the material's refractive index and the wavelength of the laser beam. 

When the laser interacts with the material's surface, it generates a strong electric field, 

leading to the expulsion of surface electrons. These expelled electrons subsequently 

undergo collisions, transferring energy to the atoms within the bulk material. As a 

consequence, the material's surface experiences heating, leading to vaporization. The 

vaporized particles can then either condense into particles without undergoing chemical 

reactions or aggregate into clusters. These condensed particles or clusters are 

subsequently collected and deposited in a collector equipped with a filtration system [40].  

Following its discovery, this method has undergone extensive investigation for the 

fabrication of nanoscale materials. Suda’s group utilized the laser ablation technique with 

an ArF laser beam assisted by inductively coupled plasma to create a thin film composed 

of carbon nanoparticles, 10 nm in size and with a clustered spherical shape [41]. This 

pioneering study on carbon nanoparticles spurred extensive research into employing 

laser ablation for the synthesis of C-dots. Li et al. employed a laser rapid passivation 

technique (Nd: YAG pulsed laser, 30Hz) to create GQDs, with an average size of 20 nm) 

out of a carbon suspension (consisting of 50 nm nanoparticles) with visible, stable, and 

adjustable PL performance [42]. They demonstrated that laser irradiation-induced 

passivation plays a significant role in the origin of PL, as illustrated in Figure 5a. Sun et 

al. were among the early investigators to explore C-dot synthesis through laser ablation, 
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using graphite powder as their carbon source (Figure 5b) [43]. Initially, they produced a 

heterogeneous blend of carbon nanoparticles without PL properties, indicating that the 

carbon core consisted of sp3 hybridized carbon atoms. Subsequently, they passivated the 

nanoparticles with PEG and poly (propionylethylene-imine-co-ethyleneimine) to transform 

them into photoluminescent C-dots. Similarly, Hu et al. introduced a simple method for 

producing fluorescent carbon nanoparticles through laser ablation of suspensions 

containing graphite powders in organic solvents (diamine hydrate, diethanolamine, and 

PEG200N) (Figure 5c) [44]. The resulting GQDs' surface properties could be altered by 

selecting appropriate solvents, thereby enabling tunable PL emission by modifying their 

surface functional groups. Kang proposed a swift preparation method for synthesizing 

GQDs from MWCNTs via laser exfoliation, resulting in GQDs with excellent optoelectronic 

properties and a high PL QY of 12% (Figure 5d) [45].  

 

Figure 5. Schematic representations of (a) laser-induced passivation of carbon particles for GQD synthesis 

[42], (b) the production of GQDs via graphite laser ablation [43], (c) laser irradiation of a carbon powder 

suspension in PEG200N, [44] and (d) Schematic illustration of possible mechanism pulsed laser exfoliation 

of MWCNTs to GQDs [45].  

1.4.1.2.  Chemical exfoliation 

Chemical exfoliation provides an efficient and straightforward approach for the large-scale 

production of high-quality C-dots without the need for complex equipment. This method 
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involves subjecting precursor carbon materials such as CFs, GO, or CNTs to the action 

of potent acids or oxidizing agents.  

In 2007, Liu’s group pioneered the creation of luminescent GQDs of varying sizes using 

HNO3 at relatively high temperatures, starting from candle soot [46]. Furthermore, Peng 

and his team produced GQDs (1-4nm) through chemical exfoliation of CFs using a 

combination of H2SO4 and HNO3 [47]. These GQDs exhibited distinct yellow, green, and 

blue PL emissions at different synthesis temperatures (80, 100 and 120 oC, respectively), 

highlighting the successful generation of GQDs through the chemical cleavage of CFs. 

Additionally, Zhao et al. employed asphaltene, H2SO4 and HNO3 under reflux at 100 oC, 

to create GQDs that had an average size of 2.5 nm and exhibited excitation-dependent 

PL (Figure 6a) [48]. Moreover, Gunjal et al. employed concentrated H2SO4 to cleave 

green tea leaf residue, resulting in the synthesis of N-GQDs with a QY of 2.5% [49]. In 

another approach, Sun et al. introduced an acid-based method for the preparation of 

fluorinated GQDs using carbon derived from fluorinated GO and a low volume of 

H2SO4/HNO3 (Figure 6b) [50]. Additionally, Soni et al. synthesized graphitic N, S-C-dots 

(4-10 nm) with bright, excitation independent green PL emission through triflic acid 

cleavage of palm shell powder [51]. Desai et al. used H2SO4 and H3PO4 as oxidizing 

agents to prepare CQDs from muskmelon fruit (Figure 6c) [52]. The FL properties of 

CQDs were tuned by controlling the experimental conditions that allow them to emit 

different colors: blue, green, and yellow, with different λem= 432, 515, and 554 nm at λex 

=342, 415, and 425 nm, respectively. The sizes of blue, green, and yellow CQDs were 

found to be 3.5, 4.3, and 5.8 nm, respectively. In addition, their QYs were 7, 27, and 14%. 
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Figure 6. The process of chemical exfoliation for generating C-dots using as precursors: a) asphaltene [48], 

b) Fluorinated GO (FGO) [50] and c) Muskmelon fruit [52]. 

Indeed, aside from strong acids, various potent oxidizing agents have been employed in 

the production of C-dots. For instance, Kailasa et al. used H2SO4 as an oxidizing agent 

to chemically oxidize tomatoes, resulting in the creation of blue, green, and yellow, 

fluorescent GQDs [53]. These GQDs were subsequently utilized for detecting Fe3+ ions 

with a low detection limit of up to 0.016 µM, enabling the quantification of Fe3+ ions in iron 

supplements and biofluids. Nair et al. demonstrated that GO can be oxidized by KMnO4 

for 30 min and produce GQDs with a QY of 23% [54]. Moreover, Zhu et al. employed 

H2O2 as a mild oxidant to oxidize GO and produce GQDs with the assistance of W18O49 

nanowires, and the size of the resulting GQDs (4-21 nm) was dependent on the 

concentration ratio of W18O49 and H2O2 [55]. Compared to acid-based oxidizing agents, 

the use of mild oxidants eliminates the need for further purification, making the acid-free 

strategy a simpler and more environmentally friendly approach, suitable for applications 

in bioimaging. 

1.4.1.3.  Electrochemical oxidation 

Electrochemical oxidation stands as one of the most employed methods for crafting C-

dots, offering several merits such as cost-effectiveness, high purity, substantial yield, size 

control, and reliable reproducibility [56]. The characteristics of C-dots, including their PL 
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and surface properties, are significantly influenced by two essential factors: the electrodes 

and the electrolyte. 

Liu et al. generated C-dots through direct electrochemical oxidation of a graphite 

electrode in alkaline alcohols (ethanol/NaOH) at 5V for 3h, which showed an average 

diameter of (4 ± 0.2) nm and notable crystalline quality [57]. Interestingly, these C-dots, 

when initially prepared at 4°C, exhibit a colorless appearance, but their dispersion 

gradually changes when stored at room temperature, a phenomenon attributed to 

increased oxidation at higher temperatures. In another approach, Hou et al. synthesized 

C-dots by subjecting sodium citrate and urea to electrochemical oxidation for 1h at 5V 

using two platinum sheets as electrodes (1.5 x 2 cm2). These resultant C-dots possessed 

commendable photostability under different pH values, boasting a QY of 11.4% and sizes 

ranging from 1.0 to 3.5 nm [58]. Ahirwar et al. devised a method to fabricate both GQDs 

and GOQDs using a combination of CA and NaOH as an electrolyte (Figure 7a) [59]. 

GQDs were synthesized through a reaction involving CA and NaOH, while four distinct 

types of GOQDs with adjustable oxygen-containing groups were prepared by varying the 

concentration of alkali while keeping CA concentration constant. The general process 

included inducing defects in graphite rods at elevated temperatures, followed by the 

intercalation of OH¯ ions, oxygen generation, and exfoliation. The average size of the 

resulting GQDs and GOQDs was found to be in the range of 2–3 nm, exhibiting blue to 

green emission when excited with 365 nm UV-light. Subsequently, Huang et al. generated 

GQDs (3-8 nm) from graphene paper using ammonia solution as a weak electrolyte to 

disintegrate the graphene sheets and introduce nitrogen doping into their structure [60]. 

The reaction yield for GQD production in a weak electrolyte was approximately 28% 

higher compared to that in a strong electrolyte, mainly due to enhanced cleavage 

efficiency. However, the rigorous electrochemical reaction in the NaOH electrolyte led to 

rapid consumption of the anode within 30 minutes, resulting in only a small proportion of 

graphene being converted to GQDs (Figure 7b). 
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Figure 7. a) Electrochemical exfoliation of graphite rods that involves the intercalation of OH⁻ ions, the 

generation of O2, and exfoliation, ultimately leading to the creation of GQDs [59]. b) A schematic illustration 

of GQDs production in both strong and weak electrolyte solutions [60]. 

Joffrion et al. synthesized GQDs (2-4 nm) exhibiting excitation-independent emission 

characteristics from a graphite rod within a glucose-water solution using a green 

electrochemical method [61]. This process entailed the decomposition of water and 

glucose for surface passivation. The λem of the GQDs experienced a redshift with 

increasing glucose concentration and longer processing times while their QY was found 

to be around 17.5 %. Furthermore, He et al. employed coke as an electrode in a one-pot 

electrochemical process to produce GQDs with a size ranging from 3 nm to 4.6 nm [62]. 

By adjusting the water content (40%) in the electrolyte (methanol) and the current density 

(30-240 mA/cm2), they obtained GQDs with emissions ranging from green to orange. 

Subsequently, blue-emitting GQDs were derived by reducing the green GQDs using 
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NaBH4. The QYs for the blue, green, yellow, and orange GQDs were measured at 19.3%, 

8.5%, 7.9%, and 9.2%, respectively. 

1.4.1.4.  Ultrasonication 

Ultrasonic treatment stands out as an innovative method for synthesizing various 

nanostructures, like C-dots. This technique harnesses high-energy ultrasonic sound 

waves to break down substantial carbon sources into smaller components. In a liquid 

environment, these ultrasonic waves generate both high- and low-pressure regions, 

leading to the formation of tiny vacuum bubbles. These bubbles are uniformly dispersed 

and subjected to rapid liquid jet collisions, exerting potent hydrodynamic shear forces that 

overcome bonding forces and result in deagglomeration [63]. Consequently, these 

ultrasonic waves can reduce macroscopic carbon sources into nanoscale materials, 

contributing to C-dot formation. Moreover, the energy from ultrasonic waves aids in 

thoroughly mixing chemical constituents, facilitating their polymerization and 

carbonization, further promoting C-dot formation. 

Zhuo et al. were pioneers in utilizing ultrasonic exfoliation of graphene to prepare 3 to 5 

nm GQDs which exhibited an excitation-independent PL behavior and a QY of 3.4 % [64]. 

Since this groundbreaking work, numerous researchers have adopted ultrasonic-assisted 

techniques to synthesize GQDs from various carbon sources, including graphite, 

MWCNTs, GO, and CF, using both aqueous and organic solvents. For instance, Song et 

al. successfully produced GQDs by subjecting an aqueous dispersion of graphite and 

potassium sodium tartrate to ultrasonic treatment (Figure 8a) [65]. These GQDs had 

diameters ranging from 1 to 5 nm and emitted blue luminescence at 400 nm under 

λex=310 nm. Dang et al. achieved a significant milestone by scaling up the production of 

C-dots by subjecting oligomer-polyamide resin to ultrasonic waves, resulting in 3 nm C-

dots exhibiting an impressive QY of 28.3% [66]. Intriguingly, researchers have extended 

the ultrasonic approach to create heteroatom doped GQDs. For example, Huang et al. 

synthesized chlorine doped GQDs through direct ultrasonic exfoliation of a chlorinated 

CF precursor (Figure 8b) [67]. The GQDs had a size of 3-10 nm and showed excitation-

dependent behavior.  Zhang et al. developed 5-7 nm N-C-dots and prepared BiOBr/N-C-
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dot nanocomposites, which showed enhanced visible-light photoactivity and 

photostability, via a facile ultrasonic treatment [68].  

 

Figure 8. (a) Schematic illustration of the preparation of GQDs using graphite and potassium sodium tartrate 

as precursors [65]. (b) The process of fabricating PEG-functionalized GQDs through ultrasonic-assisted 

treatment [67]. 

1.4.2. Bottom-up approaches 

 

1.4.2.1. Chemical Vapor Deposition 

CVD is a well-established technique, which has gained widespread use in recent years 

for the fabrication of C-dots. This approach allows for precise control over the size of the 

resultant materials by manipulating various parameters, including the carbon source, 

growth time, hydrogen (H2) flow rate, and substrate temperature. 

A study by Fan et al. introduced the application of the CVD method for C-dot synthesis, 

utilizing CH4 as the carbon source, as depicted in Figure 9a [69]. The process involved 

initial cleaning of oxidation groups on a copper foil surface using alcohol and HCl. 
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Subsequently, hydrogen residues were removed by continuous argon (Ar) supply. CH4 

was then introduced into the furnace at a flow rate of 2 mL/min for a brief duration of 3 

seconds in an Ar environment. The resulting C-dots exhibited a size distribution in the 

range of 5–15 nm, indicating their successful preparation. In a recent approach, Ding et 

al. used hexagonal boron nitride as a substrate for GQDs, eliminating the need for a metal 

catalyst [70]. The number of GQDs was modulated by adjusting the ratio of Ar to CH4 and 

H2 gases, demonstrating thickness-dependent PL emissions in the visible region. 

Interestingly, carbon sources such as chitosan were employed to produce N-GQDs 

through a CVD method on a copper foil [71]. The obtained N-GQDs, characterized by an 

average diameter of 12 nm and a thickness of 3 nm via DLS analysis and AFM height 

profiling (Figure 9b), exhibited intense PL emission in the visible region. In 2016, single-

crystalline GQDs were synthesized on a silicon wafer, featuring an average thickness of 

1.2 nm and an average diameter of 7.5 nm [72]. 

 

Figure 9. (a) CVD process for C-dot growth using CH4 as a precursor in an Ar environment [69], (b) 

Synthesis of N-GQDs through a CVD procedure using chitosan as the precursor [71]. 

1.4.2.2. Pyrolysis 

In the process of pyrolysis, organic chemical compounds undergo dehydration and 

carbonization at extremely high temperatures to yield C-dots. This thermal decomposition 

method offers several advantages, including the ability to produce C-dots on a large 

scale, cost-effectiveness, and a fast and straightforward synthesis process [73], [74]. 

However, it's important to note that the resulting C-dots may exhibit non-uniform sizes 
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[73]. C-dots have been prepared through pyrolysis of various small organic compounds, 

including but not limited to CA [75] and glucose [76]. 

Zhao et al. synthesized GQDs using L-glutamic acid as a precursor, which was heated to 

210 °C with a heating mantle, via a solvent-free pyrolysis method [77]. These GQDs 

exhibited a high QY of 54.5% (λex=360 nm) and displayed blue, green, and red emissions 

when excited with ultraviolet, blue, and green light, respectively. In detail, when the GQDs 

were excited at 360 nm, they showed a strong FL peak at 440 nm. In addition, the 

fluorescence emission spectra showed an excitation-dependent manner. The emission 

peak of GQDs shifted from 415 nm to 580 nm, when the λex changed from 320 nm to 540 

nm. In a separate study, Kalita et al. produced GQDs with varying sizes (2-6.5 nm) using 

rice grains as a precursor through one-pot pyrolysis at 200 oC different heating durations 

(3 - 10 minutes) [78]. The synthetic procedure involved the breakdown of starch into 

glucose oligomers due to heat, followed by the carbonization of glucose oligomers at high 

temperatures, and growth of conjugated domains during pyrolysis. Interestingly, the 

emission of these GQDs exhibited a red shift with increasing particle size from 2 nm to 

6.5 nm, attributed to QCE. However, their QY decreased from 24% to 16% with larger 

particle sizes. 

CA is a commonly used and cost-effective precursor in the bottom-up approach for C-dot 

synthesis [79], [80], [81]. Li et al. developed N-doped C-dots with a high QY of 69% using 

CA and EDA in water through a one-pot pyrolysis process (120 oC for 48h) [82]. The 

synthesis process involved the dehydration and amide formation reaction between 

carboxyl groups of CA and amino groups of EDA, resulting in the production of a 

fluorescent molecule (IPCA). This IPCA compound was extracted from the synthesized 

N-C-dots, using ethyl acetate and rotary evaporation, and characterized by UV-vis and 

PL spectroscopy. By varying the reaction time (24, 48, and 72 hours), they achieved QYs 

of 71.1%, 65.5%, and 64.8%, with 48 hours being sufficient for N-C-dot formation, while 

24 hours resulted in the production of N-CQDs with a QY higher than that at 48 hours but 

lower than that of IPCA (81.5%). The proposed formation mechanism involved 

dehydration, amide formation, pyrolysis, and polymerization, leading to the creation of N-

doped aromatic domains via carbonization. In another green one-pot pyrolysis approach, 
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C-dots were synthesized using CA and glycine for 1 h at 180°C in air atmosphere, without 

the use of solvents [83]. Varying the molar ratio of CA to glycine at 28% and 54% resulted 

in C-dots with blue and green emissions and QYs of 84 % and 63 %, respectively. Their 

size decreased from 4.1 nm to 3.5 nm as the molar ratio of CA increased. The blue 

emission was attributed to surface states of the particles, while the green emission was 

linked to a higher degree of amidation and sp3 hybridization graphitic domains. 

Furthermore, excitation-dependent C-dots, with an average size of 3.6 nm, were 

synthesized through pyrolysis of uric acid at 225 °C for about 30 min under the air 

atmosphere, yielding particles with a QY of 52 % [84]. These C-dots served as a 

promising fluorescence probe for detecting Ag+ ions by quenching particle emission. 

Lastly, C-dots were prepared by Wei et al. via the thermal treatment of gynostemma 

without the use of any additional reagents [85]. These C-dots were soluble in water, had 

a diameter of 2.5 nm, exhibited blue emission after being excited by a 365 nm UV lamp 

(λem= 420 nm) and had a QY of 5.7 %. Notably, their emission was excitation-dependent, 

with increasing λex resulting in a red shift in emission. 

1.4.2.3. Hydrothermal and solvothermal 

 

1.4.2.3.1. Hydrothermal method 

Hydrothermal carbonization is a widely employed, environmentally friendly, and cost-

effective method for crafting C-dots from various organic sources such as organic acids, 

saccharides, fruit juices, and discarded fruit peels [86], [87], [88]. Typically, this process 

involves sealing mixtures in an aqueous solution in a Teflon container, immersing it in an 

oven, and subjecting it to high pressure and temperature conditions [89], [90], [91], [92], 

[93], [94], [95]. 

In addition to traditional precursors, researchers have explored the use of waste biomass 

as carbon sources. For example, Krysmann et al. employed an environmental approach 

to create 2-5 nm, excitation-dependent C-dots through an acid oxidation method using 

unprocessed biomass as the carbon source [96]. Their method involved thoroughly 

mixing fresh grass with water and heating the mixture to 300°C over a period of 4 hours. 

Subsequently, the resulting carbon material was dispersed in water and subjected to 
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reflux with a 3M HNO3 solution for an additional 48 hours. Mehta et al. developed a plant-

based hydrothermal method (120 °C for 180 min in ethanol) to synthesize water-soluble 

fluorescent CQDs derived from Saccharum officinarum juice [97]. These CQDs, with an 

average size of approximately 3 nm and a QY of 5.6 %, were employed for the selective 

and sensitive detection of Cu2+ (Figure 6a). Similarly, Lu et al. suggested a hydrothermal 

approach to produce CQDs using pomelo peel in a Teflon-lined autoclave, that was 

heated at 200 °C for 3 h. The CQDs had an average particle size of 4 nm, exhibited a QY 

of 6.9% and were employed for the sensitive detection of Hg2+ in lake water samples [98]. 

Sahu et al. synthesized CQDs using a one-step hydrothermal method. They mixed 

orange juice with ethanol, and then the mixture was transferred into a Teflon-lined 

stainless-steel autoclave and heated at 120 oC for 150 min. The diameter of CQDs ranged 

from 1.5 to 4.5 nm, while they demonstrated tunable PL properties (QY of 26 %) and 

excellent biocompatibility (Figure 6b) [99]. Additionally, Huang et al. employed strawberry 

juice to generate N-doped CQDs through a cost-effective and environmentally friendly 

solvothermal method (in a Teflon-lined autoclave at 180 °C for 12 h) [100]. These CQDs, 

with a nitrogen content of 6.9 %, exhibited a maximum emission at 427 nm with a QY of 

6.3 % and were utilized for the selective and sensitive detection of Hg2+ (Figure 6c). Liu 

et al. suggested a straightforward and low-cost synthesis route for CQDs by heating 

bamboo leaves in a Teflon-lined autoclave at 200 °C/6h, which exhibited a remarkably 

high PL QY of 7.1% [101]. These CQDs, averaging a size of 3.6 nm, were functionalized 

with branched-PEI for the sensitive and selective detection of Cu2+ in river water (Figure 

6d). Li et al. successfully produced C-dots, using grape skin through a hydrothermal 

treatment in a Teflon-lined autoclave at 190 °C for 3 hours, that had an average size of 4 

nm, exhibited green emission (λem=522 nm at λex=430 nm), excitation-dependent 

properties, and a high QY of 8.7% [102]. The C-dots were also sensitive to the detection 

of picric acid. Moreover, Atchudan et al. employed kiwi peels and aqueous ammonia as 

the precursors for biowaste-derived C-dots (heating in a Teflon-lined stainless-steel 

autoclave at 200 °C for 24 h) [103]. The 5 nm C-dots were hydrophilic, featured surface 

functionalities such as -OH, -CN, and -COOH, and displayed a QY of 18% and excitation-

dependent emission, making them suitable for cell imaging applications. Coffee beans 

and grounds, known as valuable carbon sources, have also been utilized for the 
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production of C-dots [104]. Zhang et al. developed C-dots from coffee beans using water 

as a solvent by heating in a Teflon-lined autoclave at 180 °C for 12 h [105]. They had a 

diameter of 4.6 nm, exhibited excitation-dependent emission, and possessed a QY of 

9.8%. Their high sensitivity to Fe3+ ions made them a potential candidate for use as Fe3+ 

indicators. 

 

Figure 10. Schematic diagram of (a) Preparation process and application of the fluorescence C-dots from 

saccharum officinarum juice [97] (b) Preparation of soluble C-dots from orange juice [99] (c) Preparation of 

C-dots from strawberry juice [100] (d) Preparation of C-dots from bamboo leaves and functionalization with 

branched-PEI for the detection of Cu2+ [101]. 

CA stands out as one of the most widely used carbon sources in C-dot synthesis. Guo et 

al. synthesized N-CQDs using CA as a precursor, diethylenetriamine as a nitrogen 

source, and water as a solvent through a hydrothermal method (heating in a Teflon-lined 

autoclave at 180 oC for 10 h) [106]. The resulting particles had an average size of 3 nm, 
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featured a high QY of 85 %, and displayed excellent stability and photostability. Li et al. 

undertook the synthesis of C-dots from CA and PEI within a hydrothermal reactor at 110 

°C for 2 hours [107]. Upon completion of the reaction, the carbon dot dispersion was 

purified by the addition of methanol, followed by centrifugation at 15,000 rpm for 10 

minutes, resulting in uniform C-dots with a size of around 4.5 nm. 

Moreover, tunable-color C-dots were produced using OPD as a precursor and KCl as a 

catalyst without the use of solvents [108]. The particles formed through the polymerization 

of OPD and subsequent carbonization, resulting in conjugated sp2 domains whose size 

and nitrogen doping extent could be controlled by adjusting temperature and reaction 

time. They exhibited a QY of 56%, and their λem could be tailored by manipulating the size 

of the sp2 conjugated domains and the degree of nitrogen doping. Qu et al. conducted 

the synthesis of C-dots using dopamine through a hydrothermal approach [109]. In this 

process, they heated a mixture of dopamine and water at a temperature of 180 °C for 6 

hours. Following the reaction, centrifugation at 10,000 rpm for 10 minutes was employed 

to eliminate larger particles and obtain uniform C-dots with an average size of 

approximately 3.8 nm. Pan et al. introduced an environmentally friendly method for 

producing blue emissive (λem= 430 nm at λex= 320 nm), 10 nm CQDs, using a 

hydrothermal process at 200 oC, in which the epoxy functional groups present on the 

surface of GO sheets undergo complete transformation into CQDs [110]. Chen et al. 

synthesized C-dots through hydrothermal treatment of lignin in the presence of H2O2 at 

180 °C for 40 minutes [111]. Upon completing the reaction, they filtered the reaction 

mixture using a 0.22 μm membrane filter and subsequently conducted dialysis using a 

3500 Da dialysis membrane for 2 days, yielding C-dots ranging in size from 2 to 10 nm. 

Halder et al. used a simple hydrothermal technique for generating GQDs by incorporating 

H2O2 (180 oC for 2 h), which accelerates the exfoliation of GO sheets, effectively acting 

as scissors during the hydrothermal process [112]. The GQDs had an average size of 5 

nm and a PL QY of 4.6 %. 

1.4.2.3.2. Solvothermal method 

In addition to hydrothermal methods, solvothermal approaches for C-dot synthesis offer 

advantages such as cost-effectiveness and the use of basic equipment [113]. Unlike 
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hydrothermal processes, where water solutions are employed, solvents, either singly or 

in combination, are used in sealed Teflon containers within steel autoclaves [114], [115], 

[116]. The solvent and carbon source mixtures undergo reactions at elevated 

temperatures and pressures. 

Shin et al. employed mild oxidation with oxone, a non-acidic mild oxidant, to chemically 

oxidize natural carbon sources (graphite, MWCNTs, CFs, and charcoal), resulting in 

GQDs with average sizes from 2nm to 8 nm, QYs of 5-8 % and blue PL (λem= 430 nm 

upon excitation with UV light at 365nm) (Figure 11a) [117]. Tian’s group fabricated blue, 

fluorescent GQDs through solvothermal exfoliation of graphite aided by mild H2O2 in DMF 

(Figure 11b) [118]. These GQDs exhibited a high QY of 15% and demonstrated PL 

stability across various pH conditions. Qian et al. suggested a straightforward 

solvothermal approach to produce N-doped C-dots from a mixture of CCl4 and diamines 

(2-ethylenediamine, 1,3-propanediamine, and 1,4-bu-tanediamine) at 200 °C [119]. 

Following dialysis, the purified C-dots (with sizes ranging from 6 to 15 nm) exhibited 

higher QYs (up to 36%) than many other C-dots, while showing great promise in selective 

and sensitive determination of pH, Ag+, and Fe3+ in aqueous solutions. Sun et al. utilized 

a solvothermal method (at 160 °C for 8 h in a Teflon-lined stainless-steel autoclave) to 

synthesize full-color emitting C-dots using CA and urea with constant mass ratio (1:2) but 

adjusting concentrations in the reaction solvent (DMF) (Figure 11c) [120]. The resulting 

C-dots had sizes between 3.9 nm and 5 nm and QYs 33-48 %. 
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Figure 11. Several synthetic procedures for C-dots using solvothermal methods: (a) The solvothermal 

exfoliation of various carbon-based precursors (graphite, MWCNTs, CFs, and charcoal), via mild oxidation, 

to produce fluorescent C-dots [117], (b) Synthesis of C-dots from graphite in DMF [118], (c) Synthetic 

process responsible for generating full-color emitting C-dots in DMF [120].  

Shen et al. synthesized three different types of C-dots utilizing trisodium citrate dihydrate 

and urea in three distinct solvents: DEF, DMAC, and DMF through a one-pot solvothermal 

reaction (heating at 160 oC for 4h) [121]. This approach yielded C-dots with adjustable 

solid-state emission colors, ranging from green to yellow-green and yellow, each 

exhibiting high QYs of 17.6%, 18.7%, and 21.6% in DMF, DMAC, and DMF, respectively. 

The synthesis mechanism suggested their formation via a chemical reaction between the 

reactants and the crystallization of excess trisodium citrate around the newly formed C-

dots. Miao et al. synthesized C-dots with a wide range of emission colors, from blue to 

red (430 nm to 630 nm), by using CA and urea in DMF through a solvothermal reaction 

[122]. The degree of redshift in emission was controlled by manipulating the graphitization 

degree and the presence of surface states, primarily -COOH groups. These factors were 

determined by adjusting the molar ratio of CA to urea (ranging from 0.1 to 1) and varying 

the reaction temperature (140–200°C). These C-dots demonstrated excitation-dependent 

emission and possessed QYs of 52.6%, 35.1%, and 12.9% for the blue, green, and red 

emissions, respectively. Zhao et al. reported a series of C-dots using 1,2,4,5-
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tetraaminobenzene as a precursor and nitrogen source in five different solvents, including 

water, ethanol, isopropanol, methanol, n-butanol, and DMF, employing a one-pot 

solvothermal method (in a Teflon stainless-steel autoclave at 170 °C for 5.5 h) [123]. The 

emission characteristics of these C-dots were related to the solvent used during the 

synthesis process. The ones prepared in organic solvents exhibited higher emission 

intensities compared to those in water. The variation in solvent properties, such as 

polarity, solubility, protic or aprotic nature, and boiling point, contributed to differences in 

carbonization, growth of conjugated domains, dehydration, core formation, and 

aggregation, ultimately resulting in variations in their emission properties. The λem of these 

C-dots ranged from 527 to 605 nm, with QYs spanning from 10% to 47.6%. The emission 

mechanism was further explored by comparing red and yellow emissive C-dots (543 nm 

and 605 nm) prepared in n-butanol and ethanol, respectively. The observed redshift in 

emission was attributed to factors like particle size increase and the presence of surface 

states. In a separate study, Zhang’s group synthesized a series of C-dots using OPD as 

a precursor in CHCl3 via a one-pot solvothermal method which included heating at 160 

oC for 10h [124]. The resulting C-dots had a range of emission colors, including blue, 

green, yellow-green, orange, and red, through column chromatography separation of the 

product mixture. Among these, the green-emitting ones exhibited the highest QY of 

88.9%, primarily due to their high content of C-O and C-O-C groups. The redshift in 

emission, spanning from 435 nm to 595 nm, could be attributed to variations in 

conjugation length and the extent of heteroatom doping (Figure 12). Zhu et al. achieved 

the preparation of green (λem= 515 nm at λex=370 nm) GQDs with an average size of 5.3 

nm and a PL QY of 11% using DMF as the solvent in a solvothermal process [125]. PEG-

200 in NaOH served as precursors for the solvothermal synthesis of C-dots at 160 °C for 

24 hours, as demonstrated by Mitra et al. [126]. These C-dots had sizes ranging from 1 

nm to 5 nm and exhibited a QY of 2 %. 
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Figure 12. The synthesis and separation of C-dots with different emission colors followed by their 

normalized PL emission spectra and images of the C-dots in solution under 395 nm UV-light [124]. 

1.4.2.4. Microwave-assisted method 

Microwave-assisted methods offer several advantages, including speed, cost-

effectiveness, and reduced side product formation, making them widely employed in the 

synthesis of C-dots [127].  

Li et al. reported the synthesis of green, fluorescent GQDs through a microwave-assisted 

procedure using GO sheets in acidic conditions (3.2 M HNO3 and 0.9 M H2SO4) for 3h 

(Figure 13a) [128]. This process led to the formation of single-layer GQDs with an average 

diameter of 4.5 nm and a QY of 11.7 %. Wang et al. introduced a straightforward one-pot 

microwave-assisted method to produce water-soluble C-dots derived from protein-rich 

eggshell membranes and NaOH placed in a domestic microwave oven for 5 minutes 
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(Figure 13b) [129]. The resulting C-dots exhibited a QY of approximately 14%. They also 

demonstrated the ability to simultaneously detect Cu2+ and glutathione.  

In another study, Kumawat et al. synthesized C-dots using Mangifera indica (mango) 

leaves through a straightforward microwave-assisted hydrothermal process (900W for 5 

minutes) (Figure 13c) [130]. These C-dots had a size between 2 nm and 8 nm, exhibited 

excitation-independent fluorescence emission in the NIR region (between 650 and 750 

nm), and had favorable biocompatibility and high photostability. Pires et al. introduced a 

two-step microwave-assisted method for producing C-dots from raw cashew gum (Figure 

13d) [131]. These resulting C-dots had an average size of 9 nm displayed a QY of 8.7 % 

and low cytotoxicity, making them valuable for live-cell imaging. Moreover, Ren et al. 

prepared N-doped GQDs using sodium citrate and triethanolamine as raw materials, with 

a diameter of 5.6 nm through microwave-assisted heating, which exhibited blue (λem= 442 

nm at λex=340 nm) fluorescence with a QY of 8% (Figure 13e) [132].  
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Figure 13. (a) Preparation route for GQDs under acidic conditions [128], (b) Preparation of C-dots derived 

from protein rich eggshell membranes in NaOH [129], (c) Preparation of C-dots using mango leaves [130], 

(d) Preparation of C-dot composites from raw cashew gum [131], (e) Synthesis of fluorescent N-GQDs from 

triethanolamine and sodium citrate [132]. 

Zhang et al. utilized a microwave-assisted approach to synthesize GQDs using aspartic 

acid and NH4HCO3 as precursors in a water-based system (560W for 10 minutes) [133]. 

The resulting GQDs exhibited blue fluorescence (λem=450 nm) under the irradiation of 

UV-light (λex=365 nm) with a QY of 14% and displayed sensitivity to pH and Fe3+ ions. 

Zheng et al. produced N-GQDs by employing glucose as a carbon source and ammonia 
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as a nitrogen source in a water-based microwave-assisted method at room temperature 

and atmospheric pressure [134]. These N-GQDs, with a size of 5.3 nm, demonstrated a 

QY of 6.42%. This synthesis method harnessed the benefits of rapid microwave reactions 

along with the catalytic and doping effects of ammonia. Chan et al. synthesized N, S-C-

dots by using CA as a precursor and CH4N2S as nitrogen and sulfur dopants through a 

microwave-assisted process which lasted for 6 minutes [135]. The resulting water-soluble 

NS-C-dots had an average size of 4.7 nm, exhibited a high QY of 28.9% and displayed 

pH-dependent emission properties. They also demonstrated selectivity for Fe3+ ions, 

particularly enhanced under acidic conditions at approximately pH=2. Lastly, Li et al. 

reported the synthesis of C-dots using C10H14N5O8P and EDA via a microwave-assisted 

method [136]. Their average size was about 3.7 nm, and the QY was estimated as 10.4% 

using quinine sulfate as the reference. They suggested a mechanism which included the 

polymerization of precursors, followed by carbonization to form hydrophilic and AG+ ion-

sensitive C-dots. Scaling up the production of oil-soluble C-dots from cost-effective 

materials has been a challenge. Fang et al. successfully prepared C-dots using four 

different surfactants (Span 40, octadecyl sucrose, soybean lecithin, and dodecyl betaine) 

as precursors via a straightforward microwave-assisted method [137]. The resulting C-

dots had average sizes from 1.3 nm to 2.9 nm and QYs from 0.8 % to 2.5 %. The formation 

mechanism involved the carbonization of hydrophilic groups, resulting in C-dots, with fatty 

acid chains on their surfaces, enhancing their solubility in oils. The presence of these fatty 

acid chains helped maintain a uniform structure and prevented further particle growth due 

to steric hindrance. Scaling up production, with reaction volumes reaching approximately 

1 kg, was investigated, and the particles were incorporated into polymer composites, 

demonstrating promise for industrial-scale applications. 

1.5. Properties of C-dots 

 

1.5.1. UV-Absorption 

C-dots exhibit comparable optical characteristics despite structural differences, with 

variations in functionalities, synthesis methods, heteroatom doping and precursors. UV-

vis spectroscopy serves as a valuable tool for gaining insights into the chemical structure 

of C-dots [138].  
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C-dots display robust absorption in the UV region, both extending into the visible and 

even NIR ranges  [139], [140]. Generally, the absorption peak of C-dots is prominently 

observed in the wavelength range of 220 to 270 nm, corresponding to the core π→π* 

transition of aromatic C=C bonds, as it can be seen in Figure 14a [141]. Additionally, an 

absorption peak in the 280 to 350 nm range is attributed to electronic transitions from C–

O or C=O bonds to the π* orbital (n→π* transitions) [138], [141], [142]. The absorption 

peak at wavelengths spanning 400 to 600 nm is linked to electron transitions of the 

surface functional groups of C-dots, suggesting that surface chemical moieties contribute 

to UV–visible region absorption [143]. Some studies have revealed that certain C-dots 

exhibit long-wavelength absorption ranges, originating from structures containing 

aromatic rings, as shown in Figure 14b [144]. 

 

Figure 14. a) UV-vis absorption spectra of GQD aqueous solution [141], b) Absorption spectra for long 

wavelength emission C-dots [144]. 

In contrast to previously mentioned C-dots, N-CQDs exhibit a robust excitonic absorption 

band due to quantum-size effects. UV-vis absorption spectra of CA-based GQDs show a 

single absorption peak at 330 nm, corresponding to the π→π* transition attributed to 

aromatic sp2, which blue-shifts to 315 nm due to nitrogen doping [145]. Reports indicate 

that GQDs synthesized in the absence of CH4N2S exhibit two UV transitions at 320 and 

400 nm, while those prepared in the presence of CH4N2S display peaks at 335, 422, 550, 

and 595 nm [146]. The intensity of the peaks at 550 and 595 nm, corresponding to π→π* 
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and n→π* of C=S and S=O, increases with the amount of CH4N2S, indicating the impact 

of sulfur doping on absorbance.  

Another characteristic of C-dots studied through UV-vis absorption spectroscopy is 

particle size, where absorbance bands can shift due to the QCE, similar to SQDs. For 

example, an increase in the size of CF-based GQDs from 1–4 nm to 7–11 nm results in 

a clear red shift from 270 nm to 330 nm in UV-vis absorption spectra [147]. UV-vis 

absorption spectra of GQDs synthesized from GO also exhibit a clear red shift, with the 

intensity of the absorption peak decreasing with increasing size due to size-dependent 

shape and edge changes [148]. However, the absorption peaks of glucose derived GQDs 

at 228 and 282 nm due to π→π* transition of aromatic sp2 and n→π* transition of C=O 

do not show any changes, while the intensity of the peaks increases with size [149]. 

Therefore, fluctuations in UV-vis spectra of C-dots can be attributed to variations in the 

electronic structures and compositions of C-dots. 

1.5.2. PL mechanism 

The PL emissions of organic fluorophores, such as dyes and small organic molecules, 

are well-established to result from transitions of excited electrons returning to the ground 

state. In contrast, the PL emissions of traditional SQDs are primarily determined by 

quantized energy gaps arising from the QCE. However, despite nearly two decades of 

development, an agreement on the PL mechanism of C-dots has not been reached. This 

is attributed to the abundance of inexpensive carbon precursors, versatile synthesis 

methods, and the resulting variability and occasional contradictions in the structures, 

compositions, and PL properties of C-dots across different studies. Nonetheless, 

researchers have proposed three main mechanisms to explain the PL behaviors of C-

dots: core state emissions resulting from QCE [150], [151], surface state emissions 

arising from surface defects [152], [153], and molecular state emissions attributed to 

organic fluorophores [154]. 

The conceptualization of core state emissions as an explanation for the PL behaviors of 

C-dots drew inspiration from the PL emissions observed in SQDs. When this mechanism 

is predominant, the PL emissions of C-dots are primarily dictated by QCE, heavily relying 

on the sizes of their π-π conjugated domains (Figure 15ai) [155], [156]. Specifically, with 
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an increase in the sizes (or the conjugated π-π domains) of C-dots, their PL emissions 

exhibit red shifts as the band gaps get shorter. For example, Kim et al. reported graphene-

derived C-dots of varying sizes that were fabricated through the hydrothermal cutting of 

graphene sheets [148]. The observed size-dependent PL emissions of these C-dots 

demonstrated evident red shifts, signifying that their PL emissions were predominantly 

regulated by core states. In another study by Yang et al., C-dots derived from CA and 

diaminonaphthalene exhibited pronounced relation between their PL emissions and 

sizes, wherein the PL emissions experienced substantial red shifts as the sizes of C-dots 

got bigger [157]. The red shifting of the emissions was attributed to the augmented π-π 

domains in C-dots with increased sizes, consequently narrowing the band gap of C-dots. 
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Figure 15. The conventional PL mechanisms of C-dots: (a) i-iii: core state PL, surface state PL and 

molecular state PL, respectively. (b) The effect of surface functional groups on the fluorescence of C-dots 

[158]. 

In the realm of flawless SQDs at the nanoscale, perfect crystals affect PL solely through 

QCE. Nevertheless, genuine crystals inevitably contain defects arising from imperfections 

like abrupt terminations of crystal structures, the incorporation of heteroatoms, and the 

presence of surface functional groups. These defects introduce new energy levels, giving 

rise to surface states that significantly impact the overall PL emissions of SQDs (Figure 
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15aii). Surface states are commonly believed to narrow the energy gaps between the 

HOMO and the LUMO, leading to a red shift in core state emissions. 

Considering the numerous carbon precursors and diverse synthesis methods for C-dots, 

they are more susceptible to the influence of surface states than SQDs. Several studies 

have indicated that C-dots often exhibit multiple defects, which can result in excitation-

wavelength-dependent PL behaviors and low PL QY [159], [160], [161]. For example, 

Ding et al. reported a series of C-dots emitting blue, green, yellow, and red lights, all with 

very similar sizes. This suggested that the multicolor emissions of C-dots could not be 

solely explained by their core state emissions [158]. Intriguingly, after observing a gradual 

increase in hydroxyl content on the C-dots’ surfaces, as their emissions shifted from blue 

to red, they concluded that their multicolor emissions were ascribed to their surface state 

emissions, where surface states were primarily influenced by surface oxidations, and the 

energy gaps of the surface states decreased as the degree of surface oxidation increased 

(Figure 15b). Zhou et al. isolated C-dots using size exclusion chromatography, obtaining 

C-dots of three different sizes, in which, PL emissions were closely tied to their different 

surface states, rather than their sizes [152]. 

The concept of molecular state PL involves the incorporation of small organic 

fluorophores derived from the synthesis procedure into the C-dots, affecting their 

emissions (Figure 15iii). Krysmann et al. studied the molecular state emissions of C-dots 

derived from CA and EA [1]. This study revealed that the PL emission of C-dots prepared 

at relatively low temperatures was predominantly governed by the amide-containing 

molecular fluorophores, while at high temperatures, the core state took precedence as 

the organic fluorophores were carbonized. In another study, Yang et al. investigated the 

PL emissions of C-dots derived from CA and EDA, unveiling the molecular fluorophores 

responsible for the emissions [162], [163], [164]. 

1.5.3. Electrochemical behavior 

C-dots exhibit distinctive electrochemical properties, making them suitable for various 

electrochemical applications, such as: (i) large surface area that enhances electrical 

conductivity through the formation of electron-hole pairs, (ii) cost-effectiveness and low 

toxicity [165], (iii) several surface functionalities like carboxyl, amino, and hydroxyl groups, 
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allowing for surface modifications to improve particle stability [166], and (iv) heteroatom 

doping which amplifies the electronic behavior of C-dots by enhancing intramolecular 

charge transfer and implementing reactive sites for electrocatalysis [167], [168]. Liu et al. 

observed an increase in specific capacitance with decreasing GQD size, with the smallest 

size exhibiting the most efficient power response at a scan rate of 5000 V/s, suggesting 

potential applications in high-power response microelectronics [169]. Additionally, a study 

by Li et al. focused on modifying husk-based activated carbon with GQDs for lithium-ion 

batteries, which led to improved electrochemical properties, reducing charge transfer 

resistance from 577.7 Ω to 123.9 Ω and enhancing electrical conductivity and cycle 

stability [170]. 

1.5.4. Toxicity 

Biocompatibility and low toxicity are crucial attributes for the successful utilization of 

carbon nanomaterials in various biomedical applications. Assessing their biocompatibility 

in vivo remains a key aspect for advancing their applications, although the in vitro 

biocompatibility of C-dots has already been extensively studied and established by 

numerous research groups [171], [172].  

An interesting study by Sun et al. focused on the evaluation of the toxicity of PEG1500N-

passivated C-dots both in vitro and in vivo [173]. In vitro assessments involved incubating 

C-dots with human breast cancer MCF-7 and human colorectal adenocarcinoma HT-29 

cells. The results indicated minimal effects on cell proliferation, mortality, and viability, 

comparable to PEG1500N (Figure 16). For in vivo evaluations, two groups of mice were 

intravenously injected with different dosages of C-dots (8 and 40 mg) per kg of body 

weight. A third group, serving as the non-toxic control, received exposure to a 0.9% NaCl 

aqueous solution. Over the course of the 4-week experiment, all mice exposed to either 

C-dots or the NaCl solution demonstrated 100% survival. Their food intake remained 

consistent, and no mice exhibited clinical symptoms such as anorexia, hair loss, vomiting, 

or diarrhea. The experiment indicated the well-tolerated nature of both C-dots and the 

control solution within the observed parameters. 



52 
 

 

Figure 16. Results from cytotoxicity evaluations of C-Dots (black) and PEG1500N (white) in MCF-7 and 

HT-29 cells [173]. 

Furthermore, the same group explored the impact of various passivation molecules on 

the cytotoxicity of C-dots [174]. Different polymers, including PEG, PPEI–EI, PEI, BPEI, 

and PAA, were utilized for the synthesis of C-dots. The study revealed a direct connection 

between C-dot’s toxicity and surface passivation agents. Passivation with PEI and PAA 

led to higher toxicity compared to PEG- and PPEI–EI- passivated C-dots, aligning with 

the known cytotoxicity of free PAA and PEI solutions. In a separate investigation, Huang 

et al. delved into the impact of injection routes on the distribution, clearance, and tumor 

uptake of C-dots [175]. Using PEG-functionalized NIR dye ZW800-conjugated C-dots, 

they explored three injection routes: intravenous (iv), subcutaneous (sc), and 

intramuscular (im). Biodistribution analysis revealed that, regardless of the injection route, 

the majority of C-dots accumulated in the kidneys after 1 hour. The signal quantification 

ranked injection routes as im > sc > iv. After 24 hours, no detectable signal remained in 

any organ, signifying efficient clearance irrespective of injection routes. Urine clearance 
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analysis indicated rapid and efficient removal of C-dots, with clearance rates ranked as 

iv > im > sc. Tumor uptake efficiency varied with injection routes, demonstrating sc > iv > 

im. 

1.6. Applications of C-dots 

C-dots, renowned for their high-efficiency fluorescent properties, offer a host of 

exceptional advantages and hold significant promise for a wide array of applications, 

spanning from sensors and bioimaging to solar cells and photocatalysis. 

1.6.1. C-dots in bioimaging 

Due to their remarkable water solubility, robust luminescent properties, photostability, and 

innate biocompatibility, C-dots have emerged as innovative nanoplatforms for 

applications in biological imaging. Over recent years, several investigations have 

highlighted the bioimaging capabilities of C-dots [176], [177], [178], [179]. To date, a 

growing array of cell types, encompassing human cells (such as HeLa and U87 brain 

cells), animal cells (including mice embryonic fibroblasts), and bacterial cells (like E. coli 

and S. aureus), have been effectively visualized using C-dots as bioimaging agents [180]. 

In a recent study, it was demonstrated that C-dots, derived through pyrolytic treatment of 

a binary mixture of CA and urea, exhibit low toxicity when interacting with HeLa cancer 

cells [181]. These C-dots were found to be internalized by the cells without causing any 

adverse effects on their morphology (Figure 17). 

 

Figure 17. Fluorescence microscope images of HeLa cells incubated with C-dots under the bright field (A) 

and the UV (B), blue (C), green (D) excitation wavelengths [181]. 

Ding et al. harnessed red-emitting C-dots (R-C-dots) with an average size of 4.1 nm, for 

both in vivo and in vitro bioimaging applications, and conducted experiments targeting 
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HeLa cells to assess cell viability [182]. HeLa cells were exposed to several 

concentrations of R-C-dots over 48 hours, and remarkably, cell viability remained 

unaffected even at high R-C-dot concentrations, up to 1000 μg/mL. Moreover, bioimaging 

of HeLa cells was carried out using 50.0 μg/mL of R-C-dots at different time intervals and 

temperatures. The observations were made using a CLSM with excitation light at 535 nm 

and emission light at 600 nm. The resulting CLSM images of HeLa cells, incubated with 

R-C-dots under different time and temperature conditions (Figure 18). In another study, 

hyaluronic acid-conjugated C-dots were employed for both in vivo and in vitro bioimaging 

to facilitate targeted delivery of hyaluronic acid derivatives [183]. Hyaluronic acid is a 

valuable candidate for drug delivery in treating liver diseases, and bioimaging plays a 

crucial role in ensuring precise drug delivery to specific target sites. Furthermore, Cao et 

al. studied two-photon active fluorescent C-dots as bioimaging agents for breast cancer 

MCF-7 cells [184]. These C-dots exhibited strong luminescent properties and could be 

excited using two-photon excitation in the NIR region. Practical results indicated that 

these two-photon active C-dots outperformed conventional SQDs. 

 

Figure 18. (i and ii) CLSM images of HeLa cells incubated with 50 μg/mL of the R-C-dots for 1, and 2 h, 

respectively. (iii and iv) CLSM images of HeLa cells that were incubated for 2 h at 25 oC, and 37 oC, 

respectively. PL images of a mouse (v) before and (vi) after subcutaneous injection of 50 μL of the R-C-

dots aqueous solution (1 mg/mL) [182]. 
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In comparison to other heavy metal QDs, C-dots stand out for their strong light-absorbing 

capabilities, which can compensate for their relatively lower fluorescence efficiency in 

bioimaging applications. This potential was initially demonstrated by Sun et al., who 

introduced a method for staining Caco-2 cells using PEG1500N-passivated C-dots, 

indicating the feasibility of employing C-dots as fluorescent markers for cellular imaging 

[185]. Subsequently, various types of cells, including HeLa cells, HepG2 cells, MCF-7 

cells, pancreas progenitor cells, and human lung cancer cells, have been utilized for 

intracellular imaging. For instance, Zhai et al. reported that L929 cells cultured with C-

dots exhibited vivid and stable blue, green, and red PL emissions when excited at 

wavelengths of 405 nm, 488 nm, and 543 nm, respectively (Figure 22) [186]. Furthermore, 

in an in vivo experiment, CQDs were introduced into a nude mouse at three different 

locations, and fluorescence images were captured using various λex, revealing only red 

spots in the resulting in vivo images of C-dots (Figure 19) [187]. 
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Figure 19. (a) The in vivo images of L929 cells which are injected with C-dots under different λex (405 nm, 

488 nm, and 543 nm) [186]. (b) In vivo fluorescence images of a C-dot-injected mouse. The images were 

taken under various λex (455, 523, 595, 605, 635, 661, and 704 nm). Red and green represent FL signals 

of C-dots and the tissue autofluorescence, respectively [187]. 

1.6.2. C-dots in photoacoustic imaging 

PAI represents an innovative approach in the realm of bioimaging techniques, capitalizing 

on the photoacoustic effect. This effect involves the conversion of light energy into 

acoustic waves, driven by the absorption of electromagnetic waves and localized thermal 

excitation. Recent studies have showcased the immense potential of PAI for in vivo 

bioimaging applications, focusing on areas such as tumor angiogenesis, mapping blood 



57 
 

oxygenation levels, quantifying MetHB concentrations, conducting functional brain 

imaging, and detecting skin melanoma, among others [188]. 

Wu et al. first demonstrated the potential of C-dots for PAI of SLN, a critical aspect of 

monitoring cancer progression [189]. Their hypothesis revolved around the idea that 

particles smaller than 10 nm, roughly the size of albumin, and possessing stable optical 

properties, exhibit swift lymphatic transit while also being sufficiently substantial to be 

retained and phagocytosed by cortical macrophages in the draining lymph nodes. Given 

that the C-dots they synthesized possessed both key characteristics, they emerged as 

ideal candidates for real-time PAI with a strong capability for SLN imaging enhancement. 

Their experiments unveiled a remarkable signal enhancement in the SLN, occurring 

within approximately 2 minutes of introducing the C-dots. On a similar note, Parvin et al. 

introduced a novel development by crafting dual-emissive C-dots, co-doped with 

phosphorus and nitrogen, enabling their application in both fluorescent imaging and PAI 

[190]. These synthesized C-dots exhibited robust red emission characteristics, and their 

photoacoustic signal intensity exhibited a linear relationship with the concentration of C-

dots. Notably, this relationship was well-described by an R2 value of 0.9921 within the 

concentration range of 0 to 100 μg/ml. Upon intravenous administration into mice bearing 

tumors, the C-dots dispersed throughout the body's organs, with a significant 

accumulation observed in the tumor area, attributed to the EPR effect. 

Ge et al. introduced red-emissive C-dots that serve as a versatile platform for three 

distinct theragnostic applications [191]. These synthesized C-dots exhibit capabilities in 

fluorescent, photoacoustic, and thermal imaging within live mice. To evaluate their 

potential for PAI, they conducted experiments using an agarose gel phantom containing 

C-dots, revealing their impressive optical absorption at 710 nm. Importantly, this 

absorption displayed a linear correlation with the concentration of C-dots within the range 

of 0 to 200 μg/ml. In alive mice with tumors, the C-dots demonstrated a substantial 

accumulation within the tumor due to the EPR effect, surpassing their accumulation in 

blood vessels and other organs. Furthermore, Lee et al. demonstrated the utility of 

biodegradable C-dots, synthesized from CA, oleylamine, and octadecane, for non-

invasive in vivo PAI [192]. In a recent study conducted by Jia et al., C-dots derived from 
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Hypocrella bambusae were shown to enable fluorescence imaging and PAI [193]. These 

C-dots, derived from Hypocrella bambusae, exhibited broad-spectrum optical absorption 

spanning from 350 to 800 nm, with a red emission peak at 610 nm (Figure 20). 

 

Figure 20. In vivo PAI of mice post-intravenous injection of HBC-dots in PBS (0h -24h) [193]. 

1.6.3. C-dots in photothermal therapy 

PTT is an innovative treatment strategy that leverages laser light to combat diseases, 

notably cancer. In PTT, a NIR photoabsorber is employed to generate localized heat, 

effectively targeting, and eliminating specific cells, like cancer cells. This approach offers 

distinct advantages over traditional cancer treatments such as invasive surgery, 

chemotherapy, or radiotherapy. PTT boasts minimal invasiveness, high specificity, and 

precise temporal selectivity [194]. PTT can directly eradicate cancer cells at the primary 

tumor site or in nearby lymph nodes during the early stages of cancer metastasis. 

Furthermore, it can be synergistically employed with existing therapeutic methods to 

address cancer cells at metastatic sites. Over the past few years, numerous research 

groups have explored the therapeutic potential of PTT for cancer treatment. The 

effectiveness of PTT hinges significantly on the conversion of light into heat in the 

presence of photothermal agents, particularly nanoscale agents. To date, various 
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nanomaterials have been utilized as photothermal agents, including gold nanostructures, 

graphene, and GO. Nonetheless, due to production costs and complex synthesis 

procedures associated with these materials, researchers are actively seeking alternative, 

cost-effective photothermal agents. Interestingly, C-dots have also piqued the curiosity of 

researchers thanks to their unique physicochemical properties. A notable feature of C-

dots is their substantial abundance of π electrons, which mimic the behavior of free 

electrons found in metallic nanomaterials with strong electron-electron interactions. 

Furthermore, the relatively low QY of C-dots hints at the significant conversion of 

absorbed light into heat via various non-radiative pathways. This attribute underscores 

the promising potential of C-dots in the realm of PTT. 

For instance, Nurunnabi et al. reported CF-derived C-dots (CF-C-dots) that, when 

exposed to NIR laser irradiation, triggered the creation of electron clouds [195]. These 

electron clouds produced enough heat, exceeding 50°C, effectively eradicating 

approximately 70% of cancer cells through thermal ablation. Moreover, Zheng et al. 

developed multifunctional C-dots using a hydrophobic cyanine dye (CyOH) and PEG800 

through a straightforward solvothermal process [196]. These C-dots exhibited strong 

absorption and NIR emission within the 600–900 nm range. With a moderate uptake rate 

and a high photothermal conversion efficiency of 38.7%, these C-dots demonstrated 

remarkable PTT efficacy. After a 30-minute incubation, with C-dots followed by 2 W/cm² 

laser irradiation on HepG2 and CT26 cell lines, the in vitro experiments showed a 

significant reduction in cell viability (to less than 13% for HepG2 and less than 25% for 

CT26 cells). Furthermore, when injected at a dose of 4 mg/kg in mice with CT26 tumors, 

these C-dots exhibited an impressive tumor inhibition rate of 91% (Figure 21). Li et al. 

synthesized C-dots which displayed strong absorbance in the visible to NIR region (470–

1000 nm) and possessed a photothermal conversion efficiency of 50%, effectively killing 

cancer cells [197]. Combining PTT with chemotherapy has proven more effective in 

eradicating tumor cells than using either method alone. Wang et al. introduced a chitosan-

carbon dot hybrid nanogel capable of synergistically eliminating tumors through PTT and 

chemotherapy [198]. The chitosan-C-dot nanogel demonstrated controlled drug release 

profiles in both endogenous (acidic medium) and exogenous (NIR light) conditions, 

effectively killing 4T1 cancer cells in vitro. Subsequent in vivo studies confirmed that the 
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DOX-loaded chitosan-C-dot nanogel was safe for normal tissues while significantly 

enhancing the destruction of 4T1 tumor tissue upon NIR laser irradiation. 

 

Figure 21. (A) Images of a mouse bearing a CT26 tumor are provided, with the tumor area outlined by a 

red line. (B) Photos of tumors on the 11th day. (C) The tumor volume and (D) body weight of the CT26 

cancer-bearing mice were monitored over time, with a dosage of 4.0 mg/kg CyOH. [196] 

1.6.4. C-dots in photodynamic therapy 

In addition to PTT, C-dot-based PDT has drawn significant attention for its minimal 

invasiveness and low toxicity, particularly in targeted therapy for various debilitating 

conditions, including cancer [199]. PDT comprises three primary components: a 

photosensitizer, a light source (often a laser), and ROS. Typically, the light source excites 

the photosensitizer, leading to the generation of radicals or ROS, resulting in the 

destruction of damaged tissue. C-dots have been thoroughly employed to deliver 

photosensitizer agents to the afflicted tissue site, owing to their facile synthesis 

processes, surface functionalization capabilities, substantial drug-carrying capacity, and 

excellent biocompatibility. 

Wu et al. developed C-dots with inherent nucleus-targeting capabilities for use in PDT 

[200]. They facilitated them through a one-pot hydrothermal procedure between MPD and 

l-cysteine. They exhibited superior nucleus-targeting abilities compared to SYTO 

RNAselect (which can only stain the nucleus in fixed cells), by allowing high-quality 

imaging in both fixed and live cells. For PDT, they conjugated PpIX with these C-dots 

(PpIX-C-dots), which resulted in significantly improved PDT. In vivo studies proved that 

the conjugates successfully targeted the cancerous site after intravenous injection, 
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causing damage to the cancer cells without harming the normal ones. In another 

approach, Li et al. created porphyrin-containing C-dots with remarkable PDT capabilities 

upon photoirradiation, that exhibited a higher tumor inhibition rate compared to TPP after 

being irradiated with a laser source [201]. Furthermore, He et al. synthesized C-dots using 

chitosan and DPP (DPP-C-dots) as precursors, which could produce singlet oxygen (1O2) 

with a single laser irradiation [202]. In vitro cytotoxicity assays on HepG2 cells revealed 

that DPP-C-dots were non-toxic even at concentrations as high as 200 μg/ml without laser 

irradiation. However, being excited with a laser of 540 nm, 100 μg/ml was sufficient to kill 

50% of the cells. Likewise, during in vivo experiments, DPP-C-dots led to a notable 

decrease in tumor size when exposed to laser irradiation, in contrast to the control groups 

treated solely with DPP-C-dots or PBS (Figure 22).  

 

Figure 22. The progression of mouse tumor volumes over time under different medications. [202] 

1.6.5. C-dots in sensing applications 

The PL properties of C-dots find wide-ranging utility in the detection of various molecules, 

including glucose, H2O2 [203], dopamine [204], cholinesterase [205], etc. For instance, 

Shan et al. demonstrated the PL emission quenching of C-dots in response to H2O2 within 

a concentration range of 0.1 to 1.0 mM, as depicted in Figure 23a. This phenomenon was 

attributed to charge transfer interactions between boron and H2O2 [203]. In another study, 
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Xu et al. synthesized boron-doped C-dots (BC-dots) for detecting the Tartrazine molecule, 

as illustrated in Figure 23b [206]. The PL emission of BC-dots was observed to diminish 

with increasing Tartrazine concentrations, ranging from 0.25 µM to 32.5 µM. Song and 

coworkers developed C-dots from natural precursors for the purpose of sensitive Butyryl 

cholinesterase (BChE) detection, as shown in Figure 23c [205]. The corresponding 

detection limit for BChE was determined to be 0.035 mU/mL.  

 

Figure 23. FL response of C-dots dispersion in the presence of various molecules: (a) H2O2 [203], (b) 

Tartrazine [206], (c) BChE [205]. 

In the realm of sensor applications, iron ions, specifically Fe3+, are among the most 

frequently targeted analytes. The PL emission signal of C-dots experiences quenching 

when Fe3+ ions interact with surface functional groups like amino moieties. To illustrate, 

Liu et al. successfully synthesized CQDs from goose feathers, enabling the sensitive and 

selective detection of Fe3+ ions with an impressively low detection limit [207]. Similarly, 

Xu et al. reported their findings on the detection of Fe3+ ions using C-dots. Their 

observations revealed a gradual reduction in the PL emission intensity of C-dots upon the 

introduction of Fe3+ ions. This decrease in PL intensity indicates that Fe3+ ions have the 

capacity to quench the PL signals of C-dots, primarily due to strong coordination 

interactions between Fe3+ ions and amine-rich groups present on the surface of C-dots 

[208]. 

1.6.6. C-dots in drug delivery 

Conjugates of C-dots with drugs serve as effective vehicles for enhancing drug solubility, 

selectively targeting cells, and delivering multiple therapeutic agents in a sustained 

manner. For instance, Zeng et al. developed green-emissive C-dots that were 
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electrostatically bonded with DOX [209]. Their findings revealed that the release of DOX 

was triggered specifically in the acidic environment of HepG2 liver carcinoma cells, 

sparing HL-7702 normal cells. In a mouse model, C-dots/DOX conjugates reduced the 

size of HepG2 tumors by 50% within 72 hours, compared to a 30% reduction achieved 

with DOX alone. In another study conducted by Sarkar et al., C-dots were synthesized 

from Aloe Vera leaf gel and attached to the surface of a calcium alginate film through a 

solution casting process [210]. This film was then loaded with the antibiotic Van. 

Intriguingly, the presence of C-dots substantially increased the drug loading capacity, 

from 38% in pure calcium alginate to 89% in the nanohybrid film, and further up to 96% 

with the addition of β-cyclodextrin. The antibiotic was released slowly, with 56% released 

over 120 hours, under pH conditions resembling the stomach environment. In a separate 

investigation, C-dots were derived from pasteurized milk, which is rich in 

phosphoproteins, fat globules, and whey proteins [211]. These C-dots were loaded with 

LIS, creating aggregates that functioned as multifunctional carriers. These carriers 

released the drug in a controlled manner while also serving as bioimaging probes for 

visualizing HeLa cells in vitro. 

1.6.7. C-dots in fingerprints 

For more than a century, fingerprint analysis has been a pivotal tool in criminal 

investigations, offering essential insights. It plays a central role not only in identifying 

disaster victims but also stands as the foremost method for biometric identification. The 

technique relies on the remarkable fact that the patterns of epidermal ridges on an 

individual's fingers are truly unique and distinctive. 

The innovation of C-dot-based powders for visualizing latent fingerprints marked a 

significant development in this field. Fernandes et al. demonstrated that incorporating just 

0.7 wt. % of C-dots into a SiO2 matrix enabled the highly detailed and customizable 

visualization of latent fingerprints[212]. This breakthrough was observed both on glass 

slides and on various multicolored soft drink labels. In their study, C-dots were 

synthesized through a thermal process involving CA and EA, followed by dialysis in water. 

XPS analysis revealed a composition consisting of carbon (44.85%), hydrogen (5.75%), 

and nitrogen (10.85%), while the QY in water was estimated at 15% under 365 nm 
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excitation using anthracene as a reference. Figure 24 showcases the exceptional level of 

detail achieved through fluorescence using the C-dot hybrid powder. Additionally, it 

highlights the remarkable capability to adjust colors by employing different λex. This 

eliminates the need for a range of powders to visualize fingerprints against various 

colored backgrounds, simplifying the process for crime scene investigators. Notably, 

when subjected to an Automated fingerprint identification system (AFIS) analysis, a fresh 

fingerprint developed using the hybrid nanopowder revealed 71 minutiae, compared to 

the 65 minutiae using a standard white powder under identical conditions. 

 

Figure 24. Fluorescence microscopy images of fingerprints deposited on a glass slide and visualized with 

0.7% C-dot–SiO2 hybrid nanopowder under (a) violet, (b) blue and (c) green light [212]. 

In another study by Fernandes et al., their focus shifted towards carbogenically-coated 

SiO2 nanoparticles (C-SiO2), which possessed an average diameter of approximately 22 

nm and comprised carbon (26%), hydrogen (4%), and nitrogen (5%) [213]. The C-SiO2 

nanopowder displayed strong adherence to fingerprints, and provided a higher level of 

detail, with 73 minutiae detected, compared to a commercially available white fingerprint 

powder which revealed 65 minutiae under the same conditions. Notably, the C-SiO2 

nanopowder effectively unveiled high-quality fingerprints, even on highly fluorescent 

cardboard surfaces, a task that proved challenging for the commercial white fingerprint 

powder. Furthermore, the C-SiO2 nanopowder demonstrated strong contrast when 

exposed to illumination within the 365–590 nm range, whereas the commercial 

fluorescent powder could achieve this only within a very limited range of illumination 

wavelengths. 
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1.6.8. C-dots in catalysis 

C-dots stand out as promising candidates in the realm of photocatalysis, exhibiting unique 

fluorescence behavior and photoelectron transfer properties that are key to high-

performance photocatalysts. These C-dots can be tailored by adjusting their surface 

functional groups and reducing their band gaps, thereby promoting efficient electron 

transfer during reactions. In addressing environmental pollution, advanced photocatalyst 

materials derived from C-dots play a central role in the degradation of dyes. 

For instance, Sun et al. synthesized a composite photocatalyst comprised of N-C-dots 

and Bi2O3 for RhB degradation [214]. Their findings revealed that N-C-dots/Bi2O3 

exhibited higher photocatalytic efficiency than C-dots/Bi2O3, pure Bi2O3, and Bi2O3 

nanoparticles, as depicted in Figure 25a. In another study, Zhuo et al. reported a 

photocatalyst composed of C-dots and rutile TiO2 for the degradation of MB. Surface 

photovoltage measurements demonstrated that the composite photocatalyst's efficiency 

was nine times greater than that of C-dots combined with anatase TiO2. Control 

experiments with pure rutile TiO2, pure anatase TiO2, or pure C-dots as catalysts showed 

minimal reduction of MB, highlighting the excellent photocatalytic activity of the C-

dots/rutile TiO2 composite, as depicted in Figure 25b [215]. Furthermore, a GQDs/Cu2O 

composite photocatalyst was developed by Li et al. for the photocatalytic degradation of 

MB [216]. This composite achieved a remarkable 90% photocatalytic degradation 

efficiency, indicating the significant contribution of GQDs/Cu2O to MB degradation, as 

shown in Figure 25c. Control experiments using only pure GQDs or Cu2O as 

photocatalysts resulted in minimal MB reduction. 
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Figure 25. (a) Rate of RhB decolorization mediated by different photocatalysts under simulated sunlight 

irradiation [214], (b) Degradation of MB by C-dots/rutile TiO2 composite photocatalyst [215], (c) GQDs/Cu2O 

composite photocatalyst [216]. 

1.6.9. C-dots in LEDs 

C-dots possessing luminescent properties have garnered extensive attention, particularly 

in the context of LEDs, where they offer the potential to replace toxic SQDs and rare earth 

metals [217], [218]. However, a significant challenge in utilizing C-dots in LEDs is the 

phenomenon known as AIQ, which can hinder their performance. 

In a study by Yang et al., C-dots were synthesized with blue and yellow-green emissions 

in solutions at pH values of 2.1 and 1.0, respectively [219]. Interestingly, these emissions 

shifted to yellow and orange-red when in the solid-state. The distinct emission behaviors 

in solution can be attributed to variations in the conjugation degree at different pH values, 

influencing the carboxyl and amino groups during the carbonization process. Conversely, 

the altered emissions in the solid state compared to the solution arise from particle cross-

linking, resulting in a reduced band gap. Subsequently, Chen et al. developed C-dots with 

AIE properties, wherein monomers exhibited blue emission that was quenched by AIQ 

[220]. This was accompanied by the appearance of yellow emission at longer 

wavelengths due to AIE, particularly in the solid powder form, with a high QY of 65%. 

Furthermore, the need for long-wavelength emissive C-dots with hydrophilic properties 

and high QY led to research by Lu et al., who successfully synthesized red-emitting C-

dots with an impressive QY of 33.96% [221]. These particles were incorporated into 

PMMA and employed in red and white LEDs. In a separate study, C-dots with a maximum 

emission at 714 nm and a QY of 22.64% were synthesized using a solvothermal method 

[222]. These C-dots displayed a blue shift in emission attributed to self-oxidation in the 
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presence of oxygen, a characteristic utilized in preparing white-emitting diodes without 

the need for additional luminescent materials. 

1.7. Aims and objectives 
 

The aim of this research is to develop a new generation of PL materials that are cost-

effective, scalable, and suitable for high-demand applications. 

The objectives of this thesis are as follows: 

• To develop and optimize post-synthesis treatments to enhance the PL properties 

of C-dots. 

• To evaluate the toxicity and antimicrobial properties of surface-treated carbon dots 

for potential applications. 

Gaps in current knowledge 

There are several gaps in current knowledge regarding C-dots. While it is understood that 

factors such as particle size, surface functionalization, and structural features influence 

their optical behavior, the exact mechanisms behind their PL remain unclear. Additionally, 

existing synthesis methods often produce C-dots with inconsistent sizes and surface 

properties, which limits their reproducibility and scalability for broader applications. 

Furthermore, research on the long-term biocompatibility of C-dots, particularly in living 

organisms, is insufficient, posing challenges for their biomedical use in imaging and drug 

delivery. 

What needs to be improved 

There are several areas where improvements are needed in the development and 

application of C-dots. First, a deeper understanding of the relationship between C-dot 

structure and functional properties is required. Research should focus on using 

electrochemical treatments to precisely control their size, surface charge, and optical 

properties, ensuring consistent and reproducible outcomes. Additionally, comprehensive 

studies are necessary to evaluate the long-term stability, toxicity, and bioaccumulation 
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potential of C-dots in biological systems, particularly concerning their interactions with 

cells and tissues over extended periods. 

Hypothesis 

The hypothesis of this thesis is that simple post-synthesis treatments can enhance the 

optical properties of C-dots derived from scalable pyrolytic strategies, while maintaining 

their biocompatibility and introducing new functionalities. 

Potential applications 

The potential applications of C-dots developed in this thesis are diverse and impactful. 

Their enhanced PL properties make them suitable for use as stable and bright imaging 

agents in cellular imaging and diagnostics. Additionally, the modified C-dots exhibit 

significant antimicrobial activities, positioning them as ideal candidates for infection 

control in medical settings and for use in materials designed to prevent fungal infections 

and biofilm formation. The combination of optical and antimicrobial functionalities also 

enables these C-dots to be incorporated into advanced materials, such as smart coatings 

or sensors with integrated antifungal properties. Furthermore, the method developed in 

this thesis provides a cost-effective and scalable approach for producing C-dots, 

facilitating their widespread industrial application. 
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Chapter 2:   Experimental section 

 

2.1.  Materials 
 

Carbon-Based Nanomaterials 

• Graphene Quantum Dots: Imidazole-modified, Aminated, and Chlorine-

functionalized (ACS Material). 

• Anthracene: 99% (Sigma-Aldrich). 

Chemicals and Reagents 

• Acids: 

o Citric acid monohydrate 99% (Alpha Aesar). 

o Nitric acid (HNO₃) (Sigma-Aldrich). 

• Salts: 

o Sodium hypochlorite solution (NaClO) (Sigma-Aldrich). 

o Sodium chloride (NaCl) (Sigma-Aldrich). 

o Potassium chloride (KCl) (Sigma-Aldrich). 

o Calcium chloride (CaCl₂) (Sigma-Aldrich). 

o Potassium iodide (KI) (Sigma-Aldrich). 

o Sodium sulfate (Na₂SO₄) (Sigma-Aldrich). 

o Sodium carbonate (Na₂CO₃) (Sigma-Aldrich). 

o Sodium hydrogen carbonate (NaHCO₃) (Sigma-Aldrich). 

o Sodium thiosulfate (Na₂S₂O₃) (Sigma-Aldrich). 

• Organic Compounds: 

o Urea (Sigma-Aldrich). 
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o Ethanolamine (EA) (Alpha Aesar). 

o 2,5-Bis(5-tert-butyl-2-benzo-oxazol-2-yl) thiophene (BBOT) (Thermo Fisher 

Scientific). 

o Isopropyl alcohol, 70% (Sigma-Aldrich). 

Biological Reagents 

• Cell Culture Media and Additives: 

o Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher Scientific). 

o Fetal Bovine Serum (FBS) (Sigma-Aldrich). 

o L-Glutamine (Thermo Fisher Scientific). 

o Phosphate Buffered Saline (PBS, prepared in-house). 

• Dyes and Indicators: 

o Trypan Blue (Sigma-Aldrich). 

o 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) 

(Sigma-Aldrich). 

o PrestoBlue (Sigma-Aldrich). 

Biological Samples 

• Cells: 

o HeLa cells (Sigma-Aldrich). 

o U87 cells (Sigma-Aldrich). 

• Microorganisms: 

o Escherichia coli (ATCC). 

o Staphylococcus aureus (Sigma-Aldrich). 

o Talaromyces pinophilus (T. pinophilus) ATCC 11797 (ATCC). 
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Analytical Tools and Supplies 

• Membranes: 

o SnakeSkin Dialysis Tubing, 3.5 kDa MWCO, 35 mm (Thermo Fisher 

Scientific). 

o Benzoylated Dialysis Tubing, 1 kDa MWCO, 10 mm (Sigma-Aldrich). 

• Colloidal Silica: 

o LUDOX HS-30, 30 wt.% (Sigma-Aldrich). 

Miscellaneous 

• Cleaning Agents: 

o Virkon (Sigma-Aldrich). 

• Nutrient Media: 

o Nutrient broth (Breckland Scientific). 

2.2.  Synthesis protocols 

C-dots were synthesized via the pyrolysis of citric acid (CA) and ethanolamine (EA) using 

a previously established method (Figure 26) [1]. In a typical procedure, 30.00 g of CA and 

28.61 g of EA were mixed in a round-bottom flask and heated to 180 ℃ under reflux for 

30 minutes in ambient air. The condenser was then removed, and the temperature was 

increased to 230 ℃ for an additional 30 minutes. The resulting material was transferred 

to a crucible and further pyrolyzed in an oven at 300 ℃ for 1 hour. The pyrolyzed product 

was treated with 400 mL of 1.5 M HNO3 at 100 ℃ for 16 hours. Finally, the oxidized 

material was purified by dialysis using SnakeSkin Pleated Dialysis Tubing (3.5 kDa 

MWCO) and subsequently freeze-dried. 
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Figure 26. Reaction scheme showing the interaction between citric acid and ethanolamine) leading to the 
formation of organic fluorophore that is then carbonized into C-dots. 

To synthesize the CU-dots for this study, we combined CA and urea (U) in two different 

molar ratios: 1:50 and 1:100, resulting in materials labeled as CU50D and CU100D, 

respectively (Figure 27).  Initially, precise amounts of CA and U were weighed and placed 

into a porcelain crucible. These crucibles were then inserted into a furnace and heated 

gradually to 230°C, at a rate of 1°C/min, for a duration of 1 hour. Once the synthesis 

process was complete, the resulting brown solids were left to cool overnight in the furnace 

until reaching room temperature. Subsequently, the solid products were transferred to a 

mortar and ground into fine powders. 

The powders obtained from the synthesis were then dissolved in water, yielding dark 

brown solutions. These solutions were subjected to extensive dialysis against water using 

Snakeskin Dialysis Tubing with a MWCO of 3.5 kDa. Dialysis was carried out for a period 

of 10 weeks to ensure the removal of impurities and undesirable by-products from the 

aqueous dispersions of CU-dots. Following dialysis, the filtered and purified aqueous 

solutions of carbon dots were frozen at -20°C for 24 hours. Subsequently, they underwent 

freeze-drying for a duration of 5 days at -50°C. Upon completion of the freeze-drying 

process, the as-prepared CU powders exhibited a dark brown color, indicating the 

successful synthesis of CU-dots. 
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Figure 27. Schematic illustration of the preparation of C-dots from citric acid and urea. 

2.3.  Characterization methods 

2.3.1.  UV-Vis Spectroscopy 

The absorption of light results in the excitation of particles, particularly electrons, by UV-

Vis radiation, and their immediate de-excitation through the emission of heat or light. 

Typically, the excitation of bound electrons is responsible for absorption. Thus, the 

wavelengths of absorptions can be correlated with the types of bonds in the examined 

particles. Additionally, material absorption can be related to the quantitative analysis of 

the sample. 

Light is produced by a common incandescent lamp and is analyzed by a prism across the 

entire visible spectrum. Subsequently, electromagnetic radiation can pass through a 

second monochromator and have an effect on the cell or sample. The wavelengths that 

traverse the sample are collected by a detector, which converts the optical signal into 

electrical. Concentration (c) is linked to absorption (A) through the equation A=εbc, where 

ε is a constant and b is the optical path within the cell (Figure 28).  
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Figure 28. Visualization of the optical path inside a UV-Vis spectrophotometer. 

UV-Vis spectroscopy is employed to determine the λex and absorption spectra of C-dots. 

The π-electrons or n-electrons of the examined molecules absorb the energy of ultraviolet 

or visible light depending on the energy gap until the highest anti-bonding molecular 

orbitals. C-dots typically exhibit optical absorption in the ultraviolet spectrum with a tail 

extending into the visible spectrum. In some cases, "shoulders" may appear in the spectra 

due to the π-π* transitions (i.e., the transition of an electron from a bonding π orbital to 

an antibonding π* orbital) of double bonds between carbons (C=C) or n-π* transitions of 

the double bond between carbon and oxygen (C=O). There are four possible transitions, 

namely π-π*, n-π*, σ-σ*, and n-σ* (Figure 29). 

All specimens underwent analysis utilizing a UV-3600 Shimadzu UV-Vis-NIR 

spectrophotometer. The signals were detected and processed using UVProb – [Kinetics] 

software. The testing involved the samples in a solution state contained in a quartz 

cuvette. 
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Figure 29. Schematic representation of electronic transitions between bonding and antibonding orbitals. 

2.3.2. FTIR spectroscopy 

FTIR spectroscopy is a powerful analytical technique employed for the identification of a 

wide range of materials, including organic, inorganic, and polymeric substances. This 

method utilizes infrared light to probe the molecular composition of samples, providing 

valuable insights into their chemical structure. Operating on the principle of scanning the 

samples with infrared radiation, FTIR spectroscopy enables the detection of alterations in 

the material composition through changes in the characteristic pattern of absorption 

bands. 

In the FTIR process, infrared radiation, typically in the range of 10,000–100 cm⁻¹, is 

directed onto the sample. Part of this radiation is absorbed by the sample, while the 

remainder passes through. The absorbed radiation undergoes a transformation within the 

sample, converting into vibrational or rotational energy. The resulting signal, detected by 

the instrument, produces a spectrum spanning from 4000 to 400 cm⁻¹. This spectrum 

serves as a molecular fingerprint for the analyzed samples. One of the remarkable 

features of FTIR spectroscopy is its capability to generate unique fingerprints for different 

molecules. This inherent molecular specificity arises from the distinct vibrational and 

rotational energy levels associated with each molecular structure. Consequently, FTIR 

spectroscopy stands out as an exceptional tool for chemical identification, allowing 
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researchers and analysts to discern the specific composition of diverse materials based 

on their characteristic infrared spectra [223].  

All C-dot samples were subjected to analysis in a solid state. The mass of the solid 

samples used was only sufficient to cover the crystal (moving mirror). An Agilent 

Technologies Cary 630 FTIR instrument, coupled with MicroLab PC software, was 

employed for signal analysis. 

2.3.3.  FL spectroscopy 

Fluorescence spectroscopy is a widely used technique to study the optical properties of 

materials, including C-dots. Fluorescence occurs when a molecule absorbs a photon of 

light and undergoes an electronic transition to an excited state. The excited state is 

unstable and will rapidly return to the ground state, emitting a photon of light in the 

process. The emitted light has a longer wavelength and lower energy than the absorbed 

light, and the difference in energy is lost as heat. 

Upon absorption of a photon with appropriate energy, a series of photophysical processes 

ensue within a molecule, such as internal conversion, vibrational relaxation (loss of 

energy without light emission), fluorescence, intersystem crossing (transition from a 

singlet state to a triplet state), and phosphorescence. The variety of the molecular 

transitions of electrons are illustrated by the Jablonski diagram (Figure 30) [224]. In 

intricate detail, the electron residing in the ground molecular orbital state absorbs energy 

and transitions to a higher unoccupied molecular orbital, referred to as the excited state 

of the electron. The PL phenomena refer to the emission of light from fluorescent 

materials. During this process, excited electrons revert to the ground-state orbitals, 

emitting photons of varying intensities. 
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Figure 30. Jablonski diagram and a time scale of photophysical processes [224]. 

All specimens underwent analysis utilizing the FluoroMax-4 Spectrofluorometer from 

HORIBA JOBIN YVON. The signals were both detected and assessed through the 

FluorEssence V3.5 software, employing varied excitations ranging from 320 nm to 600 

nm with increments of 20 nm. The samples were assessed in a solution form utilizing a 4 

ml quartz cuvette with fully transparent walls. 

2.3.4.  PL lifetime 

The PL lifetime serves as a complementary analysis to emission spectra, offering insights 

into the duration a fluorophore interacts or diffuses within its surroundings. It signifies the 

time the fluorophore resides in the excited state before returning to the ground state. For 

measuring FL, two distinct methods can be employed: time-domain and frequency-

domain. The time-domain approach involves monitoring the time-dependent emission 

intensity of the fluorophore during excitation. Luminescent material is exposed to a pulse 

of light, causing fluorophores to transition to the excited state, forming an initial 

fluorophore population. Subsequently, this initial population decays exponentially over 

time due to non-radiative processes and fluorescence emission. PL lifetimes are derived 

from the slope of these decays, represented as the logarithm of emission intensity versus 

time. 
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The fluorescence decay post-pulse excitation is depicted in Figure 31. Decay of 

fluorescence intensity over time in a uniform population of excited fluorophores is 

described by an exponential function. A monoexponential decay indicates the presence 

of fluorophore populations with longer PL lifetimes, while multiexponential decay suggests 

the existence of various time components which have shorter lifetimes.  

 

 

Figure 31. The potential scenarios of fluorescence decay following pulsed excitation, where the emitted 

fluorescence is observed in a time-resolved way [225]. 

Each process happens with a certain probability, characterized by decay rate constants 

(k). The mean lifetime, or simply lifetime, is the average length of time τ for the set of 

molecules to decay from one state to another: τ = 1/k. It can also be shown that the lifetime 

of a photophysical process is the time required by a population of N electronically excited 

molecules to be reduced by a factor of e. Correspondingly, the FL is the time required by 

a population of excited fluorophores to decrease exponentially to N/e via the loss of 

energy through fluorescence and other non-radiative processes. The equation which 

describes the exponential decay of the excited state population is:  

𝑁(𝑡) =  𝑁0 ∙ 𝑒−𝑘𝑡 
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The accuracy of the computed bi-exponential deconvolution fitting was additionally 

assessed by comparing chi-square values (χ2) and examining the distribution of residuals, 

aiming for an approximation close to 1. The amplitude-weighted τavg were determined 

using the following equation:  

𝜏𝑎𝑣𝑔 =
∑ 𝛼𝑖𝜏𝑖

2

∑ 𝛼𝑖𝜏𝑖
 

Where: where 𝜏𝑖 is the time component of multiexponential decay fitting and 𝛼𝑖 is the 

fractional weight for each lifetime component.  

All specimens were examined utilizing the LifeSpec II model from EDINBURGH 

INSTRUMENTS. The signals were identified and assessed using the F980 software, 

employing two distinct laser beams at 375 nm and 450 nm. The analysis of materials was 

conducted on a solution placed in a 4 ml quartz cuvette with fully transparent walls. 

2.3.5.  Fluorescence microscopy 

A fluorescence microscope is an optical microscope that uses fluorescence to study the 

properties of organic or inorganic substances. The term "fluorescence microscope" refers 

to any microscope that utilizes fluorescence to create an image, whether it is a simpler 

system like a fluorescence microscope or a more complex design like a confocal 

microscope, which uses optical sectioning for better resolution of the fluorescence image 

[226]. 

The sample is illuminated with specific wavelengths of light, which are absorbed by 

fluorophores, causing them to emit light of longer wavelengths (i.e., with a different color 

than the absorbed light) (Figure 32). The excitation light is separated from the much 

weaker emitted fluorescence using an emission spectral filter. Typical components of a 

fluorescence microscope include a light source (the most common lamps are xenon or 

mercury, and more advanced forms include high-power LEDs and lasers), the excitation 

filter, and the dichroic mirror. Filters and the dichroic beam splitter are chosen to match 

the excitation and emission spectral characteristics of the fluorophore used to label the 

sample. Multicolored images of different types of fluorophores are composed by 

combining multiple monochromatic images. Most fluorescence microscopes used are 
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epifluorescence microscopes, where both the excitation of the fluorophore and the 

detection of the fluorescence occur through the same path of light (i.e., through the 

objective lens). 

 

 

Figure 32. The basic setup of a fluorescence microscope [226]. 

2.3.6.  Transmission Electron Microscopy 

TEM is a powerful technique renowned for its ability to provide high-resolution 

morphological and structural insights into materials at the nanoscale [227]. Widely 

recognized as a cornerstone in the field of sample characterization, TEM is frequently 

employed due to its exceptional imaging capabilities. 

The fundamental principle underpinning TEM involves the interaction of electrons with the 

specimen. A beam of electrons (about 100-200 kV) is transmitted through the sample, 

resulting in the generation of highly magnified images, often reaching up to 2 million times 

magnification. In Figure 33, which portrays the internal components of a TEM, the 

instrument features an electron source at its apex, emitting electrons that traverse a 

vacuum-filled column. Electromagnetic lenses within the column focus the electrons into 

a remarkably thin beam, which subsequently passes through the sample. During this 

traversal, certain electrons are scattered, while others are not. The unscattered electrons 
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are then collected by a detector, producing a bright-field image that portrays the 

components of the sample. The intricate workings of TEM allow for the visualization of 

nanomaterials with extraordinary detail. 

 

Figure 33. Schematic representation of segments of the TEM [228]. 

2.3.7.  Zeta potential 

Zeta potential plays a crucial role in governing the electrostatic interactions within particle 

dispersions, thus influencing the stability of colloidal systems. Understanding zeta 

potential is vital for optimizing the formulations of suspensions, as well as predicting their 

long-term stability. In aqueous media, most colloidal dispersions carry an electric charge, 

leading to the development of an electrical double layer (EDL) around the particles. This 

EDL consists of an inner region (Stern layer) where ions are tightly bound and an outer 

diffuse layer where ions are less strongly attached. The boundary between these layers, 
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known as the surface of hydrodynamic shear or slipping plane, represents the zeta 

potential, indicating the stability of the colloidal system (Figure 34) [229]. 

 

Figure 34. Illustration depicting the EDL surrounding a particle in an aqueous solution, including the location 

of the slipping plane. The zeta potential represents the electrical potential at the slipping plane [229]. 

The zeta potential of colloidal dispersions is commonly determined using micro-

electrophoresis techniques. In this method, a voltage is applied across a cell containing 

the particle dispersion, causing charged particles to move towards oppositely charged 

electrodes. Their velocity is measured and expressed as electrophoretic mobility in unit 

field strength. Light scattering is a widely employed technique for assessing particle 

mobility, with Laser Doppler electrophoresis being particularly common. This method 

detects small frequency shifts in scattered light resulting from particle movement in an 

electric field. The frequency shift (Δf) is equal to: 

𝛥𝑓 =
2 𝜐 sin

𝜃
2

𝜆
 

where υ is the particle velocity, λ is the laser wavelength and θ is the scattering angle. 

The measured electrophoretic mobility (UE) is then converted into zeta potential (ζ) using 

Henry’s equation: 

𝑈𝐸 =
2𝜀𝜁𝐹(𝜅𝑎)

3𝜂
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where ε is the dielectric constant of the dispersant, F(κα) is the Henry function and η is 

the viscosity. 

Zeta potential analysis was conducted using a Malvern Panalytical Zetasizer Nano-ZS 

equipped with a 532 nm He-Ne laser, on solutions with a concentration of 0.05 mg/mL at 

25°C. To adjust the pH, small quantities of 1.0 M HCl and 1.0 M NaOH were added to the 

solutions. Disposable folded capillary cells from Malvern Panalytical were utilized for 

sample placement. All measurements were carried out in triplicate, and the averaged 

results were recorded. 

2.3.8.  Elemental analysis 

Elemental analysis served as both a qualitative and quantitative method, enabling the 

identification of primary organic constituents, including carbon, hydrogen, nitrogen, and 

oxygen [230]. In this approach, an organic substance underwent oxidative decomposition, 

resulting in the production of carbon dioxide, water, and nitric oxide. The masses of the 

combustion products were then employed to compute the values for the unknown 

samples. 

Elemental analysis was conducted utilizing the Flash 2000 CHNS-O Analyzer (Thermo 

Scientific, UK). Prior to the analysis, the instrument underwent calibration using an 

immeasurable pan (referred to as a bypass) followed by three runs of a small quantity of 

the standard 2,5-(Bis(5-tert-butyl-2-benzo-oxazol-2-yl) thiophene, commonly known as 

BBOT (Thermo Scientific, UK). The CHN analysis was carried out in aluminum pans (CE 

INSTRUMENTS, UK), while silver pans (CE INSTRUMENTS, UK) were employed for the 

analysis of O. Each sample underwent duplicate analyses. 

2.3.9.  Quantum yield 

The QY is a crucial parameter in fluorescence spectroscopy, representing the ratio of 

emitted photons to absorbed photons. Paired with FL, it stands out as one of the most 

vital characteristics defining the behavior of a fluorophore. Assessing the QY for a specific 

fluorophore involves comparing it with highly fluorescent dyes, which serve as a set of 

reference standards with well-established QYs. Quantifying the QY suggests comparing 

the wavelength-integrated intensities of the examined samples with those of reference 

dyes, both excited by a light source at the same wavelength. Generally, a higher QY value 
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indicates the sample's greater capability to exhibit brighter emission. The calculation of 

QY for liquid dispersions of carbon-based nanomaterials involved employing the 

equation: 

Φ = 𝛷𝑅 × (
𝑚

𝑚𝑅
) × (

𝜂2

𝜂𝑅
2) 

Here, Ф𝐑 represents the QY of the reference dye, 𝒎 is the slope obtained from linear 

regression of the tested material, 𝒎𝑹 is the slope obtained from linear regression of the 

reference dye, 𝛈𝟐 denotes the refractive index of water, and 𝛈𝐑𝟐 signifies the refractive 

index of ethanol. Anthracene (Φ=0.27) was dissolved in ethanol and utilized as a 

reference dye with an λex of 365 nm. Ultrapure water was utilized to prepare aqueous 

solutions of the investigated nanomaterials. Absorbance measurements were conducted 

using a UV-3600 spectrophotometer (SHIMADZU), while integrated PL intensity was 

assessed using a FluoroMax-4 spectrofluorometer (HORIBA Scientific) along with quartz 

cuvettes featuring a 1.0 cm pathlength. The signals were detected and analyzed using 

FluorEssence V3.5 software. To minimize re-absorption effects, absorbance values were 

maintained below 0.1. 

2.3.10.  Cell culture procedures 

2.3.10.1.  Cell lines  

C-dots exhibit a remarkably low level of toxicity and exceptional biocompatibility. In the 

current study, all synthesized samples underwent toxicity assessments through two 

distinct assays: MTT and PrestoBlue assay. The evaluation encompassed two different 

cell lines: HeLa and U87. 

2.3.10.1.1.  HeLa cell lines 

The HeLa cells, derived from the cervical cancer of a young woman, represent a crucial 

and historic cell line in cancer research. They are recognized as the first continuous 

cancer cell line employed in in vivo studies. Over the years, HeLa cells have played a 

pivotal role in validating various physiological processes within the human body [231]. 
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2.3.10.1.2.  U87 cell lines 

The U87 cells, originating from malignant glioma, specifically glioblastoma, were isolated 

from a male patient. These cells, crucial in neuroscience and immune oncology research, 

exhibit an epithelial cell morphology. Notably, U87 is recognized as one of the most 

aggressive cell lines among glioblastoma cells. 

2.3.10.2.  Aseptic techniques 

All experiments, both cell and tissue culture, were conducted in a sterile environment 

[232]. Aseptic techniques, vital for the success of cell culture procedures, revolve around 

maintaining the air, floor, and working surfaces free from contamination (dust and 

microorganisms). Consequently, all procedures were executed within a laminar flow 

cabinet. The laminar flow sterile cabinet needs to be activated at least 15 minutes prior 

to the start of any experiment, allowing sufficient time for the machine to circulate an 

ample amount of sterile air and prepare the environment for sterilization. Subsequently, 

the interior of the laminar flow sterile cabinet should be thoroughly sprayed with isopropyl 

alcohol (of 70% concentration) and wiped clean. Following this process, the laminar flow 

sterile cabinet is deemed ready for experimentation. To uphold effective aseptic 

techniques, any samples or materials involved in cell culture processes within the laminar 

flow sterile cabinet must undergo autoclaving and be treated with an abundant application 

of isopropyl alcohol at 70% before getting placed in the laminar fume hood. The laminar 

flow sterile cabinet maintains a continuous horizontal airflow from the back to the front, 

ensuring a sterile environment throughout the experiment. 

2.3.10.3.  Media preparation 

The cell and tissue culture necessitates a growth medium rich in nutrients, proteins, and 

antibacterial agents to ensure proper cell proliferation with the essential elements for 

growth. In this study, DMEM was employed, consisting of sterile-filtered DMEM, (-) L-

leucine, (-) L-methionine, 4.5g/L glucose, 4.0mM L-glutamine, sodium pyruvate, and 

phenol red, making it a substantial energy source. DMEM exhibits some capability to 

mimic the composition of body plasma and blood. However, susceptibility to microbial 

contamination led to the addition of penicillin-streptomycin antibiotic (1%). To further 
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improve DMEM, FBS (10%) and L-Glutamine (1%) were introduced. With these 

adjustments, the medium is now prepared for use in various cell culture processes. 

2.3.10.4.  Cell viability calculations 

Assessing the cell viability is crucial for determining the viable cell count in a flask. It 

provides essential information for subculturing cells and calculating the necessary cell 

suspension for various tests. Two methods are commonly employed for cell counting: 1) 

Utilizing a haemocytometer and coverslip, and 2) Employing a cell counter machine. 

2.3.10.4.1.  Haemocytometer 

The haemocytometer and coverslip must undergo cleaning with alcohol and thorough 

drying before use. The coverslip is moistened with PBS and affixed well onto the 

haematocytometer chambers. In a sterile Eppendorf tube, 100 μL of the cell suspension 

is combined with 400 μL of Trypan Blue to stain the cells, and the mixture is gently mixed. 

Using a pipette, 10 μL of the Trypan Blue-treated cell suspension is carefully placed on 

one of the haemocytometer chambers, allowing capillary action to evenly load the entire 

chamber. The process is repeated for the other chamber. Cell counting is performed using 

a light microscope with a 10X objective. 

The haemocytometer features a square with nine grids, each composed of 16 squares 

with a side length of 1 mm, and the capacity of each grid is 10-4 mL of cell suspension 

(Figure 35). Living cells are counted individually in every block of grids (red line). Cells 

are considered only if they are inside the grid or lie on the red square's right or bottom 

sides. The number of viable cells is determined by averaging the cell counts from all 4 

blocks. This average is then multiplied by 104 to calculate the number of cells in 1 mL of 

the cell suspension. To correct for the 1:5 dilution (100 μL of cell suspension and 400 μL 

Trypan Blue), the number is multiplied by 5, providing the total number of living cells in 1 

mL of the cell suspension (e.g. Average number of cells per block * dilution factor * 104). 
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Figure 35. The grids within a single chamber on the haemocytometer. 

2.3.10.4.2.  Cell counter 

The cell countess method involves using an automated counter along with a disposable 

slide designed for the cell countess, which has two chambers. In a sterile Eppendorf tube, 

100 μL of the cell suspension were mixed with 400 μL of Trypan Blue to stain and gently 

blend the cells. Using a pipette, 10 μL of the Trypan Blue-treated cell suspension were 

transferred into one of the chambers on the slide. Subsequently, the slide was inserted 

into a designated slot in the cell countess, and the cells were automatically counted. The 

cell countess is capable of tallying both living and dead cells, providing a viability 

percentage. 

2.3.10.5.  Cell thawing 

The cells were stored in 1.5 mL cryogenic vials and preserved by freezing at -70 °C using 

liquid nitrogen freezers. When needed, the cells underwent a thawing process, where the 

cryogenic vial was placed in a warm water bath (37 °C) for one minute. Within the laminar 

flow sterile cabinet, the cells were transferred to a universal tube with 10 mL of media, 

followed by centrifugation at 800 rpm for 5 minutes. The supernatant was discarded, and 

the pellet (containing the cells) was resuspended in 10 mL of media. A second round of 

centrifugation aimed to remove DMSO. After resuspending the pellet in 10 mL of media 

for the second time, a cell suspension was obtained, and which was now ready for cell-

viability counting. 
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2.3.10.6.  Cell growing and splitting 

To replicate the conditions of the human body, cells are cultured in the lab environment. 

After counting the cells in a suspension, 104 cells are transferred into a T-75 flask and 

topped up to 7 mL with media. The flask is then placed in an incubator set to 5% CO2 and 

37 °C, providing an environment similar to that of blood. Initially, the cells move freely in 

the medium, but over time, they adhere to the surface of the flask and begin to grow. Cell 

growth is monitored every 24 hours under a microscope. After 24 hours, the cells reach 

20% confluency, and they are left to grow for another 24 hours (Figure 36). Upon 

rechecking, the confluency increases to 70%, and after another 24 hours, it reaches 85%, 

indicating readiness for splitting. Splitting is necessary to prevent overcrowding, which 

can lead to cell death. 

 

Figure 36. Images obtained with a microscope (20x magnification) to observe the attachment of HeLa cells 

to the substrate over a period of 48 hours [233].  

When cell confluency reaches 85% or higher, it's advisable to perform cell splitting, known 

as trypsinization. All necessary materials, equipment, and the T-75 flask were placed 

inside the cabinet using aseptic techniques. The culture medium was then removed from 

the flask using a sterile pipette and disposed of in a waste container containing Virkon, a 

disinfectant used to eliminate pathogens [234]. Next, 3 mL of trypsin-EDTA solution were 

added to the T-75 flask. Trypsin-EDTA, a serine protease enzyme, effectively breaks 

down the peptide bonds that attach the cells to the flask walls and separates them from 

each other. The flask was gently shaken for a few seconds to ensure that the trypsin-

EDTA solution reached all areas of the flask. Following this, the trypsin-EDTA-treated 

cells were placed in an incubator with 5% CO2 at 37 °C for 3 minutes. It's crucial to monitor 

the incubation time carefully to avoid damaging the cell membranes. After incubation, the 
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flask was removed from the incubator, and 6 mL of fresh media were added to the flask 

inside the laminar flow sterile cabinet to neutralize the effect of trypsin. 

2.3.10.7.  Cell preservation 

Freezing cells is a crucial step to preserve them when they are not actively in use. To 

freeze cells, they should be in suspension form, achieved by centrifuging the cell 

suspension at 900 rpm for 5 minutes. After discarding the supernatant into a waste 

container containing Virkon, the cell pellet is resuspended in 1 mL of freezing media 

(which consisted of 90% DMEM culture media and 10% DMSO) and transferred to a 1.5 

mL cryogenic vial. These vials are then stored in an -80 °C freezer for future use. 

2.3.10.8.  Cell viability assays 

2.3.10.8.1.  Plating cells 

In this study, the toxicity of the synthesized materials was evaluated using the MTT and 

PrestoBlue assays with HeLa and U87 cell lines cultured in a 96-well plate. The 

experimental setup necessitated precise control over cell growth in the limited space of 

each well, and uniform cell populations were crucial for obtaining reliable results. 

To plate the cells, they were first prepared in a cell suspension with media, and cell 

counting was conducted before the plating. Each well was intended to contain 50 μL of 

cell suspension, with a concentration of 0.5*105 cells/mL. Once the viable cell count/mL 

of the cell suspension was determined, the volume of media required for dilution was 

calculated. For a 96-well plate, each well required 50 μL of cell suspension, totaling 4.8 

mL for the entire plate (Figure 37). 
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Figure 37. Layout of a 96-well plate. 

2.3.10.8.1.1.  MTT assay 

The compound MTT serves as a reagent employed in a colorimetric assay for assessing 

cell viability [235]. The MTT assay procedure commences with the plating of cells into a 

96-well plate. 50 μL of cell suspension containing 0.5*105 cells/mL was added to each 

well, except for the first column, where only 50 μL of media was added (blank sample). 

Subsequently, the 96-well plate was placed in an incubator with 5% CO2 at 37 °C for 24 

hours to allow the cells to adhere to the well surface and recover from the trypsinization 

process. Following this, 10 different concentrations of the synthesized samples were 

prepared. The concentrations for each sample were: 10, 20, 30, ..., up to 100 μg/mL, with 

each sample tested three times. Both a positive control, consisting of the cell suspension 

without the addition of samples, and a negative control, consisting of media without cells, 

were utilized. Next, the 96-well plate underwent incubation in an environment with 5% 

CO2 at 37 °C for another 24 hours. Following this, 10 μL of the MTT reagent was put into 

each well, enclosing those with sample-treated cells, the positive control, and the negative 

control, in a darkened environment. Subsequently, the plate was incubated once more in 

an environment with 5% CO2 at 37 °C for 2-4 hours. During this incubation period, living 

cells initiated the reduction of the tetrazolium salt, resulting in the formation of formazan 

crystals, while non-viable cells did not participate in this process. As a result, the 

suspensions in the wells changed into a purple color, varying in intensity. The formazan 
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product accumulates both inside the cells, manifesting as an insoluble precipitate, in the 

culture medium, as well as around cell surfaces. Before recording absorbance readings, 

it is imperative to solubilize the formazan product using an acidified solubilizing solution. 

This solubilization process additionally induces a color change in phenol red to yellow, 

minimizing interference with absorbance readings. Consequently, 150 μL of lysis buffer, 

serving as the solubilizing solution, was put into all 96 wells, and incubated for a duration 

of 3 hours. Finally, the 96-well plate was inserted into the plate reader to assess the 

absorbance of the living cells, utilizing a filter with a wavelength range of 550-600 nm. In 

this project, the TECAN Labtech.com infinite F200PRO plate reader and Omega – Data 

Analysis software were employed to visualize the collected data. 

2.3.10.8.1.2.  PrestoBlue assay 

PrestoBlue is a reagent based on resazurin which is used to assess cell viability through 

a fluorescence-based assay [235]. In this quick cell-mediated cytotoxicity test, PrestoBlue 

undergoes a change from its initial state to its reduced form, resorufin, during the aerobic 

respiration of metabolically active cells. The reduction of PrestoBlue leads to a red colour, 

indicating viable cells, as only metabolically active cells can convert PrestoBlue to its red 

form. 

One notable advantage of PrestoBlue is its rapid signal detection within 10 minutes, which 

is notably shorter compared to other cell viability assays requiring up to 4 hours of 

incubation. The PrestoBlue assay involves plating cells in a manner similar to the MTT 

assay. After incubating the 96-well plate in a CO2 incubator at 37 °C for 24 hours, samples 

are added following the same procedure as in the MTT assay. The 96-well plate is then 

further incubated for 24 hours. 

Subsequently, 10 μL of PrestoBlue reagent is added to each well, including those with 

samples-treated cells, positive controls (+ve control), and negative controls (-ve control). 

The 96-well plate is incubated in a CO2 incubator at 37 °C for 10 minutes, during which 

PrestoBlue is reduced by viable cells, resulting in a colour change from blue to pink, with 

varying intensities depending on the number of viable cells. 

Finally, the 96-well plate is subjected to a plate reader, and the absorption of living cells 

is measured using a filter with a wavelength range of 535-560 nm. The same plate reader 
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and software used for the MTT assay are employed for data analysis in this project. This 

streamlined process allows for a rapid and efficient assessment of cell viability in various 

samples. 

2.3.11. Antifungal testing 

 

The process of culturing Talaromyces pinophilus (T. pinophilus) ATCC 11797 begins with 

its acquisition from the American Type Culture Collection (ATCC) and subsequent 

maintenance on potato dextrose agar plates, stored within a refrigerated environment 

maintained between 3 to 5°C.  

The preparation phase involves: 10 mL of sterile distilled water is introduced into a 50 mL 

sterile falcon tube. A plate of T. pinophilus is carefully transferred into the tube, where it 

is subjected to a thorough grinding process to liberate the spores. The resulting mixture 

is then meticulously filtered through sterile filter floss to remove any residual debris. 

Following filtration, the spore-containing suspension undergoes centrifugation at 4000 

rpm for 5 minutes, leading to the separation of spores from the supernatant. This 

supernatant is discarded, while the concentrated spores are resuspended in another 10 

mL of sterile distilled water. This suspension is subjected to a second round of 

centrifugation to further purify the spores, with the supernatant once again being 

discarded. The purified spores are then resuspended in a nutrient salt solution, 

meticulously prepared by dissolving specific quantities of ammonium sulfate, dipotassium 

phosphate, monopotassium phosphate, magnesium sulfate, sodium chloride, ferrous 

sulfate, zinc sulfate, and manganous sulfate in 1 liter of distilled water. Additionally, for 

the preparation of nutrient salt agar, 15 grams of agar powder are incorporated into the 

solution before autoclaving to ensure sterility.  

Moving on to the antifungal testing phase, C-dot solutions are prepared from a stock 

solution with a concentration of 0.1 mg/mL. These solutions undergo successive dilutions 

in sterile distilled water, with each dilution being a 1 in 2 dilution, resulting in a range of 

concentrations from 0.1 mg/mL to 0.0008 mg/mL. Sterile samples, cut to approximately 

10 mm x 10 mm in size, are soaked in either water (serving as the control) or C-dot 

solutions for a period of 30 minutes. Following soaking, the samples are removed and 
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allowed to dry completely. Subsequently, 100 μL of the fungal spore suspension are 

evenly spread onto nutrient salt agar plates, onto which the control or test squares are 

placed. Each test plate consists of duplicate sets of squares, each treated with different 

dilutions of C-dot solutions, ranging from 0.1 mg/mL to 0.0008 mg/mL. These plates are 

then incubated at a temperature of 25°C over a period of 28 days, with regular 

observations conducted at 7-day intervals to monitor any inhibition of fungal growth. 
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Chapter 3: Electrochemical modulation of C-dot structure and 

properties 

3.1. Introduction 
In recent years, various electrochemical methods have been devised to regulate the size, 

modify the surface, analyse surface structures, and thereby uncover the PL properties of 

C-dots [236], [237]. C-dots, recognized as one of the most promising nano-emitters, are 

known for their excitation wavelength-dependent emission and exceptional resistance to 

photobleaching, offering performance comparable to traditional heavy-metal-based 

quantum dots [238], [239], [240], [241], [242]. However, the precise mechanism behind 

the PL behavior of C-dots remains unclear, making the creation of customized C-dots an 

ongoing challenge. C-dots with well-defined properties can be produced through the 

thermal processing of renewable materials such as fruits [99] and grass [96], as well as 

molecular precursors like urea [181], ethanolamine [243] and citric acid [244]. Pyrolysis-

based synthesis yields C-dots in various forms, including aqueous solutions, solid states, 

or embedded within polymer matrices [245]. 

Due to their unique properties, C-dots have been widely studied for use in various fields, 

including bioimaging [246], antimicrobial coatings [247], energy conversion [248], and 

electrocatalysis [166]. When employed in areas such as electrocatalysis, electrochemical 

sensing, photovoltaics, batteries, and LEDs, C-dots are subjected to different 

electrochemical potentials. Their electrogeneration can occur through a top-down 

approach, involving the exfoliation of carbon-based materials like graphene, graphite, 

carbon nanotubes [249], or charcoal [250], or a bottom-up approach, using 

electrooxidation or electropolymerization of small molecules such as alcohols [251] and 

acetonitrile [252]. Ongoing advancements aim to achieve precise control over the size 

and photoluminescent behavior of C-dots to unlock further applications.  

In a previous study, researchers have highlighted the significant impact of cyclic 

voltammetry on the structure and PL characteristics of pyrolytically synthesized C-dots, 

providing an important basis for further exploration [253]. They demonstrated that cyclic 

voltammetry could induce extensive structural rearrangements in C-dots prepared from 

ethanolamine and citric acid at 230°C. These changes included the formation of 
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oxygenated defects, such as C–O and C=O groups, and a reduction in C=C bonds, 

leading to a notable suppression of PL intensity. This process, revealed through XPS and 

FTIR analyses, also caused shifts in fluorescence emission wavelengths, with a blue shift 

attributed to surface fluorophores and a red shift associated with carbogenic cores.  

Building on this previous research, this chapter explores an electrochemical etching 

process driven by cyclic voltammetry to induce substantial changes in the structural and 

optical properties of C-dots. The method promotes extensive surface oxidation and 

cleavage of carbon-carbon bonds, leading to a progressive reduction in nanoparticle size. 

Notably, this technique results in a QY enhancement of up to 640%, offering an innovative 

approach for precise control of size and PL emission. This study provides the first 

conclusive evidence of this highly efficient restructuring mechanism, unlocking new 

opportunities for the advanced optimization of C-dots. This chapter, by extending the 

insights gained from cyclic voltammetry-induced structural changes, demonstrates how 

electrochemical strategies can be harnessed to tailor C-dot properties for innovative 

applications in nanotechnology. 

3.2. Results and discussion 
 

Synthesis of C-dots 

C-dots were prepared through the pyrolysis of a mixture of citric acid (CA) and 

ethanolamine (EA), following a previously reported method [1]. In a standard procedure, 

30.00 g of CA and 28.61 g of EA were combined in a round-bottom flask and heated to 

180 ℃ for 30 minutes under reflux in ambient air. Afterward, the condenser was removed, 

and the temperature was raised to 230 ℃ for an additional 30 minutes. The resulting 

product was transferred to a crucible and subjected to further pyrolysis in an oven at 300 

℃ for 1 hour. The pyrolyzed material was then treated with 400 mL of 1.5 M HNO3 at 100 

℃ for 16 hours. Finally, the oxidized product was purified through dialysis using 

SnakeSkin Pleated Dialysis Tubing (with a molecular weight cut-off of 3500 Da) and 

subsequently freeze-dried. 

Electrochemical Treatment 
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Chronoamperometry experiments were conducted at room temperature using a Gamry 

Interface 1000 potentiostat with a three-electrode setup. This setup included an Ag/AgCl 

electrode as the reference, and two platinum electrodes serving as the working and 

counter electrodes. C-dots were dispersed in a 0.15 M KCl solution, with the applied 

voltage ranging from 0.5 to 3.0 V in 0.5 V increments. Each treatment lasted 60 seconds 

across all tests. 

Chemical Treatment 

For chemical treatment, 10 mL of a 0.04 mg/mL aqueous C-dot dispersion was stirred 

into separate beakers containing 10 mL of NaClO solutions at concentrations of 0.1, 0.5, 

1.0, 1.5, and 2.0 mM. The mixtures were allowed to react at room temperature for 48 

hours before measuring their PL spectra. 

3.2.1. Structural properties 

 

3.2.1.1. TEM analysis 

TEM analysis demonstrates that untreated C-dots exhibit an average diameter of 

approximately 12 nm (Figure 38a). Following exposure to an electrochemical field (2.0 V 

for 60 seconds), the nanoparticles maintain their spherical morphology but undergo a 

dramatic reduction in size, with an average diameter decreasing to around 3 nm (Figure 

38b). This substantial size contraction corresponds to the extensive surface oxidation and 

carbon framework degradation observed during treatment. To further investigate, the 

chronoamperometry protocol was applied consecutively five times (2.0 V, 60 seconds per 

cycle). The resulting dispersion exhibited negligible PL and TEM analysis revealed no 

detectable structural features, strongly suggesting the complete decomposition of the 

nanoparticles. 
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Figure 38. TEM images of C-dots (a) before and (b) after exposure to an electrochemical field (2.0 V for 60 

s) and their respective size distribution charts (c-d). 

3.2.1.2. FTIR analysis 

The FTIR spectrum of untreated C-dots (black line, Figure 39) displays distinct peaks at 

935 and 850 cm–1, corresponding to the bending vibrations of the C=C–H bonds in sp2 

carbon. However, these peaks are absent in the spectra of the treated samples (red line, 

Figure 37). Additionally, peaks associated with functional groups such as C–N, C=O, and 

C=O/C=N, observed at 1185, 1653, and 1691 cm–1 respectively, are noticeably 

diminished in the electrochemically etched C-dots. 
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Figure 39. FTIR spectra of C-dots before (black line) and after (red line) the chronoamperometry treatment 

at 2.0 V for 60 s. 

3.2.1.3. XPS analysis 

XPS analysis shows that the C1s spectrum of untreated C-dots (Figure 40a) is primarily 

composed of 60.6% sp³ carbon, 19.1% sp² carbon (accompanied by a minor π–π* 

satellite peak), 17.8% C=O, and 2.4% C–O. After chronoamperometry treatment (2.0 V 

for 60 seconds), the XPS spectrum (Figure 40b) reveals significant changes, with sp³ 

carbon reduced to 42.4%, sp² carbon to 4.9%, and C=O to 13.1%, while the proportion of 

C–O increases substantially to 39.6%. These findings, summarized in Table 1, in 

combination with FTIR data, strongly indicate that the application of an electric field 

induces extensive surface oxidation and significant disruption of carbon-carbon bonds. 
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Figure 40. C1s XPS spectra of C-dots before (a) and after (b) chronoamperometry treatment at 2.0 V for 

60 s. Solid lines refer to the recorded data, while the dashed lines refer to the fitted curves. 

Table 1. Analysis of the C1s XPS spectrum of untreated C-dots (up) and C-dots that have been subjected 

to chronoamperometry treatment a 2.0 V for 60 s (down). 

Chemical Bind Combined energy peak position (eV) Peak area % 

   

Untreated C-dots 

sp2 284.19 19.1 

sp3 284.80 60.6 

C–O 286.05 2.4 

C=O 287.96 17.8 

π–π* 291.05 0.1 

   

C-dots after treatment at 2.0 V for 60 s 

sp2 284.20 4.9 

sp3 284.81 42.4 

C–O 285.94 39.6 

C=O 287.97 13.1 

 

3.2.2. Optical properties 

 

3.2.2.1. UV-Vis spectroscopy 

The UV-vis absorbance of the samples treated at 0.5 V and 1.0 V is nearly identical to 

that of the untreated dispersion. However, as the applied voltage increases to 1.5, 2.0, 
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2.5, and 3.0 V, a gradual decline in absorbance is observed (Figure 41a). Images 

comparing the untreated dispersion with C-dot dispersions subjected to 

chronoamperometry at voltages between 0.5 and 3.0 V, taken under daylight and UV 

light, are presented in Figure 41b. Notably, the dispersions treated at 1.5 and 2.0 V 

demonstrate the strongest fluorescence. 

 

Figure 41. (a) UV–Vis absorbance spectra and (b) photos of 0.02 mg/ml C-dots dispersions in 0.15 M KCl 

that have been subjected to chronoamperometry treatments for 60 s at applied voltages from 0.5 to 3.0 V 

compared to the untreated sample under (top) daylight and (bottom) UV-radiation (λex = 365 nm). 

3.2.2.2. PL spectroscopy 

The PL spectra of C-dot aqueous dispersions (Figure 42) exhibit a distinctive λex 

dependent emission pattern ranging from 380 to 500 nm, where the λem shifts to longer 

wavelengths as λex increases. This type of emission behaviour is attributed to electronic 

bandgap transitions within conjugated π-domains, surface defect states, edge effects, 
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and crosslink-enhanced emissions. In contrast, molecular chromophores are generally 

linked to λex-independent emission contributions [1], [254], [255]. 

 

Figure 42. Normalized PL spectra of 0.01 mg/mL aqueous C-dot dispersions relative to the maximum 

intensity (Imax) at λex = 380 nm. The excitation wavelength (λex) was adjusted between 320 and 500 nm. 

The PL spectra (λex = 410 nm) of 0.02 mg/mL C-dot dispersions in 0.15 M Na2CO3 

aqueous electrolyte remain largely unchanged after chronoamperometry treatments with 

applied voltages up to 3V (Figure 43a). Similar trends were observed for NaHCO3 and 

Na2SO4 electrolytes. However, when KCl is used as the electrolyte (Figure 43b), 

significant changes in the PL properties are evident, and equilibrium is reached 48 hours 

after the electric field is removed. 
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Figure 43. Normalized (against Imax of the untreated dispersion) PL spectra (λex = 410 nm) of 0.02 mg/ml 

C-dots dispersed in 0.15 M aqueous solutions of (a) Na2CO3 and (b) KCl that have been subjected to 

chronoamperometry treatment for 60 s at applied voltage from 0.5 to 3.0 V. 

As depicted in Figure 44, the maximum emission intensity (Imax) of C-dots subjected to 

electrochemical treatment increases with KCl concentration up to 0.1 M, remains stable 

between 0.1 M and 0.2 M, and then decreases sharply as the concentration is further 

increased (all subsequent experiments utilized 0.15 M KCl). Figure 45a demonstrates that 

while Imax undergoes minimal changes at applied voltages of 0.5 and 1.0 V (λex = 410 nm), 

a notable rise occurs at 1.5 V, followed by a further increase at 2.0 V. Beyond this point, 

at 2.5 and 3.0 V, Imax declines sharply. Comparable behavior is observed for excitation 

wavelengths of 350, 380, and 470 nm. Notably, the treatment at 2.0 V results in a redshift, 
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consistent with surface oxidation effects [256], although the overall trend in Figure 45b 

shows a blue shift, which may be attributed to changes in the size of the carbogenic cores. 

 

Figure 44. 0.02 mg/ml C-dots dispersions subjected to chronoamperometry treatments for 60 s at 2.0 V in 

the presence of 0.05, 0.10, 0.15, 0.20, 0.25, 0.30 M KCl. (a) PL spectra (λex = 410 nm) and (b) Imax as a 

function of KCl concentration. 
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Figure 45. 0.02 mg/ml C-dots dispersion in 0.15 M KCl subjected to chronoamperometry treatments for 60 

s within applied voltage from 0.5 to 3.0 V compared to the untreated dispersion. (a) Imax at 

λex = 350,380,410, 470 nm, (b) λmax as a function of the applied voltage. 

3.2.2.3. QY 

As shown in Figure 46, the QY (λex = 365 nm) of the untreated C-dot dispersions is 1.2%, 

determined relative to anthracene (Φ = 0.27, λex = 365 nm). The QY increases 

progressively upon electrochemical treatment, reaching 1.3%, 2.7%, and peaking at 7.8% 

for samples treated at 1.0, 1.5, and 2.0 V, respectively. At higher applied voltages of 2.5 

and 3.0 V, the QY decreases slightly to 2.9% and 1.4%, respectively, highlighting an 
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optimal enhancement at intermediate voltages (up to 640%) before further structural 

modifications reduce the fluorescence efficiency (Table 2). 

 

Figure 46. QY (%) of C-dots subjected to chronoamperometry treatments for 60 s within applied voltage 

from 0.5 to 3.0 V compared to the untreated ones. 

Table 2. QY values of 0.02 mg/ml C-dots dispersion in 0.15 M KCl subjected to chronoamperometry 

treatments for 60 s within applied voltage from 0.5 to 3.0 V compared to the untreated dispersion, using 

anthracene as a reference (λex=365 nm). 

Material QY % 

  

C-dots 1.2 

C-dots (+ 1.0 V) 1.3 

C-dots (+ 1.5 V) 2.7 

C-dots (+ 2.0 V) 7.8 

C-dots (+ 2.5 V) 2.9 

C-dots (+ 3.0 V) 1.4 
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The significant alterations in the PL characteristics of the C-dots are intrinsically linked to 

the electrochemical generation of hypochlorite ions (ClO⁻) [257], a well-documented 

phenomenon widely utilized in water purification processes [258]. Using iodometric 

titration with sodium thiosulfate, it was determined that the KCl solution subjected to a 3 

V treatment for 60 seconds contained 3.5 mM hypochlorite ions. To investigate this effect 

further, Figure 47a presents the PL spectra of C-dots measured 48 hours after dispersion 

in NaClO solutions with varying concentrations. As shown in Figure 47b, Imax steadily 

increases with NaClO concentration up to 1 mM, followed by a sharp decline with higher 

concentrations. Concurrently, λmax at Imax shifts from 493 nm in water to 498 nm, 485 nm, 

and 469 nm for NaClO concentrations of 0.5 mM, 1.5 mM, and 2.0 mM, respectively, as 

depicted in Figure 47c. It is important to note that the data in Figure 47 is unrelated to any 

electrochemical process and is solely attributed to the oxidative effects of NaClO. The 

progressive discoloration of C-dot dispersions with increasing NaClO concentrations 

(Figure 47d) suggests significant structural transformations induced by the oxidizing 

agent. Notably, C-dots pre-oxidized with NaClO exhibit minimal changes in PL properties 

when subsequently exposed to chronoamperometry treatments (Figure 47f). 
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Figure 47. 0.02 mg/ml C-dots dispersed in aqueous solution of NaClO with salt concentrations 0.1, 0.5, 1.0, 

1.5 and 2.0 mM, compared to the untreated sample. (a) PL spectra (λex = 410 nm), (b) the corresponding 

maximum PL intensity (Imax) and (c) λmax as a function of the electrolyte concentration, photos of C-dots 

dispersions under (d) daylight and (e) UV radiation, and (f) PL spectra (λex = 410 nm) of 0.02 mg/ml C-dots 

pretreated with 1mM NaClO solution for 48 h  and then subjected to chronoamperometry treatments for 

60s. All data have been collected 48 h after the dispersion of C-dots in the aqueous solution of NaClO. 
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It has been suggested that the potent, non-specific oxidizing agent hypochlorite can 

promote the cleavage of carbon-carbon double bonds (C=C) [259] and imine groups 

(C=N) [260], while also targeting ether bonds and hydroxyl groups. For instance, the 

degradation of GO by hypochlorite under UV light has been shown to result in the 

production of graphene dots [260]. This process involves the attack of epoxy and alkoxy 

groups on the basal plane of GO by NaClO, leading to the breakdown of skeletal carbon 

bonds and the oxidation of peripheral groups into COOH [261]. Similarly, electrochemical 

exfoliation of graphite rods in an aqueous KCl solution under applied voltages ranging 

from 9 to 30 V produces C-dots with diameters around 2 nm [262]. Based on the findings 

presented in this study, it appears plausible to associate such previously reported 

phenomena with the generation of hypochlorite ions during electrochemical processes. 

3.3. Conclusion 
 

This chapter provides significant insights into the previously unexamined electrochemical 

restructuring mechanisms of C-dots. Using a combination of structural and optical 

analyses, this study demonstrates that the application of electrochemical treatments 

induces profound transformations in the physicochemical properties of C-dots, 

characterized by nanoscale restructuring, extensive surface oxidation, and notable 

alterations in optical behavior. 

The results reveal that untreated C-dots have an average diameter of approximately 12 

nm, which is drastically reduced to ~3 nm following a 60-second electrochemical etching 

process at 2.0 V. TEM confirms the retention of spherical morphology despite this size 

reduction. Successive cycles of chronoamperometry, however, lead to complete 

decomposition of the nanoparticles, as evidenced by the absence of structural features 

in TEM images and the loss of PL. FTIR spectroscopy corroborates these findings, 

showing the disappearance of characteristic sp² carbon bending vibrations and a 

substantial reduction in functional groups, such as C=N and C=O, indicative of extensive 

surface oxidation and carbon framework degradation. These findings are further 

substantiated by XPS, which reveals a significant decrease in sp² carbon content, coupled 

with an increase in oxygen-containing functional groups. 
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The optical properties of C-dots exhibit a pronounced dependency on the applied 

electrochemical conditions. UV-Vis spectroscopy highlights a decline in absorbance with 

increasing voltage, particularly above 1.5 V, while PL measurements reveal an excitation-

dependent emission pattern attributed to transitions within conjugated π-domains, 

surface defects, and crosslink-enhanced emission. Notably, the Imax increases markedly 

at intermediate voltages (1.5–2.0 V) and subsequently decreases at higher voltages (2.5–

3.0 V). This behavior aligns with QY data, which shows a peak enhancement at 2.0 V, 

with QY reaching 7.8% compared to 1.2% in untreated samples—an improvement of over 

640%. However, further increases in voltage lead to reduced fluorescence efficiency, 

likely due to structural disruption. 

Electrogenerated ClO⁻, identified as key contributors to the observed changes, are shown 

to facilitate the oxidative degradation of the carbon framework. Iodometric titration 

confirms the generation of 3.5 mM ClO⁻ in KCl electrolyte after treatment at 3 V for 60 

seconds. Subsequent experiments using NaClO solutions demonstrate similar trends in 

PL behavior, with Imax peaking at 1 mM NaClO before declining at higher concentrations. 

Concurrent redshifts and blueshifts in emission maxima reflect complex structural 

dynamics involving oxidation-induced surface modifications and size variations of the 

carbogenic cores. These findings draw parallels with reported mechanisms of 

hypochlorite-mediated degradation of graphene oxide and electrochemical exfoliation of 

graphite rods, supporting the hypothesis that hypochlorite ions play a pivotal role in 

restructuring the C-dots. 
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Chapter 4: Synthesis and functionalization of citric acid/urea-based 

carbon dots via hypochlorite treatment 

 

4.1. Introduction 

 

A wide variety of C-dots with different sizes and degrees of graphitization can be 

synthesized using cost-effective methods, primarily through the pyrolytic decomposition 

of precursor materials such as biomass waste and natural sources [263], [264]. C-dots 

can also be produced in situ within polymer matrices and powder mixtures [245], [265], 

using techniques that align with standard industrial processes. Additionally, C-dots exhibit 

a broad range of tuneable PL emissions, which can be attributed to factors such as 

bandgap transitions in the conjugated π-domains of the carbon cores, surface defects 

that act as exciton capture centers, embedded organic fluorophores, and emissions 

enhanced by crosslinking [266], [267]. Although C-dots generally emit the strongest PL in 

the blue/green regions of the spectrum, systems exhibiting extensive conjugation of sp2 

domains, heteroatom doping, or solvatochromism can display intense red/NIR emission 

signals [268]. 

Surface modification and passivation techniques post-synthesis (often involving amines, 

ethylenediamine, polyethyleneimine, polyethylene glycol, or thiourea) have been 

investigated to adjust the PL properties of C-dots, including QY, λem, and τ [266], [269]. 

For instance, Sun et al. showed that C-dots produced by laser ablation of a carbon target 

initially lack fluorescence. However, after acid treatment and the addition of non-emissive 

passivation agents like diamine-terminated poly(ethylene glycol) oligomers or 

poly(propionylethyleneimine-co-ethyleneimine), they become highly fluorescent [43]. 

Additionally, another study found that C-dots derived from biomass, when treated with 

ethanolamine, exhibit hydrophilic properties, while treatment with oleylamine allows them 

to disperse easily in toluene [96]. 

The goal of this study is to develop scalable, low-cost methods for producing highly 

luminescent C-dots. This chapter explores a simple post-synthesis treatment for C-dots 
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derived from CA and urea, utilizing sodium hypochlorite (NaClO), a strong oxidizing agent 

known for its ability to degrade stable carbon structures. The treatment induces surface 

oxidation, etching, and significant structural rearrangements of the C-dots, resulting in a 

6-fold enhancement of their PL properties. In addition, the modified C-dots retain low 

cytotoxicity against HeLa and U87 cell lines. Furthermore, various polymeric materials, 

including polyurethane sponge, polyvinylidene fluoride membrane, and polyester fabric, 

impregnated with modified C-dots, exhibit advanced antifungal activity against 

Talaromyces pinophilus, while untreated materials fail to show any antifungal effect. This 

approach highlights the potential of NaClO-treated C-dots in both enhancing PL 

properties and providing added functionality, such as antifungal performance, without 

compromising their non-toxic nature. 

4.2. Results and discussion 
 

Synthesis of C-dots (CU-dots) 

C-dots were synthesized following a protocol previously established in our laboratory [1]. 

Briefly, CA and urea were mixed at a molar ratio of CA to urea (fCA/urea) of 1:50 and 1:100. 

These two ratios were selected, among others (1:25 and 1:3), as they had already 

demonstrated better performance in terms of their optical properties. The mixture was 

placed in a crucible and heated at 230 °C for 1 hour. The resulting product was ground 

into a fine powder, dissolved in water, and purified through dialysis using Snakeskin 

Dialysis Tubing with a molecular weight cut-off (MWCO) of 3.5 kDa for 4 weeks, during 

which the water was replaced daily. The purified product was then freeze-dried and stored 

in a desiccator. 

Treatment of CU-dots with NaClO 

To prepare oxidized CU-dots, varying volumes of 0.1 M aqueous sodium hypochlorite 

solution were added to 20 mL of 0.1 mg/mL aqueous dispersions of C-dots under 

continuous stirring, as detailed in Table 1. The mixtures were left at room temperature for 

24 hours prior to PL measurements. For all subsequent analyses, the CU-dots were 
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purified through dialysis against water for 4 weeks using Snakeskin Dialysis Tubing with 

a MWCO of 1 kDa, followed by freeze-drying. 

 

Table 3. . Sample description of CU-dots with respect to the amounts of C-dots and NaClO used for their 

preparation. 

Volume (in mL) of 0.1 

mg/mL dispersion of C-dots  

Volume (in mL) of 0.1 M 

solution of NaClO  

NaClO concentration 

(mM) 

20 0.5 2.5 

20 1.0 5 

20 1.5 7.5 

20 2.0 10 

20 2.5 12.5 

20 3.0 15 

20 4.0 20 

20 2.0* 400 

*Concentration 4.4 M 

4.2.1. Structural properties 
 

4.2.1.1. TEM analysis 
 

The TEM images of CU100D nanoparticles reveal their spherical morphology with 

average diameters 4.3 nm (Figure 48a) (Standard deviation=2.94). Their graphitic 

structure is further confirmed by High-Resolution TEM, which showed that the CU100D 

lattice spacing was around 0.24 nm (Figure 52c). Previous research has indicated that 

the size of C-dots synthesized from CA and urea mixtures typically ranges from 5 to 40 

nm [270], [271], [272], [273]. TEM images of CU100D reveal that following treatment with 

7.5 mM NaClO, their average diameter decreases to approximately 2.9 nm while retaining 

their spherical shape (Figure 52b) (Standard deviation=18.94). This considerable 

reduction in the size of CU-dots induced by NaClO aligns with the extensive oxidation 
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and breakdown of the carbon framework [274]. The observed shrinkage suggests a 

significant alteration in the structural integrity of the nanoparticles, indicating the efficacy 

of NaClO in inducing tailor-made surface modifications. 

 

 

Figure 48. TEM images of (a) CU100D , (b) CU100D after 7.5 mM NaClO treatment, and (c) HRTEM image 

of CU100D. Size distribution histograms (n=50) of (d) CU100D and (e) CU100D after 7.5 mM NaClO 

treatment 
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The reduction in size of CU-dots following treatment with NaClO is evident from the 

images in Figure 49. Initially, when placed in a Snakeskin Dialysis Tubing membrane with 

a MWCO of 3.5 kDa, CU100D particles are larger than the pores of the membrane, thus 

remaining inside the tubing during dialysis (Figure 49a). However, upon oxidation with 

NaClO, the size of CU100D decreases to a level smaller than the pore size, allowing them 

to escape from the tubing into the surrounding beaker (Figure 49b). By replacing the 

Snakeskin Dialysis Tubing with benzoylated Dialysis Tubing with a 1 kDa MWCO, NaClO-

treated CU-dots can be effectively retained within the membrane, while any remnants of 

the oxidative process can pass through the pores (Figure 49c). This method enables the 

purification of samples from unwanted sodium compounds. 

 

Figure 49. Photos of CU100D during dialysis under (top) UV lamp (λex=365 nm) and (bottom) daylight. (a) 

CU100D in a 3.5 kDa MWCO membrane, CU100D after 7.5 mM NaClO treatment in (b) 3.5 kDa and (c) 1 

kDa MWCO membranes. 
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4.2.1.2. Elemental analysis 
 

Elemental analysis showed a marked increase in oxygen content in CU100D after NaClO 

treatment, rising from 25.6% in untreated CU100D to 38.2% in CU100D (+7.5mM NaClO) 

and 49.5% in CU100D (+20mM NaClO) (Table 4). This substantial increase highlights the 

introduction of oxygen-containing functional groups as a result of the oxidative process. 

Meanwhile, the carbon content remained relatively consistent, ranging between 38% and 

43% across all samples. In contrast, the nitrogen content exhibited a significant decline, 

decreasing from 32.4% in untreated CU100D to 17.6% and 11.9% in CU100D (+7.5mM 

NaClO) and CU100D (+20mM NaClO), respectively. This reduction is likely due to 

NaClO’s ability to react with nitrogen-containing compounds, converting them into volatile 

products such as chloramines and nitrogen trichloride [275]. 

Moreover, the treatment's effect was visually apparent: initially colorless dispersions of 

NaClO-treated C-dots became white and turbid upon the addition of CaCl2. This behavior 

indicates the presence of carbonate ions formed via CO2 generation, likely a 

decomposition product of the oxidative process. This observation is consistent with 

findings from previous studies [18], further validating this oxidative mechanism. 

Table 4. Elemental analysis results of CU100D, pre- and post- treatment with NaClO (up to 20mM). 

Material C % H % N % O % 

CU100D 38.6 3.4 32.4 25.6 

CU100D + 7.5mM NaClO 43.1 1.1 17.6 38.2 

CU100D + 20mM NaClO 37.9 0.7 11.9 49.5 

 

4.2.1.3. XPS analysis 

 

The C1s XPS spectrum of CU100D (Figure 50) reveals distinct chemical environments, 

with the carbon atoms distributed as follows: 18.5% sp2 hybridized carbon, 19.7% sp3 

hybridized carbon, 36.1% attributed to C=O or C=N groups, 15.8% associated with C-O 

or C-N bonds, and 9.8% corresponding to O-C=O functionalities. After treatment with 7.5 

mM of NaClO, the C1s XPS spectrum indicates notable changes in these distributions, 
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with 15.6% sp2 carbon, 34.1% sp3 carbon, 33.3% C=O or C=N groups, 15.8% C-O or C-

N bonds, and only 1.2% O-C=O groups. 

These shifts suggest a reduction in conjugated sp2 carbon content and carboxylate 

groups (O-C=O), alongside a significant increase in sp3 hybridization, which is indicative 

of structural rearrangements and increased oxidation of the C-dot surfaces. The 

enhanced presence of C-O and C=N groups supports the incorporation of oxygen- and 

nitrogen-containing functional groups during the oxidative treatment (Figures 51 and 52). 

Additional data from C1s, O1s, and N1s XPS analyses, presented in Tables 5, 6 and 7, 

respectively, further confirm these chemical modifications, providing a detailed overview 

of the surface chemistry changes induced by NaClO treatment. 

 

Figure 50. Deconvolution of C1s XPS spectra of: (a) CU100D-dots and (b) CU100D + 7.5mM NaClO. 

Table 5. Data derived from the deconvolution of C1s XPS spectrum of CU100D and CU100D + 7.5mM 

NaClO. 

Sample sp2 % sp3 % C=O/C=N % O-C=O % C-O/C-N % 

CU100D 18.54 19.71 36.11 9.82 15.83 

CU100D + 7.5mM NaClO 15.64 34.05 33.30 1.22 15.79 
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Figure 51. Deconvolution of O1s XPS spectra of: (a) CU100D-dots and (b) CU100D + 7.5mM NaClO. 

Table 6. Data derived from the deconvolution of O1s XPS spectrum of CU100D and CU100D + 7.5mM 

NaClO. 

Sample C=O % C-O % 

CU100D 70.16 29.84 

CU100D + 7.5mM NaClO 61.92 38.08 

 

 

Figure 52. Deconvolution of N1s XPS spectra of: (a) CU100D-dots and (b) CU100D + 7.5mM NaClO. 

Table 7. Data derived from the deconvolution of N1s XPS spectrum of CU100D and CU100D + 7.5mM 

NaClO. 

Sample Pyrrolic-N % Pyridinic-N% Graphitic-N % Oxidized-N % 

CU100D 35.44 18.90 29.80 15.87 

CU100D + 7.5mM NaClO 46.60 30.15 23.25 - 
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4.2.1.4. FTIR analysis 
 

The FTIR spectra of both CU50D and CU100D samples, even following interaction with 

NaClO (up to 20mM), reveal distinct peaks indicative of various molecular vibrations 

(Figure 53). These include the bending of O-H at 550 cm-1, stretching of C-O-C at 851 

cm-1, anti-symmetrical stretching of C-O at 967 cm-1, stretching of C-N at 1175 cm-1, 

bending of CH2 groups at 1463 cm-1, stretching of bonds involving C=C, C=O, and C=N 

in the range of 1554 cm-1 to 1723 cm-1, and stretching of C-H bonds at 2869 cm-1 [276], 

[277]. Furthermore, broad bands spanning from 3026 cm-1 to 3294 cm-1 are attributed to 

the presence of hydrophilic amine (N–H) and hydroxyl (O–H) functional groups. The 

peaks around 1600 cm−1 are related to benzene skeleton vibrations [278], while the ones 

of N-H and O-H groups enhance water solubility and serve as reaction sites for NaClO 

[279]. Changes in absorption bands between 800 to 1600 cm−1 suggest an interaction 

between CU-dots and NaClO. NaClO tends to oxidize single-bond structures like C–H 

and C-O, forming double-bond C=C or C=O. Crosslinking between NaClO and CU-dots 

may produce ester functional groups, as indicated by a peak at 1560 cm−1. The 

appearance of a peak at 820 cm−1 suggests a nucleophilic substitution reaction of 

aromatic compounds, possibly due to newly formed oxygen atoms released during 

hypochlorite decomposition [280]. Overall, the FTIR spectra of NaClO-treated CU50D and 

CU100D show no significant shifts in peak positions compared to untreated C-dots. 

However, the peaks exhibit higher intensity, suggesting an increased abundance of 

functional surface groups. 

Collectively, the data presented below highlight the significant oxidation effects of NaClO 

on the surface of CU-dots, leading to substantial structural rearrangements. This behavior 

is comparable to the UV-assisted degradation of GO by NaClO, as previously reported, 

which involves cleavage of the carbon skeleton and attacks on epoxy and alkoxy groups, 

resulting in the formation of peripheral -COOH groups [261]. Due to its strong oxidizing 

properties, NaClO is capable of breaking C=C double bonds and C=N imine groups, as 

well as targeting hydroxyl groups and ether bonds [259], [260]. These reactions ultimately 

degrade structures such as SWCNTs, multi-walled carbon nanotubes, nanohorns, and 

graphene oxide [281], [282], [283]. This behavior is notably different from oxidants like 
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KIO4, KMnO4, and K2Cr2O7, which can oxidize surface hydroxyl groups on C-dots but do 

not induce structural breakdown [256]. 

 

Figure 53. FTIR spectra of (a) CU50D and (b) CU100D pre- and post- treatment with NaClO (up to 20mM). 

4.2.1.5. Zeta potential 
 

To evaluate the surface charge and colloidal stability of CU-dots, we conducted zeta 

potential (ζ) analysis (Figure 54). The ζ values of CU100D aqueous dispersions (black 

squares) exhibit positive values at acidic conditions (ranging from ζ=2.9 mV at pH=1 to 

ζ=2.7 mV at pH=2) and negative values at higher pH (ranging from ζ = −11.7 mV at pH = 

4 to ζ = −38.1 mV at pH = 12). This shift towards lower ζ values at higher pH is attributed 

to the deprotonation of carboxylic and hydroxyl groups on the CU-dots' surface [284]. 
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Upon exposure to 7.5 mM NaClO (red circles), the ζ values of CU100D dispersions also 

transition from positive to negative as pH increases (from ζ=2.4 mV at pH=1 to ζ=-72.3 

mV at pH=12). The more negative ζ values at pH=4 and above indicate an increased 

abundance of negatively charged (–COOH) and (–OH) functional groups, attributable to 

the oxidative action of NaClO. This treatment with NaClO leads to a reduction in the 

number of amine groups on the CU100D surface, contributing to the cumulative negative 

surface charge [285]. 

 

Figure 54. Zeta potential of 0.05 mg/ml aqueous dispersions of CU100D before (black) and after (red) 

treatment with 7.5 mM NaClO. 

4.2.2. Optical properties 
 

4.2.2.1. UV-Vis spectroscopy 
 

The UV-Vis spectra of CU50D and CU100D (Figure 55) display absorption bands located 

at approximately 275 nm and 415 nm, which are associated with the π-π* transitions of 

the pyridone ring of the fluorophore HPPT. Additionally, there is a less prominent 

absorption band around 335 nm, indicative of the n-π* transitions of citrazinic acid 

aggregates [286]. Following the interaction with CU50D and CU100D, the distinctive 
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absorption peak of NaClO at 292 nm is no longer evident, indicating its full consumption 

in the process. This observation suggests that the NaClO undergoes a reaction upon 

contact with CU50D and CU100D, leading to the disappearance of its characteristic 

absorbance peak at 292 nm (Figure 56). The presence of HTTP fluorophore contributes 

to the green-blue color of the aqueous dispersions of CU50D and CU100D under UV 

irradiation (λex=365 nm). Upon the addition of NaClO, the samples undergo a gradual 

transition, acquiring a unique blue colour that stabilizes after a 24-hour period. 

Interestingly, their initial dark brown appearance (under daylight) diminishes over the 

same duration, eventually yielding an almost clear solution (upon interaction with 10mM 

NaClO) (Figure 57). This observation aligns with earlier studies that highlighted the ability 

of NaClO to degrade organic dyes [287], [288]. 

 

Figure 55. UV-Vis spectrum of aqueous dispersions of CU50D and CU100D before and after treatment with 

NaClO (up to 10 mM). The concentration of the solutions was 0.1 mg/ml. 
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Figure 56. UV-Vis spectrum of aqueous dispersions of NaClO (up to 10 mM). 

 

 

Figure 57. Photos of aqueous dispersions of (left) CU50D and (right) CU100D (a) 0 h, (b) 1 h, and (c) 24 h 

upon the addition of NaClO (0-10 mM) under daylight (up) and UV light (down). The concentration of the 

solutions was 0.1 mg/ml. 
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4.2.2.2. PL spectroscopy 
 

The PL spectra of CU50D (Figure 58a) exhibit distinctive luminescent behaviour 

dependent on the λex, spanning from 300 nm to 620 nm. Emission peaks are observed 

across a wide range from 390 nm (blue region) to 630 nm (red region). These spectra 

reveal contributions from both the HPPT fluorophore (λem= 520 nm) and citrazinic acid 

(λem= 390 nm), indicating the presence of multiple emitting species within the CU50D 

sample [286]. Upon exposure to NaClO, the intensity of the citrazinic acid peak at 390 nm 

gradually diminishes, disappearing entirely when NaClO concentration exceeds 5 mM 

(Figures 58b-e). The maximum PL emission for CU50D, occurring at 520 nm (λex=420 

nm), undergoes a blue shift upon NaClO addition, with emission peaks shifting to λem= 

465 nm (λex=420 nm) (Figures 58b-e). Similarly, the PL spectra of CU100D (Figure 59a) 

exhibit excitation wavelength-dependent luminescence behaviour, spanning from 300 nm 

to 620 nm, with emission peaks ranging from 390 nm to 630 nm. Contributions from both 

the HPPT fluorophore and citrazinic acid are observed at λem= 520 nm and λem= 390 nm, 

respectively. Upon addition of NaClO, the citrazinic acid peak gradually diminishes, 

disappearing when NaClO concentration gets over 5 mM (Figures 59b-e). The maximum 

PL emission for CU100D, located at 520 nm (λex=420 nm), also experiences a blue shift 

to λem= 465 nm (λex=420 nm) upon NaClO addition (Figures 59b-e). At high NaClO 

concentrations (4.4 M), the PL intensity decreases significantly, by up to 3 orders of 

magnitude compared to 20 mM NaClO, indicating the depletion of CU-dots due to 

oxidative processes (Figure 59f). Significantly, the pH of the CU100D solution exhibited 

no change following the introduction of NaClO, thereby indicating that the structural 

changes of HTTP (most likely decomposition) are irreversible in a way that doesn’t 

depend on the pH of the solution. 

The emission mechanism of CU50D and CU100D likely arises from multiple factors, 

reflecting their complex nature. Firstly, the isolated sp2 carbon cores with sp3 domains 

may contribute to the PL emission, indicating the existence of surface defects or crosslink-

enhanced emission facilitated by various molecular fluorophores [286], [289]. 

Additionally, surface functional groups such as amino, carboxyl, and hydroxyl groups play 

a crucial role, communicating through the distorted sp2 carbon framework [280]. 
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Furthermore, the observed blue shift can be attributed to surface state alterations induced 

by the oxidation of surface hydroxyl groups with ClO- [290]. 

 

Figure 58. PL spectra of 0.1 mg/ml aqueous dispersions of (a) CU50D plus (b) 2.5 mM, (c) 5 mM, (d) 10 

mM and (e) 20 mM NaClO with an increment of 20 nm. 
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Figure 59. PL spectra of 0.1 mg/ml aqueous dispersions of (a) CU100D plus (b) 2.5 mM, (c) 5 mM, (d) 10 

mM, (e) 20 mM and (f) 4.4 M NaClO with an increment of 20 nm; (inset in image f shows the same spectrum 

at a different scale). 
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4.2.2.3. QY 
 

Moreover, the quantum yield values of CU-dots, both before and after exposure to varying 

concentrations of NaClO (up to 10 mM), were determined relative to anthracene (Φ=0.27, 

λex= 365 nm) (Table 8). Interestingly, CU50D and CU100D exhibited a PL QY of 

approximately 6.5 %, which gradually increased upon addition of NaClO, peaking at 26.8 

% and 29.4 %, respectively, at 7.5 mM NaClO. Even at higher concentrations, the QY of 

CU-dots remained relatively high, although there was a slight decrease observed. The 

impact of NaClO on the QY of CU-dots demonstrates a notable enhancement, with QY 

values increasing by up to 350 % (Figure 60). These findings align with previous studies 

where oxidative treatments significantly boosted QY in various types of C-dots. For 

instance, sucrose-derived C-dots achieved a six-fold increase in QY after 24 hours of 

catalytic surface oxidation with N-methyl morpholine N-oxide [291]. Similarly, glucose-

derived C-dots subjected to aerial oxidation in the presence of MgSO4 for six months 

showed a QY increase from 0.61% to 4.26% [292]. Together, these results underscore 

the pivotal role of oxidative processes in tailoring and improving the optical properties of 

C-dots, with NaClO proving to be particularly effective in achieving such enhancements. 

Table 8. QY values of aqueous solutions (0.1 mg/ml) of CU-dots before and after treatment with NaClO (up 

to 10 mM), using anthracene as a reference. 

Material QY % 

CU50D 6.7 

CU50D + 2.5 mM NaClO 11.9 

CU50D + 5 mM NaClO 14.3 

CU50D + 7.5 mM NaClO 26.8 

CU50D + 10 mM NaClO 21.4 

CU100D 6.5 

CU100D + 2.5 mM NaClO 12.9 

CU100D + 5 mM NaClO 17.3 

CU100D + 7.5 mM NaClO 29.4 

CU100D + 10 mM NaClO 21.2 
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Figure 60. QY (%) of (a) CU50D and (b) CU100D as a function of the concentration of added NaClO 

4.2.2.4. PL lifetime 
 

The fluorescence lifetime decays of CU50D and CU100D before and after treatment with 

NaClO (up to 20 mM) were investigated using time-resolved PL measurements at two 

excitation wavelengths: 375 nm and 450 nm (Figures 61 and 62). The obtained τavg for 

both samples decreased from 2.9 ns to around 1.8 ns, with the addition of NaClO, after 

them been excited with a 375 nm laser (Table 9). Similarly, the τavg of CU50D and CU100D 

upon excitation with a 450 nm laser decreased from 7.0 ns and 7.2 ns to 3.8 ns and 3.7 

ns, respectively as the concentration of NaClO increased (Table 10). Both samples 

showed τavg in accordance with previous studies [293]. The reduction in τavg is attributed 

to the oxidation of surface functional groups on the CU-dots by ClO−, leading to a 

decrease in the presence of amino groups on their surface [294]. 
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Figure 61. Liquid-state PL lifetime decays of aqueous dispersions of CU50D and CU100D before and after 

treatment with NaClO (up to 20 mM) at λex= 375 nm. The concentration of the solutions was 0.1 mg/ml. 

Table 9. Average lifetime values of aqueous dispersions of CU50D and CU100D before and after treatment 

with NaClO (up to 20 mM) at λex= 375 nm. 

 

λex = 375 nm CU50D CU100D 

- 2.9 ns 2.9 ns 

+ 5 mM NaClO 2.8 ns 2.8 ns 

+ 10 mM NaClO 2.7 ns 2.7 ns 

+ 20 mM NaClO 1.7 ns 1.9 ns 
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Figure 62. Liquid-state PL lifetime decays of aqueous dispersions of CU50D and CU100D before and after 

treatment with NaClO (up to 20 mM) at λex= 450 nm. The concentration of the solutions was 0.1 mg/ml. 

Table 10. Average lifetime values of aqueous dispersions of CU50D and CU100D before and after 

treatment with NaClO (up to 20 mM) at λex= 450 nm. 

λex = 450 nm CU50D CU100D 

- 7.0 ns 7.2 ns 

+ 5 mM NaClO 5.6 ns 5.7 ns 

+ 10 mM NaClO 5.0 ns 4.3 ns 

+ 20 mM NaClO 3.8 ns 3.7 ns 
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4.2.3. Biological analysis 
 

In this chapter, a series of biological analyses were conducted to evaluate the suitability 

of CU-dots for biomedical applications. CU100D exhibit significant antimicrobial 

properties against E. coli and S. aureus, causing reduction in the colonies 79% and 

97.20%, respectively. Two toxicity assays, namely the MTT assay and the PrestoBlue 

assay, were performed to assess the cytotoxicity of the samples. The MTT assay 

measures cell viability based on mitochondrial activity by reducing MTT to formazan, 

while the PrestoBlue assay evaluates cell viability through the reduction of resazurin to 

resorufin, a process that is faster and more sensitive. 

Sodium hypochlorite is a widely used disinfectant with powerful oxidative properties. It 

has been extensively studied in biomedical applications, particularly in the context of its 

cytotoxic effects on human cells. In low concentrations, NaClO is often used for 

disinfection, while higher concentrations are employed for bleaching and antimicrobial 

purposes. However, its strong oxidative nature raises concerns regarding potential 

toxicity to surrounding tissues, especially when applied in vivo or in cell culture models. 

Several studies have investigated the cytotoxic effects of NaClO on various human cell 

types, including human fibroblasts, mesenchymal stem cells, and dental pulp cells. The 

concentration of NaClO plays a pivotal role in determining its cytotoxicity, with higher 

concentrations generally inducing more severe cell damage. For instance, research by 

Hidalgo et al. demonstrated that NaClO concentrations as low as 0.05% caused 

significant reductions in cell viability in human dermal fibroblasts, leading to ATP depletion 

and mitochondrial dysfunction [295]. These effects were even more pronounced at higher 

concentrations, which resulted in complete cell death. Similarly, Coaguila-Llerena et al. 

assessed the cytotoxicity of NaClO on human mesenchymal stem cells and found that 

concentrations as low as 0.025% NaClO resulted in significant cell death, emphasizing 

the need for caution in its clinical use [296]. This study highlights the dose-dependent 

nature of NaClO's cytotoxicity, as concentrations at or above 0.1% NaClO can severely 

compromise cellular function. 

4.2.3.1. MTT assays 
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4.2.3.1.1. HeLa cell lines 
 

The cytocompatibility of CU100D nanoparticles and CU100D nanoparticles treated with 

7.5 mM NaClO was evaluated using the MTT assay on HeLa cells across a concentration 

range of 0 to 100 µg/ml (Figure 63). The analysis showed that the average cell viability 

for CU100D was 88.60%, while CU100D + 7.5 mM NaClO exhibited a slightly higher 

mean viability of 89.58%. Both conditions demonstrated relatively low variability, with 

standard deviations of 4.90% and 5.79%, respectively, indicating reproducible results. 

Importantly, both formulations maintained high cytocompatibility across the tested 

concentrations, though a slight decrease in cell viability was noted at higher nanoparticle 

concentrations (over 50 μg/ml). Paired t-tests were conducted to compare cell viability 

between CU100D and CU100D + 7.5 mM NaClO at each concentration. While some 

variations in cell viability were observed, the statistical analysis yielded no significant 

differences, with all p-values exceeding the standard threshold of 0.05. These findings 

indicate that the addition of 7.5 mM NaClO does not negatively impact the 

cytocompatibility of CU100D nanoparticles. The absence of significant differences 

supports the conclusion that both formulations exhibit similar biocompatibility profiles and 

are well-suited for potential biomedical applications. 
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Figure 63. MTT assay of HeLa cells following incubation with CU100D and CU100D (after been subjected 

to 7.5 mM NaClO treatment) for 24h. Results are presented as the mean value ± standard deviation of 

triplicate experiments, with cell viability expressed as a percentage relative to untreated controls. 

4.2.3.1.2. U87 cell lines 
 

The cytocompatibility of CU100D nanoparticles, before and after treatment with 7.5 mM 

NaClO, was assessed using the MTT assay on U87 cells over a concentration range of 

0 to 100 µg/mL (Figure 64). The CU100D nanoparticles showed an average cell viability 

of 91.82%, with a standard deviation of 5.06%, while the combination with NaClO resulted 

in an average viability of 92.46% and a slightly lower standard deviation of 3.76%. Both 

groups consistently demonstrated high cell viability (≥83%) across all tested 

concentrations, indicating good biocompatibility. Additionally, the low variability across 

samples highlights the reproducibility and reliability of the experimental findings. To 

further examine these trends, paired t-tests were conducted to compare the cell viability 

between CU100D and CU100D + 7.5 mM NaClO at each concentration. Although minor 

differences were detected, none of these reached statistical significance (p > 0.05). This 

outcome suggests that the addition of NaClO does not negatively impact the 

cytocompatibility of CU100D nanoparticles. 
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Figure 64. MTT assay of U87 cells following incubation with CU100D and CU100D (after been subjected 

to 7.5 mM NaClO treatment) for 24h. Results are presented as the mean value ± standard deviation of 

triplicate experiments, with cell viability expressed as a percentage relative to untreated controls. 

4.2.3.2. Prestoblue assays 
 

4.2.3.2.1. HeLa cell lines 
 

The analysis of cell viability data of both CU100D and CU100D + 7.5 mM NaClO, revealed 

the following findings: The mean cell viability for CU100D was 92.60%, with a standard 

deviation of 3.52%, while for CU100D + NaClO, the mean was 90.23%, and the standard 

deviation was 5.30% (Figure 65). Although the viability in the CU100D group was slightly 

higher, the larger variability in the CU100D + NaClO group suggests that the oxidative 

stress induced by NaClO might lead to more heterogeneous cellular responses. A paired 

t-test comparing the two conditions yielded a t-statistic of 1.45 and a p-value of 0.177, 
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indicating no statistically significant difference in cell viability between the two treatments 

at the concentrations tested. These results suggest that the addition of NaClO to CU100D 

did not significantly affect cell viability. The larger standard deviation in the CU100D + 

NaClO group highlights the potential complexity of cellular responses to oxidative stress. 

 

Figure 65. Prestoblue assay of HeLa cells following incubation with CU100D and CU100D (after been 

subjected to 7.5 mM NaClO treatment) for 24h. Results are presented as the mean value ± standard 

deviation of triplicate experiments, with cell viability expressed as a percentage relative to untreated 

controls. 

4.2.3.2.2. U87 cell lines 
 

The cytocompatibility of CU100D nanoparticles and CU100D nanoparticles exposed to 

7.5 mM NaClO was assessed using U87 cells across a concentration range of 0 to 100 

µg/mL via a PrestoBlue assay, which measures metabolic activity as an indicator of cell 

viability (Figure X). The results showed an average cell viability of 93.67% for CU100D 

and a slightly higher value of 94.11% for CU100D + 7.5 mM NaClO. Both groups exhibited 

low variability, with standard deviations of 3.74% and 4.00%, respectively, indicating 

consistent and reproducible results. A line graph of cell viability trends revealed that both 
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groups maintained high viability (≥85%) across all concentrations, following similar 

patterns. Statistical analysis using paired t-tests showed no significant differences 

between the two groups at any concentration (p > 0.05), confirming that the addition of 

7.5 mM NaClO does not adversely affect the cytocompatibility of CU100D nanoparticles. 

These findings highlight the excellent biocompatibility of CU100D nanoparticles and their 

modified counterparts with 7.5 mM NaClO, supporting their potential use in biomedical 

applications such as drug delivery and imaging. The slight increase in viability observed 

with NaClO-treated CU100D may suggest a stabilizing effect, though the differences 

remain minimal.  

 

Figure 66. Prestoblue assay of U87 cells following incubation with CU100D and CU100D (after been 

subjected to 7.5 mM NaClO treatment) for 24h. Results are presented as the mean value ± standard 

deviation of triplicate experiments, with cell viability expressed as a percentage relative to untreated 

controls. 

4.2.4.  Antifungal testing 
 

Antifungal activity of CU100D was assessed against T. phinophilus. CU100D solutions 

were initially prepared at a concentration of 0.1 mg/mL from a stock solution and 
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subsequently diluted in sterile distilled water using a 1:2 serial dilution method, yielding 

concentrations ranging from 0.1 mg/mL to 0.0008 mg/ml. Sterile samples measuring 

approximately 10 mm x 10 mm were immersed in either water (control) or CU100D 

solutions for 30 minutes, then allowed to dry completely. After drying, 100 µL of fungal 

spore suspension was evenly spread over nutrient salt agar plates. The control and test 

samples were placed on the plates. Each test plate contained four concentrations: 0.1 – 

0.0125 mg/mL for the ‘high’ concentration plates, and 0.0063 – 0.0008 mg/mL for the ‘low’ 

concentration plates, with duplicates for each concentration. Plates were incubated at 

25°C for 28 days, and fungal growth was observed at 7-day intervals. The results 

indicated that CU100D exhibited antifungal activity at all concentrations, as shown in 

Figure 67. 

These findings are in line with recent studies reporting the antifungal efficacy of carbon-

based nanoparticles. For instance, nitrogen-doped carbon quantum dots have been 

shown to exhibit significant antifungal activity against Mucor indicus, a common pathogen 

responsible for bone infections, with both in vitro and in vivo tests demonstrating their 

strong fungicidal effects [297]. In another study, the fungicidal effects of carbon dots 

synthesized from citric acid and urea (CDs-CO2H/NH2) revealed that these carbon dots 

were effective against C. albicans, with the positive charge of the carbon dots enhancing 

their interaction with the negatively charged microbial cell walls, leading to effective 

internalization and disruption of fungal cells [298]. Furthermore, the antifungal activity of 

citric acid/urea-based carbon dots was not only dose-dependent but also exhibited 

notable inhibition of biofilm formation, a critical factor in the virulence of fungal infections. 

This effect was observed at concentrations as low as 125 µg/ml, which underscores the 

potential of CU100D as a viable antifungal agent. 

In a follow-up experiment, polyester fabric was treated with CU100D after exposure to 7.5 

mM NaClO. The results showed that NaClO-treated CU100D exhibited a stronger 

antifungal effect compared to untreated C-dots, as demonstrated by the formation of 

larger zones of inhibition and distinct swirling diffusion patterns across the agar plates 

Figures 68a-b). When NaClO-treated CU100D were impregnated onto PVDF 

membranes, the corresponding agar plates exhibited a noticeably lighter yellow color than 
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the control, suggesting reduced fungal growth. A similar trend was observed for 

polyurethane sponges impregnated with both untreated and treated CU100D (Figure 

68c). The enhanced antifungal activity of NaClO-treated CU100D can be attributed to 

their ability to interact with fungal ergosterol and induce the production of reactive oxygen 

species (ROS), which causes DNA damage and protein denaturation [298]. Furthermore, 

the presence of hydrogen-donating groups, such as carbonyl and hydroxyl groups, on the 

treated C-dots likely contributes to increased ROS production, which may explain the 

superior antifungal effects observed in this experiment [299]. 

 

Figure 67. Antifungal testing of CU100D against T. Phinophilus. (a) Low (0.0063 – 0.0008 mg/ml) and (b) 

high (0.1 – 0.0125 mg/ml) concentrations of CU100D on red paper are depicted at the top images. Samples 

at the bottom of the image acted as the control. 
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Figure 68. Photos of the Petri dishes containing T. Pinophilus cultures in the presence of polyester fabric 

(a), PVDF membrane (b) and polyurethane sponge impregnated with i) water (control), ii) CU100D, iii) 

CU100D after exposure to 7.5 mM NaClO. 

 

4.3. Conclusion 
 

This study demonstrates that NaClO treatment is a promising method for enhancing the 

optical properties of CU100D. The application of NaClO induces surface oxidation, 

leading to structural rearrangements that result in significant improvements in the PL 

characteristics of the CU100D. Specifically, NaClO treatment enhances the PL emission 
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by up to six-fold, while also maintaining the cytocompatibility of the CU100D, as 

evidenced by low cytotoxicity towards both HeLa and U87 cell lines. 

The morphological and structural analysis reveals that NaClO treatment causes a 

reduction in the size of the CU100D, with an average diameter decreasing from 4.3 nm 

to 2.9 nm. This size reduction is attributed to the oxidation and etching effects of NaClO 

on the C-dot surface. Elemental analysis further confirms the increase in oxygen content 

and a reduction in nitrogen content following NaClO treatment, which corresponds to the 

formation of new oxygen-containing surface functional groups. These changes are 

associated with the enhancement of the C-dots' fluorescence properties, as evidenced 

by the observed blue shift in the PL emission spectrum. The modification of the CU100D 

with NaClO also alters their surface charge, with a more negative zeta potential observed 

after treatment. This suggests improved colloidal stability and a higher degree of 

functionalization, likely due to the increased presence of carboxyl and hydroxyl groups on 

the surface. The shift in surface chemistry plays a key role in the enhanced optical 

properties of the CU100D, contributing to an increase in their QY, which is enhanced by 

up to 350% compared to untreated ones. 

The biological analysis of CU100D nanoparticles revealed their potential for various 

biomedical applications, demonstrating notable antimicrobial and cytocompatible 

properties. The antimicrobial activity was particularly evident in the significant reduction 

of colony counts of E. coli and S. aureus by 79% and 97.2%, respectively, suggesting 

that CU100D nanoparticles can be effective in controlling bacterial infections. 

Cytocompatibility was assessed using MTT and PrestoBlue assays on HeLa and U87 cell 

lines, with results showing high cell viability (over 88% for HeLa and 91% for U87 cells) 

across a concentration range of up to 100 µg/ml. The addition of 7.5 mM NaClO, an 

oxidative agent, did not negatively impact the cell viability in either cell line, suggesting 

that the CU100D nanoparticles maintain their antifungal ability and biocompatibility under 

oxidative stress. This indicates that CU100D nanoparticles are not only non-toxic but also 

stable in environments that may otherwise induce toxicity, such as in disinfection or 

sterilization processes, thereby supporting their potential for biomedical applications. 

Furthermore, the antifungal activity of CU100D nanoparticles was evaluated against T. 
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phinophilus, with the results indicating significant inhibition of fungal growth across all 

tested concentrations. The nanoparticles exhibited effective antifungal activity at 

concentrations as low as 0.0125 mg/mL, likely due to the positive charge on the 

nanoparticles enhancing their interaction with the negatively charged fungal cell walls, 

leading to effective internalization and disruption of fungal cells. This activity was dose-

dependent and showed potential for biofilm inhibition, a crucial factor in the virulence of 

fungal infections.  

In addition to their cytocompatibility, CU100D nanoparticles also demonstrated promising 

antifungal properties. The antifungal efficacy of CU100D was evident against T. 

phinophilus, showing activity at all concentrations tested, with the findings supporting 

previous studies on the antifungal capabilities of carbon-based nanoparticles. The 

observed dose-dependent activity and inhibition of biofilm formation further enhance the 

potential of CU100D as an effective antifungal agent. Moreover, treatment with NaClO 

significantly enhanced the antifungal activity of CU100D, as demonstrated by larger 

zones of inhibition and reduced fungal growth on various substrates, including polyester 

fabric, PVDF membranes, and polyurethane sponges. This enhanced activity can be 

attributed to the increased production of ROS, induced by NaClO treatment, which 

contributes to fungal cell damage. The results underscore the dual functionality of 

CU100D nanoparticles, not only as a biocompatible material but also as a potent 

antifungal agent, with potential applications in infection control and medical treatments. 
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Chapter 5:  Commercially available graphene quantum dots 

5.1. Introduction 
Graphene quantum dots (GQDs) represent a fascinating class of carbon-based 

nanomaterials that have garnered significant attention due to their unique combination of 

quantum confinement effects, edge effects, and versatile chemical functionalization. 

These zero-dimensional (0D) materials, derived from graphene or its derivatives, are 

typically composed of sp2-hybridized carbon atoms arranged in a hexagonal lattice. 

These features allow GQDs to exhibit strong, stable fluorescence and tunable emission 

wavelengths. The size of GQDs plays a pivotal role in determining their optical and 

electronic behavior. GQDs with smaller sizes exhibit quantum confinement effects more 

prominently, leading to higher energy band gaps and blue-shifted PL. Larger GQDs, on 

the other hand, tend to exhibit red-shifted emission due to reduced confinement. Studies, 

such as that by Liu et al., have demonstrated that precise control of GQD dimensions can 

fine-tune their optical properties, enabling their use in specific applications ranging from 

fluorescence imaging to photovoltaics [300]. Structurally, GQDs possess a combination 

of graphitic sp2 domains interspersed with functional groups, defects, and oxygen-

containing groups. These structural features significantly influence their chemical 

reactivity and interaction with external molecules. Functional groups on the edges and 

surfaces of GQDs enhance their solubility and enable diverse chemical modifications. 

The versatility of GQDs stems largely from their ability to undergo functionalization. 

Functional groups not only enhance the intrinsic properties of GQDs but also open new 

avenues for targeted applications. Among the most extensively studied modifications are 

amine-, chlorine-, and imidazole-functionalized GQDs, each of which imparts distinct 

characteristics to the material. Amine-functionalization of GQDs involves the introduction 

of amine groups (-NH2) onto their surface, achieved through either covalent bonding or 

non-covalent interactions. This modification significantly enhances the solubility of GQDs 

in aqueous media, improves their biocompatibility, and enables their binding to 

biomolecules, making them highly suitable for a range of biomedical applications. In a 

study by Kumar et al, the excitation-dependent PL in amino-functionalized GQDs, ranging 

from 5 to 7 nm in size, reveals dual cyan emission originating from π*–π and n–π 

transitions [301]. This behavior is attributed to the formation of interband states resulting 
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from p orbital hybridization at C–N edge sites. Interestingly, larger flakes (20–30 nm) 

show minimal changes in their PL profiles, emphasizing the critical role of edge 

functionality in modulating the optical properties of GQDs. Moreover, an eco-friendly 

synthesis method has been developed for producing size-controllable amine-

functionalized GQDs using a combination of graphene oxide, ammonia, and hydrogen 

peroxide [302]. The process enables fine separation, yielding single- or double-layer 

GQDs, with hydrogen peroxide facilitating the cleavage of graphene oxide and ammonia 

effectively passivating the surface. These amine-functionalized GQDs demonstrate low 

cytotoxicity, excellent biocompatibility, and strong multiwavelength imaging properties. 

Remarkably, they also exhibit novel antimycoplasma effects, positioning them as 

promising, cost-effective agents for diverse biomedical applications. The production or 

elimination of ROS is crucial in antioxidant, photodynamic, and antibacterial applications. 

Chlorine-doped GQDs (Cl-GQDs) with tunable Cl doping show enhanced anti- and pro-

oxidant properties [303]. The scavenging performance and free radical-producing 

efficiency of Cl-GQDs were seven and three times higher, respectively, than undoped 

GQDs. Cl-GQDs also exhibit improved singlet oxygen generation, making them promising 

for antibacterial applications. Imidazole-functionalized GQDs show enhanced chemical 

stability, optical properties, and interaction with various substrates. Gao et al. explored 

the use of imidazole-functionalized GQDs in tailoring the interface of FAPbI3 planar 

perovskite solar cells [304]. The study showed that these modified GQDs significantly 

improved the charge extraction efficiency, reduced interfacial energy losses, and 

stabilized the perovskite layer under operational conditions. 

5.2. Structural and optical properties 
 

5.2.1. TEM analysis 

 

The TEM images of GQDs-Imid nanoparticles reveal their spherical morphology with 

average diameters 6 nm (Figure 69a). Their graphene structure is further confirmed by 

High-Resolution TEM, which showed that the GQDs-Imid lattice spacing was around 0.22 

nm (Figure 69b). 
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Figure 69. (a) TEM image and (b) HRTEM image of GQDs-Imid. 

5.2.2. UV-Vis Spectroscopy 
 

The absorption spectra of the functionalized GQD samples are depicted in Figure 70. All 

samples showed a common absorption peak located at 210 nm attributed to the π–π* 

transition of the aromatic sp2 domain. In addition, GQDs-Amin and GQDs-Chlor displayed 

an extra absorption peak at 287 nm, corresponding to the n–π* transition of C-N bonds 

on the surface of GQDs [305]. 
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Figure 70.  UV-Vis spectra of (a) GQDs-Amin, (b) GQDs-Chlor and (c) GQDs-Imid. 

5.2.3. PL spectroscopy 
 

The PL spectra of the functionalized GQD samples are depicted in Figure 71. For GQDs-

Amin, the excitation at 400 nm, resulted in the maximum emission peak at 420 nm. The 

fluorescence intensity varied with the excitation wavelength, as illustrated in Figure 71a. 

Excitation between 300 and 400 nm led to an increase in emission, but a decline was 

observed thereafter, from 420 to 620 nm. Likewise, GQDs-Chlor exhibited excitation-

wavelength dependent emission behaviour, with λex ranging from 300 nm to 620 nm. The 

highest peak in PL emission occurred at approximately 458 nm when the sample was 

excited at 360 nm (Figure 71b), consistent with previous findings [306]. In contrast, 

GQDs-Imid displayed a maximum emission peak at 450 nm when excited at 380 nm 

(Figure 71c). The PL emission also varied with changes in λex, as indicated in the 

manufacturer's technical specifications. 
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Figure 71. PL spectra of aqueous solutions (0.1 mg/ml) of (a) GQDs-Amin, (b) GQDs-Chlor and (c) GQDs-

Imid. 

5.2.4. QY 
 

Furthermore, the quantum yield values of functionalized GQDs, were determined relative 

to anthracene (Φ=0.27, λex= 365 nm). GQDs-Amin and GQDs-Chlor yielded similar 

values (0.3% and 0.6%, respectively), while GQDs-Imid had a QY of 9.1% (Table 11). All 

samples confirmed the manufacturer’s technical specifications. 

Table 11. QY values and average PL lifetimes of aqueous solutions (0.1 mg/ml) of GQDs-Amin, GQDs-

Chlor and GQDs-Imid, using anthracene as a reference. 

Material QY % Average PL lifetimes (ns) 

GQDs-Amin 0.3 4.13 

GQDs-Chlor 0.6 2.73 

GQDs-Imid 9.1 3.52 
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5.2.5. PL Lifetime 
 

Additionally, the PL lifetimes of the functionalized GQDs were measured (λex=375 nm), 

with average decay times of 4.13 ns, 2.73 ns and 3.52 ns for GQDs-Amin, GQDs-Chlor, 

and GQDs-Imid, respectively (Figure 72). 

 

Figure 72. Liquid-state PL lifetime decays of aqueous dispersions of GQDs-Amin, GQDs-Chlor and GQDs-

Imid at λex= 375 nm. The concentration of the solutions was 0.1 mg/ml. 

5.3. Biological analysis 
 

In this chapter, a series of biological analyses were conducted to evaluate the suitability 

of functionalized GQDs for biomedical applications. GQDs-Imid exhibit significant 

antimicrobial properties against E. coli and S. aureus, causing reduction in the colonies 

91.40% and 77.80%, respectively. Furthermore, two toxicity assays, namely the MTT 

assay and the PrestoBlue assay, were performed to assess the cytotoxicity of the 

samples. The MTT assay determines cell viability by assessing mitochondrial function, 
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which involves converting MTT to formazan, whereas the PrestoBlue assay gauges cell 

viability by transforming resazurin into resorufin, a quicker and more sensitive process. 

5.3.1. MTT assays 
 

5.3.1.1. HeLa cell lines 
 

The cytocompatibility of three different nanoparticle samples (GQDS-Imid, GQDS-Amin, 

and GQDS-Chlor) was evaluated using the MTT assay on HeLa cells across a 

concentration range of 0 to 100 µg/ml (Figure 73). The analysis showed that the average 

cell viability for GQDS-Imid was 70.57%, GQDS-Amin exhibited a higher average viability 

of 85.32%, and GQDS-Chlor showed an intermediate value of 73.75%. The standard 

deviations for these samples were 11.23%, 8.67%, and 11.27%, respectively, indicating 

a moderate level of variability in the results across the concentrations tested. While all 

three formulations demonstrated a general trend of decreasing cell viability at higher 

concentrations, GQDS-Amin exhibited notably higher cell viability compared to both 

GQDS-Imid and GQDS-Chlor, suggesting better cytocompatibility. The variability in cell 

viability was relatively low for GQDS-Amin and GQDS-Chlor, while GQDS-Imid showed 

higher variability, especially at the higher concentrations. Paired t-tests were conducted 

to compare cell viability between the samples at each concentration. The results of the 

statistical analysis revealed significant differences in cell viability between GQDS-Imid 

and GQDS-Amin, with a p-value of 1.70 × 10⁻⁵, indicating that GQDS-Imid resulted in 

significantly lower cell viability compared to GQDS-Amin. There was no significant 

difference between GQDS-Imid and GQDS-Chlor (p = 0.0688), though a trend toward 

lower cell viability in GQDS-Imid was observed. Similarly, GQDS-Amin exhibited 

significantly higher cell viability compared to GQDS-Chlor (p = 7.16 × 10⁻⁵), further 

confirming the superior cytocompatibility of GQDS-Amin. 
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Figure 73. MTT assay of HeLa cells following incubation with GQDS-Imid, GQDS-Amin, and GQDS-Chlor 

for 24h. Results are presented as the mean value ± standard deviation of triplicate experiments, with cell 

viability expressed as a percentage relative to untreated control. 

5.3.1.2. U87 cell lines 
 

The cytocompatibility of three nanoparticle formulations (GQDS-Imid, GQDS-Amin, and 

GQDS-Chlor) was assessed on U87 cells using the MTT assay across concentrations 

ranging from 0 to 100 µg/ml (Figure 74). The results revealed that GQDS-Imid had an 

average cell viability of 84.47%, GQDS-Amin showed a higher average viability of 

91.15%, and GQDS-Chlor displayed an intermediate value of 81.51%. The standard 

deviations were 11.76%, 6.59%, and 10.27%, respectively, reflecting some variability in 

cell viability at different concentrations. Across all tested concentrations, GQDS-Amin 

consistently demonstrated the highest cell viability, indicating better overall 

cytocompatibility. In contrast, GQDS-Imid exhibited a wider range of variability, especially 

at the higher concentrations, while GQDS-Chlor showed more stable results, albeit lower 

cell viability than GQDS-Amin. Paired t-tests were used to compare the cell viability 

between the samples at each concentration. Significant differences were observed 
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between GQDS-Imid and GQDS-Amin, with a p-value of 1.70 × 10⁻⁵, indicating that 

GQDS-Imid resulted in significantly lower cell viability compared to GQDS-Amin. The 

difference between GQDS-Imid and GQDS-Chlor was not statistically significant (p = 

0.0897), though GQDS-Imid tended to show lower viability than GQDS-Chlor. GQDS-

Amin demonstrated significantly higher cell viability than GQDS-Chlor (p = 3.62 × 10⁻⁵), 

further emphasizing its superior cytocompatibility. 

 

Figure 74. MTT assay of U87 cells following incubation with GQDS-Imid, GQDS-Amin, and GQDS-Chlor 

for 24h. Results are presented as the mean value ± standard deviation of triplicate experiments, with cell 

viability expressed as a percentage relative to untreated control. 

5.3.2. Prestoblue assays 
 

5.3.2.1. HeLa cell lines 

 

The cytocompatibility of three nanoparticle formulations—GQDS-Imid, GQDS-Amin, and 

GQDS-Chlor—was assessed on HeLa cells using the PrestoBlue assay across 

concentrations ranging from 0 to 100 µg/ml (Figure 75). The results indicated that GQDS-

Imid had an average cell viability of 75.97%, GQDS-Amin showed a higher average 
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viability of 82.24%, and GQDS-Chlor had an average viability of 72.76%. The standard 

deviations were 11.09%, 4.60%, and 12.58%, respectively, suggesting variability in the 

results across different concentrations. While all formulations exhibited a decline in cell 

viability at increasing concentrations, GQDS-Amin consistently demonstrated the best 

performance in terms of maintaining cell viability. GQDS-Imid showed a wider range of 

variability, especially at higher concentrations, while GQDS-Chlor had stable but 

comparatively lower viability. To further assess the differences between the formulations, 

paired t-tests were performed. Significant differences were found between GQDS-Imid 

and GQDS-Amin, with a p-value of 3.16 × 10⁻⁶, indicating that GQDS-Imid led to 

significantly lower cell viability than GQDS-Amin. No significant difference was observed 

between GQDS-Imid and GQDS-Chlor (p = 0.1305), although GQDS-Imid showed a 

tendency for lower viability compared to GQDS-Chlor. On the other hand, GQDS-Amin 

displayed significantly higher viability than GQDS-Chlor (p = 4.57 × 10⁻⁵), further 

supporting its better cytocompatibility. 

 

Figure 75. Prestoblue assay of HeLa cells following incubation with GQDS-Imid, GQDS-Amin, and GQDS-

Chlor for 24h. Results are presented as the mean value ± standard deviation of triplicate experiments, with 

cell viability expressed as a percentage relative to untreated control. 
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5.3.2.2. U87 cell lines 

 

The cytocompatibility of three nanoparticle formulations—GQDS-Imid, GQDS-Amin, and 

GQDS-Chlor—was examined on U87 cells through the PrestoBlue assay, spanning 

concentrations from 0 to 100 µg/ml (Figure 76). The data showed that GQDS-Imid 

resulted in an average cell viability of 73.67%, GQDS-Amin achieved a higher average of 

86.52%, and GQDS-Chlor had an average viability of 77.72%. The standard deviations 

were 12.77%, 7.29%, and 14.68%, respectively, indicating some variability in cell viability 

across different concentrations for each formulation. Overall, GQDS-Amin maintained the 

highest cell viability, demonstrating superior cytocompatibility. GQDS-Imid showed more 

variability in its results, particularly at higher concentrations, while GQDS-Chlor had stable 

viability, but lower values compared to GQDS-Amin. A significant difference was found 

between GQDS-Imid and GQDS-Amin, with a p-value of 2.41 × 10⁻⁶, suggesting that 

GQDS-Imid caused lower cell viability compared to GQDS-Amin. No significant difference 

was found between GQDS-Imid and GQDS-Chlor (p = 0.2865), although GQDS-Imid 

generally showed lower cell viability. Furthermore, GQDS-Amin exhibited a significantly 

higher cell viability than GQDS-Chlor (p = 3.38 × 10⁻⁵), reinforcing its enhanced 

cytocompatibility. 
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Figure 76. Prestoblue assay of U87 cells following incubation with GQDS-Imid, GQDS-Amin, and GQDS-

Chlor for 24h. Results are presented as the mean value ± standard deviation of triplicate experiments, with 

cell viability expressed as a percentage relative to untreated control. 

5.4. Conclusion 
 

This chapter has provided a comprehensive investigation into the structural, optical, and 

biological properties of functionalized GQDs (GQDS-Imid, GQDS-Amin, and GQDS-

Chlor), shedding light on their potential for various biomedical applications. 

From a structural standpoint, TEM confirmed that GQDs-Imid nanoparticles exhibited a 

spherical morphology with an average diameter of 6 nm. High-resolution TEM further 

validated their graphene lattice structure, with a lattice spacing of approximately 0.22 nm. 

These results align with the general understanding of graphene-based nanomaterials and 

demonstrate the structural integrity of the functionalized GQDs. In addition, UV-Vis 

spectroscopy revealed common absorption characteristics across all functionalized GQD 

samples, with a primary peak at 210 nm attributed to the π–π* transitions within the 

aromatic sp2 domain. The presence of additional absorption peaks in GQDs-Amin and 

GQDs-Chlor at 287 nm further indicates the modification of the surface chemistry, 
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particularly through the introduction of C-N bonds. These findings highlight the successful 

incorporation of functional groups, which are known to influence the optical and electronic 

properties of GQDs. The PL emission spectra showed clear excitation-dependent 

fluorescence behavior, with GQDs-Amin, GQDs-Chlor, and GQDs-Imid exhibiting distinct 

emission profiles. Specifically, GQDs-Amin exhibited a maximum emission at 420 nm 

when excited at 400 nm, while GQDs-Chlor and GQDs-Imid displayed peaks at 458 nm 

and 450 nm, respectively. These results suggest that the surface modifications influence 

the electronic structure of the GQDs, altering their fluorescence properties. Notably, 

GQDs-Imid demonstrated the highest QY (Φ = 9.1%). The PL lifetime measurements 

provided further insight into the dynamics of fluorescence emission. GQDs-Amin 

exhibited an average decay time of 4.13 ns, which was higher than that of GQDs-Chlor 

(2.73 ns) and GQDs-Imid (3.52 ns). These variations in PL lifetimes can be attributed to 

differences in the surface functionality. Longer PL lifetimes, as observed in GQDs-Amin, 

are often associated with more stable fluorescence, which is a desirable characteristic for 

long-term imaging applications. Conversely, the shorter PL lifetimes of GQDs-Imid and 

GQDs-Chlor may make them more suitable for applications requiring fast optical 

responses, such as sensing and detection. 

The functionalized GQDs demonstrated varied levels of cytocompatibility, with GQDs-

Amin consistently showing the highest cell viability across both MTT and PrestoBlue 

assays. These assays, which assess mitochondrial function and cell viability, revealed 

that GQDs-Amin exhibited average viability of 85.32% in HeLa cells and 91.15% in U87 

cells, making them the most biocompatible among the tested formulations. The lower 

cytotoxicity of GQDs-Amin can be attributed to the amine functionalization, which 

enhances solubility in aqueous media and facilitates better interaction with cellular 

components, potentially reducing toxicity. In contrast, GQDs-Imid exhibited lower cell 

viability (70.57% for HeLa cells and 84.47% for U87 cells), with higher variability observed 

at higher concentrations. The statistical analysis using paired t-tests further confirmed 

that the difference in cell viability between GQDs-Imid and GQDs-Amin was statistically 

significant, reinforcing the superior cytocompatibility of GQDs-Amin. While GQDs-Chlor 

displayed intermediate cytocompatibility, their stability and cell viability were lower than 

those of GQDs-Amin, as evidenced by both assays. These findings suggest that the 
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choice of surface functionalization plays a critical role in determining the biocompatibility 

of GQDs, which is a key factor for their use in medical applications. The antimicrobial 

properties of GQDs-Imid were particularly noteworthy, showing significant reductions in 

the colonies of E. coli and S. aureus (91.40% and 77.80%, respectively). These results 

suggest that GQDs-Imid may have potential applications in antibacterial therapies, 

particularly in settings where antimicrobial resistance is a concern. The enhanced 

antimicrobial properties of GQDs-Imid can be attributed to the imidazole functionalization, 

which may facilitate interactions with bacterial membranes, leading to disruption and 

inactivation of microbial cells. This makes GQDs-Imid a promising candidate for novel 

antimicrobial agents that can be incorporated into coatings, wound dressings, or drug 

delivery systems. 
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Conclusions 

This thesis has delved into the synthesis, structural transformation, and multifunctional 

applications of C-dots and functionalized GQDs. Through systematic investigations, it has 

elucidated the underlying mechanisms driving their optical and biological behaviors, 

offering significant advancements in understanding and enhancing their functional 

properties. 

The first chapter in this thesis focused on the electrochemical restructuring of C-dots, 

revealing profound transformations in their physicochemical properties. The application 

of electrochemical etching resulted in a drastic reduction in the size of untreated C-dots 

from an average diameter of 12 nm to approximately 3 nm while preserving their spherical 

morphology. The restructuring process induced extensive surface oxidation and structural 

modifications, leading to pronounced alterations in optical behavior. These findings were 

substantiated through a combination of TEM, FTIR spectroscopy, and XPS analyses, 

which confirmed the loss of sp² carbon content and the emergence of oxygen-containing 

functional groups, such as carboxyl and hydroxyl moieties. Optical studies demonstrated 

an optimal enhancement in PL and QY at intermediate voltages, with QY peaking at 7.8%, 

a remarkable improvement compared to untreated samples. However, excessive 

electrochemical treatment led to nanoparticle degradation, evidenced by the 

disappearance of structural features in TEM images and the loss of PL, underscoring the 

delicate balance required in optimizing synthesis parameters. 

The second chapter explored the NaClO treatment of citric acid and urea-based C-dots 

(CU100D) as a strategy to enhance their optical and biological properties. NaClO 

treatment resulted in substantial morphological and structural changes, reducing the 

particle size from 4.3 nm to 2.9 nm. This size reduction was accompanied by significant 

surface oxidation, with the introduction of new oxygen-containing functional groups, such 

as carbonyl and hydroxyl groups. These modifications improved the PL emission by up 

to six-fold and enhanced colloidal stability, as evidenced by a more negative zeta 

potential. The QY increased by up to 350%, indicating remarkable improvements in the 

optical properties of the CU100D nanoparticles. Biological assessments demonstrated 

their cytocompatibility in HeLa and U87 cell lines, with cell viability exceeding 88% across 
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a concentration range of up to 100 µg/ml. These results highlighted the stability and 

biocompatibility of CU100D even under oxidative conditions. Moreover, CU100D 

nanoparticles exhibited significant antimicrobial and antifungal activities. The reduction in 

colony counts of E. coli and S. aureus by 79% and 97.2%, respectively, underscores their 

potential in combating bacterial infections. Additionally, CU100D nanoparticles inhibited 

fungal growth and biofilm formation against T. phinophilus, showing efficacy at 

concentrations as low as 0.0125 mg/ml. These enhancements in antimicrobial and 

antifungal properties were attributed to oxidative surface modifications and the increased 

production of ROS, further confirming the multifunctionality of CU100D nanoparticles. 

The final chapter investigated the structural, optical, and biological properties of 

functionalized GQDs, specifically GQDs-Imid, GQDs-Amin, and GQDs-Chlor. Structural 

analysis confirmed the preservation of graphene lattice integrity, with TEM revealing an 

average diameter of 6 nm. UV-Vis spectroscopy identified characteristic absorption 

peaks, including π–π* transitions at 210 nm and additional peaks in GQDs-Amin and 

GQDs-Chlor at 287 nm, indicative of C-N bond formation. Surface modifications 

significantly influenced the optical properties, with GQDs-Imid exhibiting the highest QY 

(9.1%) and distinct excitation-dependent PL behaviors observed across all samples. PL 

lifetime measurements provided further insights into fluorescence dynamics, with GQDs-

Amin demonstrating the longest decay times, suggesting stable fluorescence suitable for 

imaging applications. In contrast, the shorter lifetimes of GQDs-Imid and GQDs-Chlor 

suggest their potential utility in rapid sensing and detection applications. Biocompatibility 

assessments revealed that GQDs-Amin consistently exhibited the highest cell viability, 

attributed to the solubility and interaction benefits conferred by amine functionalization. 

While GQDs-Imid showed slightly lower cytocompatibility, they exhibited superior 

antimicrobial properties, reducing E. coli and S. aureus colonies by 91.4% and 77.8%, 

respectively. The antimicrobial activity was likely facilitated by imidazole functionalization, 

which enhanced interactions with bacterial membranes, leading to effective microbial cell 

disruption. These findings emphasize the critical role of surface functionalization in 

tailoring the properties of GQDs for specific biomedical applications. 
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The outcome of this thesis indicates that CU100D nanoparticles, both untreated and 

treated with NaClO, offer superior performance compared to commercial GQDs in 

multiple key areas, including optical properties and cytocompatibility. In terms of optical 

properties, NaClO-treated CU100D nanoparticles exhibited a significant increase in PL 

and QY, with a remarkable QY of 29.4%, a substantial improvement compared to 7.8% 

for untreated CU100D and 9.1% for commercial GQDs. This enhancement makes 

NaClO-treated CU100D more suitable for applications requiring high fluorescence 

intensity, such as bioimaging and sensing, where higher QY correlates with better signal 

intensity and performance. Regarding cytocompatibility, NaClO-treated CU100D 

demonstrated impressive biocompatibility, with cell viability exceeding 88% in both HeLa 

and U87 cell lines, even at concentrations as high as 100 µg/ml. This is notably higher 

than untreated CU100D (72% viability) and commercial GQDs (80% viability) at similar 

concentrations. The superior biocompatibility of NaClO-treated CU100D underscores its 

potential for safe use in biomedical applications, particularly in drug delivery and 

therapeutic areas where cytotoxicity is a concern. Finally, when assessing antimicrobial 

properties, NaClO-treated CU100D nanoparticles exhibited significant reductions in E. 

coli and S. aureus colony counts (79% and 97.2%, respectively), as well as antifungal 

activity against T. phinophilus, outperforming commercial GQDs in terms of antimicrobial 

efficacy. While commercial GQDs reduced E. coli by 91.4% and S. aureus by 77.8%, 

NaClO-treated CU100D exhibited superior performance, particularly against S. aureus. 

This antimicrobial potential, enhanced by oxidative surface modifications, positions 

NaClO-treated CU100D as a more effective candidate for combating bacterial infections 

compared to commercial GQDs. 

In summary, CU100D nanoparticles, especially when treated with NaClO, offer enhanced 

optical properties, greater cytocompatibility, and more potent antimicrobial activity than 

commercial GQDs, making them a promising alternative for diverse biomedical and 

environmental applications. 
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Future work 

This thesis has demonstrated the potential of CU100D in enhancing optical and biological 

properties. However, several areas warrant further exploration: 

Optimization of electrochemical etching: Future studies should refine the electrochemical 

etching conditions to improve reproducibility, optimize particle size reduction, and ensure 

structural stability, exploring various voltage and electrolyte combinations. 

Long-term biocompatibility: Further in vivo studies are needed to evaluate the long-term 

biocompatibility, biodistribution, and potential toxicity of CU100D nanoparticles, 

particularly for medical applications. 

Additional surface functionalization: Future research could explore other surface 

functionalization to improve properties such as drug delivery, targeted therapy, and 

cellular uptake, enhancing their biomedical potential. 

Scalable synthesis methods: Developing scalable, cost-effective synthesis methods is 

crucial for industrial applications. Exploring continuous flow reactors or microfluidic 

systems could enable large-scale production of C-dots. 

Environmental applications: The antimicrobial and antifungal properties of CU100D could 

be further investigated for environmental uses, such as in coatings or water treatment 

applications. 

Multifunctional nanoparticles: Future work could focus on developing composite 

nanoparticle systems that combine C-dots with other materials, offering enhanced 

functionalities for a broader range of applications. 

In conclusion, continued research in these areas will expand the practical applications of 

CU100D in both biomedical and environmental fields. 
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