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Aim: Fungal resistance among Candida species limits 

antifungal efficacy, posing a global health threat. Due to 

increasing resistance and infection rates, this study 

explores carbon quantum dots (CQDs), synthesized with 

different heteroatom sources, as alternative antifungal 

agents against various Candida strains. 

Materials and Methods: CQDs NaOH and CQDs EDA 

were synthesized and tested against six Candida strains 

using disk diffusion and Minimum Inhibitory 

Concentration (MIC) methods.  

Results: Both CQDs formulations exhibited measurable 

antifungal activity against the tested Candida strains. 

Notably, CQDs EDA demonstrated superior antifungal 

efficacy compared to CQDs NaOH. Furthermore, the 

antifungal effect of CQDs EDA was more pronounced 

against clinical isolates relative to standard reference 

strains. 

Conclusion: Incorporating various heteroatoms during 

CQDs synthesis alters key physicochemical properties such 

as surface chemistry, optical behavior and cellular 

interactions. These changes significantly impact antifungal 

activity against Candida spp. Thus, selecting suitable 

carbon sources and dopants is crucial for optimizing CQDs 

antifungal therapeutic potential. 
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Introduction 

Each year, more than 150 million cases of serious fungal infections (FIs) are reported 

globally, resulting in approximately 1.7 million deaths. Alarmingly, the number of cases 

continues to rise steadily. These infections represent a major global health burden, associated 

not only with high morbidity and mortality rates but also with severe socioeconomic 

consequences1–3. Among fungal infections affecting large populations, candidiasis caused by 

species of the Candida genus is the most common. Although more frequently observed in 

immunocompromised individuals, candidiasis can also affect immunocompetent hosts. 

Candidemia (invasive candidiasis), an infection caused by Candida spp., is characterized as the 

most prevalent nosocomial fungal infection, exhibiting high mortality rates in 

immunocompromised patients. 

Candida albicans remains the predominant clinical isolate and is considered the most 

frequently encountered and highly virulent fungal pathogen according to epidemiological 

surveillance data. However, the incidence of non-albicans Candida species such as Candida 

parapsilosis, Candida tropicalis, Candida krusei, Candida glabrata, Candida guilliermondii, 

Candida orthopsilosis, Candida metapsilosis, Candida famata, and Candida lusitaniae has 

significantly increased, particularly among individuals infected with the human 

immunodeficiency virus (HIV)4–6. 

Azoles represent the most commonly prescribed class of antifungal medications currently 

available for managing Candida infections. Fluconazole is widely preferred among them due 

to its affordability and low toxicity profile. Nevertheless, the selection of antifungal therapy can 

vary depending on factors such as the infection site, type of Candida species involved, and their 

resistance patterns. Alternative classes like polyenes, echinocandins, nucleoside analogs, and 

allylamines may be considered in such cases7. A 2019 report from the Centers for Disease 

Control and Prevention (CDC) on antibiotic resistance highlighted that drug-resistant Candida 

species are linked to over 34,000 infections and around 1,700 deaths per year in the U.S. The 

report also categorized these resistant Candida strains as a “serious threat,” on par with the 

danger posed by methicillin-resistant Staphylococcus aureus (MRSA)8. 

Traditional quantum dots (QDs), first described by L. Brus, are semiconductor nanocrystals 

composed of metals such as cadmium, selenium, and gold. These nanoparticles, typically 1–10 

nm in size, exhibit unique fluorescence and size-dependent properties9. However, the metal-

based nature of QDs raises significant toxicity concerns. In response, carbon quantum dots 

(CQDs) were developed in 2004, offering several advantages, including low toxicity, facile and 

cost-effective synthesis, high aqueous solubility, excellent biocompatibility, strong 

fluorescence quantum yield, and both excitation-dependent and independent emission 

properties. These features make CQDs highly attractive for applications in bioimaging, 

biosensing, drug delivery, and antimicrobial therapy. Additionally, understanding the quantum 

confinement effect and structural diversity of CQDs remains a key consideration in optimizing 

their performance10. 

One of the most prominent features of CQDs is their antimicrobial activity, which is reported 

to be more structurally stable than that of conventional antibiotics11. The primary antimicrobial 

mechanisms of CQDs involve the generation of reactive oxygen species (ROS), disruption of 

cell walls and membranes, and inhibition of gene expression12. Due to their distinct mechanisms 

of action, CQDs show promise as antimicrobial agents, particularly against multidrug-resistant 

bacteria and fungi13. Moreover, their relatively low toxicity toward mammalian cells makes 
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them a compelling alternative to traditional antibiotics, with broad applications in antimicrobial 

research14. 

In the present study, CQDs were synthesized via a microwave-assisted method using 

different heteroatom sources. Two formulations CQDs NaOH and CQDs ethylenediamine 

(EDA) were prepared, and their physicochemical properties (particle size, polydispersity index 

[PDI], and zeta potential) were characterized. Quantum yield (QY%) was also calculated. The 

antifungal activities of the CQDs were evaluated using disk diffusion and minimum inhibitory 

concentration (MIC) assays against Candida species, which are among the leading causes of 

fungal infections with increasing incidence and clinical significance. 

Materials And Methods 

Materials  

Citric acid monohydrate (CAMH), sodium hydroxide (NaOH), and ethylene diamine (EDA) 

were obtained from Sigma Aldrich (Sigma Aldrich Chemie GmbH, Eschenstr. 5, 82024 

Taufkirchen, Germany). L-cysteine was purchased from Biobasic (20 Konrad Crescent, 

Markham ON, L3R 8T4, Canada). All solutions were prepared using analytical-grade distilled 

water. Carbon quantum dots (CQDs) were synthesized using a microwave reactor (Microwave 

300, Anton Paar, St. Albans, Hertfordshire, AL4 0LA, UK). Particle size, polydispersity index 

(PDI), and zeta potential were measured using an Anton Paar LiteSizer 500 instrument. 

Test Microorganisms   

The antifungal activity of the CQDs was evaluated against six Candida strains: four 

reference strains (Candida albicans ATCC (American Type Culture Collection) 10231, 

Candida albicans ATCC 1323, Candida tropicalis ATCC 750, and Candida parapsilosis 

ATCC 22019) and two clinical isolates (C. albicans and C. parapsilosis). 

Synthesis of Carbon Quantum Dots (CQDs)   

Two types of CQDs, designated as CQDs NaOH and CQDs EDA, were synthesized via 

microwave-assisted methods15. In both formulations, citric acid monohydrate served as the 

carbon source, while L-cysteine and ethylenediamine were used for surface passivation. The 

reactants were dissolved in 1 mL of distilled water and subjected to microwave irradiation at 

140°C for 20 minutes. 

The resulting CQDs exhibited characteristic blue fluorescence emission under 365 nm UV 

light, indicating successful formation. The pH of the L-cysteine containing CQDs was initially 

measured at 2–3; these were subsequently neutralized and purified with NaOH to yield 

physiologically compatible CQDs NaOH (pH 7–8). The CQDs synthesized with EDA (CQDs 

EDA) exhibited a pH within the physiological range (7–8) immediately after synthesis. 

Characterization of CQDs NaOH and CQDs EDA 

Particle Size (PS), Polydispersity Index (PDI), and Zeta Potential (ZP)   

The particle size, PDI, and zeta potential of CQDs NaOH and CQDs EDA were measured 

using the Anton Paar LiteSizer 500. Each measurement was repeated ten times to ensure 

reproducibility. 
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Fluorescence and Quantum Yield (%) 

Fluorescence properties of both CQDs NaOH and CQDs EDA were assessed under 365 nm 

UV light. QY% was calculated based on the following formula:  

QYc = QYs × (Ic / Is) × (As / Ac) × (ηc / ηs)2 

QY%; represents the yield of carbon-based quantum dots, QYs; represents the quantum yield 

of the reference quinine sulfate (0.54), I represents the fluorescence area, A; absorbance 

intensity at 360 nm excitation wavelength, η; represents the refractive index, c; represents 

carbon-based quantum dots, and s; represents quinine sulfate16. 

Antifungal Activity Assessment  

Disk Diffusion Assay   

Antifungal activity of CQDs was evaluated using the disk diffusion method on Mueller-

Hinton Agar (MHA). A fungal suspension adjusted to 0.5 McFarland standard (10⁸ CFU/mL) 

was prepared using Mueller-Hinton Broth (MHB) after reviving the stored strains on Sabouraud 

Dextrose Agar (SDA). Disks impregnated with 20 μL of each CQD formulation were placed 

on inoculated agar plates and incubated at 27°C for 18–24 hours. The diameter of the inhibition 

zones was measured in millimeters using a digital caliper. Voriconazole was used as the positive 

control. All experiments were conducted in triplicate17. 

Minimum Inhibitory Concentration (MIC) Assay   

The MIC values of CQDs were determined using the broth microdilution method in sterile, 

flat-bottomed 96-well microtiter plates (Brand). Fifty microliters of RPMI medium were added 

to all wells except the first column. In wells 1 and 2, 50 μL of CQDs solution was added, and 

serial two-fold dilutions were made from well 2 to well 11 to achieve concentrations ranging 

from 50 µL/mL to 0.097 µL/mL (v/v). Fifty microliters of fungal suspension (10⁸ CFU/mL) 

were then added to all wells. The final well was left without CQDs as the growth control. A 

parallel setup using voriconazole (1000–0.5 µg/mL) served as the control. All plates were 

incubated at 37°C for 24 hours. 

Following incubation, 50 μL of a 2 mg/mL solution of 2,3,5-triphenyl tetrazolium chloride 

(TTC, Merck) was added to each well and incubated for an additional 30 minutes. Color 

changes were assessed, and the lowest concentration that showed no visible growth was 

recorded as the MIC. All experiments were performed in triplicate17. 

Ethical Considerations   

This study does not involve human or animal subjects and therefore does not require ethical 

committee approval. 

Statistical Analysis 

Data were expressed as mean±standard deviation. The number of replicates (n) was 

indicated. Two-way ANOVA was used for statistical analysis. 
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Results  

Synthesis of CQDs 

CQDs NaOH and CQDs EDA synthesized via the microwave-assisted method exhibited 

characteristic blue fluorescence under 365 nm UV illumination. The final pH of the CQDs 

purified with NaOH was adjusted to a physiological range (pH 7–8). Similarly, the pH of CQDs 

EDA was found to be inherently within the physiological range (pH 7–8) without requiring 

additional adjustment. 

Characterization of CQDs NaOH and CQDs EDA 

Particle size (PS), polydispersity index% (PDI%), and zeta potential (ZP) 

An Anton Paar LiteSizer 500 was used to measure the PS, PDI% and ZP values of the 

produced CQDs NaOH and CQDs EDA. The obtained measurement results are included in 

Table 1.  

Table 1. Particle size, polydispersity index (PDI%), and zeta potential (ZP) values of CQDs 

NaOH and CQDs EDA. 

Fluorescence and QY% 

CQDs NaOH and CQDs EDA showed blue fluorescence under 365 nm ultraviolet (UV) light 

(Figure 1). The QY% of CQDs NaOH and CQDs EDA were calculated to be 90.25% and 

89.75%, respectively. 

Figure 1. Fluorescence properties of CQDs NaOH (A) and CQDs EDA (B) under 365 nm UV 

light. 

Antibacterial Activity  

In this study, the antifungal activity findings of two different carbon quantum dots (CQDs 

NaOH and CQDs EDA), obtained from the Department of Pharmaceutical Technology, Faculty 

of Pharmacy, Biruni University, were evaluated against six *Candida* strains and are presented 

below (Figure 2, Table 2). 

Disk Diffusion Assay Results of the CQDs 

Figure 2: Inhibition zone diameters of CQDs and voriconazole against yeasts. 

Based on the findings of the study, both types of CQDs demonstrated inhibitory zone 

formation against the yeast strains, with varying diameters depending on the strain. CQDs 

EDA exhibited the most pronounced antifungal effect against Candida parapsilosis (clinical 

isolate), producing a 20 mm inhibition zone, while CQDs NaOH showed its highest activity 

against Candida albicans ATCC 10231, with a 10 mm zone. 

Furthermore, analysis of the disk diffusion results for C. albicans ATCC 10231 and C. 

albicans ATCC 13231 revealed that CQDs EDA demonstrated the highest inhibitory 

activity (12 mm and 10 mm, respectively), with effects comparable to the positive control, 

voriconazole (15 mm and 12 mm, respectively). 
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In the case of Candida tropicalis ATCC 750, CQDs EDA produced a 15 mm inhibition 

zone, although this was considerably lower than that of the positive control (33 mm), 

indicating a relatively weaker antifungal effect for this strain. 

Microdilution Assay Results of the CQDs  

Table 2. Minimum Inhibitory Concentrations (MICs) of Carbon Quantum Dots (CQDs) and 

Voriconazole Against Yeast Strains 

The MIC values of CQDs NaOH against the tested Candida strains ranged from ≥1 µL/mL 

to 1 µL/mL, whereas those of CQDs EDA varied between 0.13 µL/mL and 0.5 µL/mL. When 

the antifungal activity was evaluated based on MIC values, the lowest MIC for CQDs NaOH 

was found to be 0.5 µL/mL (25% v/v) against Candida tropicalis ATCC 750. In contrast, the 

lowest MIC value for CQDs EDA was 0.13 µL/mL (6.25% v/v), observed against Candida 

tropicalis ATCC 750, Candida albicans (clinical), and Candida parapsilosis (clinical). 

Overall, the MIC results indicate that CQDs EDA exhibited greater antifungal activity than 

CQDs NaOH. In agreement with the disk diffusion findings, CQDs EDA consistently showed 

superior inhibitory effects. Additionally, CQDs EDA demonstrated stronger activity against the 

clinical isolates than against the reference strains. 

Discussion 

In this study, CQDs were successfully synthesized using a microwave-assisted bottom-up 

approach. The microwave synthesis method was chosen due to its advantages, including short 

reaction time, reproducibility, cost-effectiveness, environmental friendliness, and high 

efficiency18,19. Initial assessment under 365 nm UV light revealed that both formulations 

exhibited characteristic blue fluorescence, which serves as a primary and rapid indicator of 

successful CQD formation20. 

CQDs are semiconductor nanocrystals with particle sizes below 10 nm that exhibit 

fluorescent properties21. In this study, the prepared CQDs had particle sizes below 2 nm, 

confirming their quantum behavior and successful synthesis (Table 1). The fluorescence color 

and intensity of CQDs may vary depending on surface defects, particle size, and structural 

damage. Unlike conventional QDs, where emission is strictly size-dependent, CQDs also 

exhibit fluorescence variations due to surface roughness. Particle size and surface functional 

groups play key roles in determining emission wavelength and intensity. Although larger 

particles tend to emit red light, this is not always the case in CQDs. Emission characteristics 

are also influenced by functional groups and heteroatoms incorporated during synthesis21,22. 

CQDs synthesized using nitrogen-containing molecules like L-cysteine and EDA emit blue 

fluorescence under UV light; however, when synthesized in neutral to slightly basic conditions, 

green emission can occur. This is due to the activation of nitrogen atoms under acidic 

conditions, which are incorporated into the CQD core, whereas in basic environments, sulfur 

atoms become active and serve as co-dopants altering surface properties and emission behavior. 

Citric acid monohydrate (CAMH) was used as the carbon source in both formulations, while 

L-cysteine and EDA were selected as heteroatom dopants. Although the quantity of reactants 

used was found to be influential, it was not critical; variations led to reduced quantum yields, 

confirming the chosen concentrations as optimal. Other combinations tested did not yield 

superior results. 
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The CQDs prepared with CAMH and L-cysteine initially exhibited low pH values and were 

purified with NaOH to adjust their pH to a physiologically acceptable range (pH 7–8), resulting 

in CQDs NaOH. In alkaline conditions, citric acid converts to sodium citrate, which precipitates 

easily due to reduced solubility and larger crystal size, facilitating its removal15. CQDs 

synthesized using CAMH and EDA (CQDs EDA) naturally exhibited pH values within the 

physiological range. 

In addition to particle size, PDI and zeta potential (ZP) values are critical characterization 

parameters. The PDI and ZP values for CQDs NaOH and CQDs EDA were determined as 

15.24±0.18% and 18.62±0.27%, and 12.43±0.31 mV and 14.81±0.21 mV, respectively. A low 

PDI% indicates a narrow and uniform particle size distribution22,23. Zeta potential reflects 

surface charge and directly influences colloidal stability and interaction with biological 

systems24. High absolute ZP values are associated with reduced aggregation and enhanced long-

term colloidal stability, which are desirable for biomedical applications20. 

QY% is a key parameter in characterizing CQDs. Calculated using quinine sulfate as a 

standard fluorophore, both CQDs NaOH and CQDs EDA demonstrated high QY values of 

90.25% and 89.75%, respectively, emitting bright blue fluorescence (Figure 1), further 

confirming the effectiveness of the synthesis protocol16. 

Surface passivation with nitrogen groups can alter CQD surface charge, enhancing 

electrostatic interactions with negatively charged fungal cell walls. This improves CQD–cell 

interactions, possibly enhancing antifungal activity25. Moreover, nitrogen dopants may increase 

the production of reactive oxygen species (ROS), which contribute to membrane damage and 

cell death26,27. These dopants can also inhibit fungal biofilm formation complex, resistant 

structures that limit antifungal treatment efficacy28–30. 

CQDs have become promising nanomaterials in biomedical research, particularly for 

imaging and tracking cellular interactions. Their low cytotoxicity and high biocompatibility 

make them suitable for use in microbial models, including Candida albicans30,31. Importantly, 

CQDs have been employed in visualizing drug–pathogen interactions, hyphal development, and 

distinguishing between drug-resistant and sensitive strains using confocal and atomic force 

microscopy32,33. 

In this study, the results obtained from both disk diffusion and microdilution methods were 

largely consistent. However, some discrepancies were observed. For instance, certain strains 

that showed no inhibition zones in the disk diffusion test yielded MIC values in the 

microdilution assay. This could be attributed to factors such as direct microorganism–CQD 

contact in the broth, agar composition, inoculum density, and diffusion characteristics of the 

material in solid media. Cadirci et al. (2005) reported that the microdilution method offers more 

precise and reliable results than the disk diffusion method for antimicrobial activity testing.34 

As such, some guidelines (e.g., Clinical & Laboratory Standards Institute (CLSI) M07-A8, 

2009; CLSI M100, 2021) recommend broth microdilution as the standard method for clinical 

susceptibility testing. 

When comparing the antifungal efficacy of CQDs NaOH (prepared using L-cysteine) and 

CQDs EDA (prepared using ethylenediamine), both demonstrated antifungal activity against 

the yeast strains; however, CQDs EDA was consistently more effective in terms of inhibition 

zone size and MIC values. 

Various studies have explored the use of different carbon sources such as glucose, fructose, 

and polyethylene glycol (PEG) for CQD synthesis. CQDs offer versatility in synthesis routes 
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and materials, attracting increasing interest due to their biocompatibility, low toxicity, and 

antimicrobial potential35. The antimicrobial activity of CQDs is believed to occur through three 

primary mechanisms: disruption of the cell membrane/wall, ROS generation, and binding to 

nucleic acids, thereby inhibiting cell replication. 

Although the exact mechanisms remain to be fully elucidated, experimental findings 

strongly support the potential of CQDs as a novel class of antimicrobial agents.36 Tirado-Guizar 

et al. (2023) investigated CdTe QDs and their Cu- and Ag-doped derivatives, reporting MIC 

values of 10–20 mg/L for C. albicans ATCC 10231 and 10–50 mg/L for C. tropicalis ATCC 

75037. Ezati et al. (2022) examined glucose-derived CQDs and their B-, S-, and N-doped 

variants, finding MIC values of 0.019–0.156 mg/mL for Aspergillus fumigatus and 0.027–0.312 

mg/mL for C. albicans38. Chand et al. (2021) evaluated ZnO QDs against C. albicans isolates, 

reporting MICs ranging from 0 to 0.2 mg/mL39. These findings further highlight the growing 

interest in QDs for antifungal applications. 

Recent studies also emphasize the potential of CQDs to prevent Candida biofilm formation 

and adhesion key processes contributing to antifungal resistance thus offering promising 

alternatives for treatment38-40. 

The results of the current study are consistent with the literature. One of the distinctive 

features of this study is the use of CAMH as a carbon source. CAMH's acidic nature may 

confound antimicrobial efficacy by altering the final pH of the solution. Thus, we purified and 

neutralized the CQDs NaOH to isolate the true activity of the CQDs from any pH-related 

effects15. Furthermore, the use of different heteroatom sources significantly influenced the 

physicochemical properties of the CQDs including surface chemistry, optical behavior, and 

stability affecting their biological performance42. Heteroatoms can alter band gaps and emission 

wavelengths; for instance, nitrogen-doped CQDs typically emit blue light, while sulfur-doped 

ones emit at longer wavelengths42,43. They also contribute to the formation of functional groups 

that improve solubility, biocompatibility, and molecular interactions44. 

Conclusion 

In conclusion, CQDs NaOH and CQDs EDA were successfully synthesized using different 

heteroatom sources. Both formulations were fully characterized and exhibited high quantum 

yields. Their antifungal activity against six Candida strains demonstrated that heteroatom 

composition significantly influenced biological efficacy. This study confirms the potential of 

CQDs as promising antifungal agents and highlights the critical role of heteroatom selection in 

tailoring CQD functionality for specific applications. 

Moreover, this work provides a foundational basis for future studies exploring the synergistic 

effects of CQDs in combination with conventional antifungal agents. 
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Table 1. Particle size, polydispersity index (PDI%), and zeta potential (ZP) values of CQDs NaOH and CQDs 

EDA. 

 Particle Size (nm) Polydispersity Index% 

(PDI%) 

Zeta Potantial (mV) 

CQDs NaOH 1.62 ± 0.23 15.24 ± 0.18 12.43 ± 0.31 

CQDs EDA 1.78 ± 0.14 18.62 ± 0.27 14.81 ± 0.21 

 

Table 2. Minimum Inhibitory Concentrations (MICs) of Carbon Quantum Dots (CQDs) and Voriconazole Against 

Yeast Strains 

Microorganisms 

  

Candida 

albicans  

ATCC 13231 

Candida 

albicans  

ATCC 10231 

Candida 

albicans  

(clinic) 

Candida 

tropicalis ATCC 

750 

Candida 

parapsilosis  

ATCC 22019 

Candida 

parapsilosis 

(klinik) 

Formulations 

MIC 

(µl/mL) 

MIC 

(%) 

v/v 

MIC 

(µl/mL) 

MIC 

(%) 

v/v 

MIC 

(µl/mL) 

MIC 

(%) 

v/v 

MIC 

(µl/mL) 

MIC 

(%) 

v/v 

MIC 

(µl/mL) 

MIC 

(%) 

v/v 

MIC 

(µl/mL) 

MIC 

(%) 

v/v 

CQDs NaOH 1 50% 1 50% ≥1 ≥50% 0,5 25% ≥1 ≥50% ≥1 ≥50% 

CQDs EDA 0.5 25% 0.5 25% 0.13 6.25% 0.13 6.25% 0.5 25% 0.13 6.25% 

Voriconazole 500 (μg/mL) 250 (μg/mL) 62.5 (μg/mL) 3.25 (μg/mL) 1000 (μg/mL) 62.5 (μg/mL) 

 

 

         (A)                             (B) 

Figure 1. Fluorescence properties of CQDs NaOH (A) and CQDs EDA (B) under 365 nm UV light. 
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Figure 2. Inhibition zone diameters of CQDs and voriconazole against yeasts. 

 


