
Heliyon 9 (2023) e20089

Available online 12 September 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Curcumin-derived carbon-dots as a potential COVID-19 
antiviral drug 

Azzania Fibriani a,e,*, Audrey Angelina Putri Taharuddin a, Rebecca Stephanie a, 
Nicholas Yamahoki a, Jessica Laurelia a, Popi Hadi Wisnuwardhani b, 
Dian Fitria Agustiyanti b, Marissa Angelina c, Yana Rubiyana b, 
Ratih Asmana Ningrum b, Andri Wardiana b, Ferry Iskandar d,e,f, 
Fitri Aulia Permatasari d,f,g, Ernawati Arifin Giri-Rachman a,e 

a School of Life Sciences and Technology, Bandung Institute of Technology, Bandung, 40132, Indonesia 
b Research Center for Genetic Engineering, Indonesian National Research and Innovation Agency (BRIN), Cibinong, 16911, Indonesia 
c Research Center for Pharmaceutical Ingredients and Traditional Medicine, Indonesian National Research and Innovation Agency (BRIN), Serpong, 
15314, Indonesia 
d Department of Physics, Faculty of Mathematics and Natural Sciences, Bandung Institute of Technology, Bandung, 40132, Indonesia 
e Research Center for Nanoscience and Nanotechnology, Bandung Institute of Technology, Bandung, 40132, Indonesia 
f Collaboration Research Center for Advanced Energy Materials, National Research and Innovation Agency - Bandung Institute of Technology, 
Bandung, 40132, West Java, Indonesia 
g Research Center for Chemistry, National Research and Innovation Agency (BRIN), Kawasan Puspiptek, 15314, Banten, Indonesia   

A R T I C L E  I N F O   

Keywords: 
Antiviral activity 
Curcumin 
Carbon-dots 
Nucleocapsid 
SARS-CoV-2 

A B S T R A C T   

Even entering the third year of the COVID-19 pandemic, only a small number of COVID-19 
antiviral drugs are approved. Curcumin has previously shown antiviral activity against SARS- 
CoV-2 nucleocapsid, but its poor bioavailability limits its clinical uses. Utilizing nanotech-
nology structures, curcumin-derived carbon-dots (cur-CDs) were synthesized to increase low 
bioavailability of curcumin. In-silico analyses were performed using molecular docking, inhibition 
of SARS-CoV-2 nucleocapsid C-terminal domain (N-CTD) and antiviral activity were assessed in 
dimer-based screening system (DBSS) and in vitro respectively. Curcumin bound with the N-CTD 
at ΔG = − 7.6 kcal/mol, however modifications into cur-CDs significantly improved the binding 
affinity and %interaction. Cur-CDs also significantly increased protection against SARS-CoV-2 in 
both DBSS and in vitro at MOI = 0.1. This study demonstrated the effect of post-infection treat-
ment of curcumin and novel curcumin-derived carbon-dots on SARS-CoV-2 N-CTD dimerization. 
Further investigation on pre-infection and in-vivo treatment of curcumin and cur-CDs are required 
for a comprehensive understanding on the carbon-dots enhanced antiviral activity of curcumin 
against SARS-CoV-2.  

Abbreviations: cur-CDs, curcumin-derived carbon-dots; N-CTD, C-terminal domain of SARS-CoV-2 nucleocapsid. 
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1. Introduction 

The COVID-19 pandemic has caused more than 650 million cases and more than 6 million deaths globally, as of the end of January 
2023 [1]. Although showing unprecedented speed in its development and distribution, COVID-19 vaccines are still unavailable to a 
large fraction of the global population and cannot serve as a preventive means for patients with high health risks. The possibility of 
partial resistance of the virus against vaccines due to mutations also put the development of antiviral drugs in constant relevance [2,3]. 
Despite this, as of May 2023, the United States Food and Drug Administration (FDA) has only approved four antiviral drugs for 
COVID-19 treatments: tocilizumab (Actemra), remdesivir (Veklury), baricitinib (Olumiant), and nirmatrelvir-ritonavir (Paxlovid) [4]. 

For its central role in facilitating viral replication and particle assembly, the nucleocapsid phosphoprotein has been the target of 
many preclinical and clinical drugs. The nucleocapsid primarily protects the viral genome and maintains reliable viral replication by 
forming a helical ribonucleoprotein complex with the viral RNA. Due to the highly conserved nature of the nucleocapsid, an antiviral 
drug targeting the nucleocapsid may be a promising prophylactic strategy and a solution for variants with reduced response to vaccines 
[5–7]. 

Curcumin, with molecular structure shown in Fig. 1, is the main phytochemical found in Curcuma longa (turmeric) and is primarily 
responsible for the anti-inflammatory, antioxidant, antiseptic, analgesic, antimicrobial (such as antibacterial, antifungal, antiviral, 
antimalarial) and anticancer properties of turmeric. Turmeric is widely cultivated in warmer climates and is widely consumed as a 
traditional herbal beverage in Indonesia for its immune-boosting properties [8–11]. 

Curcumin is also known to act as an immuno-modulatory molecule for SARS-CoV-2 virus and prevent viral entry and replication. 
Recently, curcumin showed effective binding affinity with both the viral spike [12] and host ACE2 [13] proteins to potentially inhibit 
the assembly of SARS-CoV-2. Turmeric-derived curcumin also exhibits potent binding affinities for the SARS-CoV-2 nucleocapsid and 
nsp10 proteins, comparable to those of ivermectin, azithromycin and remdesivir, thus making curcumin a potent drug to target the 
SARS-CoV-2 nucleocapsid protein [14]. 

Although generally recognized as safe (GRAS), curcumin is not widely used in a medical environment due to its low bioavailability 
and hydrophobic nature [14]. Utilization of the emerging class of carbon-based nanomaterials, carbon-dots, has been implemented in 
drug delivery systems to achieve a higher solubility and bioavailability for organic compounds [15–19]. Previous study has suc-
cessfully increased the solubility and antiviral properties of curcumin by means of carbon quantum nanodots, in which 
curcumin-carbon quantum nanodots showed higher compatibility and antiviral activity against enterovirus 71 compared to curcumin 
[20]. 

Dimer-based screening system (DBSS) is a high-throughput screening system that utilizes synthetic biology principles to target 
biological systems with homodimerizing proteins. This system employs the AraC arabinose operon from Escherichia coli as a repressor 
and the emGFP fluorescent protein as a reporter [21]. Established first to target the Mycobacterium tuberculosis PhoR [22,23] and 
human immunodeficiency virus (HIV) protease [24,25] two-component systems, this system was later adapted to target the dimer-
ization of the SARS-CoV-2 nucleocapsid [26]. Homo-dimerization of the nucleocapsid, directly facilitated by the C-terminal domain 
(CTD) of this protein, is integral for the nucleocapsid to form a stable conformation and properly aid viral replication [27] and should 
prove a fit target for the DBSS system. 

In this study, we explored the effect of the construction of the curcumin-derived carbon-dots on its potential in inhibiting the 
dimerization of the nucleocapsid CTD (N-CTD), by means of molecular docking, dimer-based screening system (DBSS), and SARS-CoV- 
2-infected cell culture challenge testing. 

Fig. 1. Molecular structure of 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione (C21H20O6), or synonymously referred to as curcu-
min [8]. 
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2. Materials and methods 

2.1. Preliminary in-silico analysis 

Molecular docking of unmodified curcumin and hypothetical structures of curcumin-derived carbon-dots (cur-CDs) on the C-ter-
minal domain (CTD) of the SARS-CoV-2 nucleocapsid protein (PDB ID: 6ZCO) was performed using the AutoDock Vina from AutoDock 
Tools (1.5.6.) [28] with a 22 × 22 × 22 Å grid box at [5.264 Å, - 2.987 Å, 3.175 Å] coordinate, with a 1.00 Å spacing. Docking of drug 
candidates were performed on the keto and keto-enol tautomers. Docking results were visualized using the BIOVIA Discovery Studio 
(BIOVIA, San Diego, CA, USA). Amount of dimer residues affecting the interaction between the nucleocapsid protein and the ligand 
was represented as the percentage of interaction according to this calculation: 

%interaction=
Σ(Dimer residues affecting the N − ligand interaction)

Σ(Dimer residues of nucleocapsid protein)
× 100%  

2.2. Preparation of curcumin and curcumin-derived carbon dots 

The curcumin-derived Carbon dots (cur-CDs) was prepared through a solvothermal method. 0.3 mol of citric acid (Sigma Aldrich, 
USA) and 1.5 mol urea (Sigma Aldrich, USA) were stirred in deionized water at room temperature. In parallel, the 1 mmol of curcumin 
(Biopharma, Indonesia) was dispersed in ethanol at room temperature. Then, the curcumin dispersion was mixed with the precursors 
at 60 ◦C for 30 min. Then, the precursor was reacted in Teflon autoclave at 160 ◦C for 5 h. The resulted solution was filtered and 
purified through a centrifugation and regenerated-cellulose filter membrane 0.22 μm. Curcumin-derived CDs powder were then ob-
tained after freezing dry. Curcumin and cur-CDs powder were dissolved in dimethyl sulfoxide (DMSO) and sterile distilled water 
respectively. Stock solution was protected from light and stored at − 20 ◦C. Working solutions at 2 μg/mL, 4 μg/mL, 6 μg/mL, 8 μg/mL, 
and 10 μg/mL were achieved by diluting the stock in DMEM supplemented with 10% and 2% FBS for the cytotoxicity and antiviral 
activity assays respectively. 

2.3. Screening of drug candidates using dimer-based screening system (DBSS) 

Escherichia coli BL21 (DE3) containing the AraC_CTD plasmid was grown in Luria-Bertani broth (LB) supplemented with 200 ng/μL 
ampicillin before being subjected to a 0.4 μM IPTG induction when optical density at 600 nm (OD600) reached 0.4.95 μL of culture was 
transferred into a 96-well LUMITRAC™ white microplate (Greiner Bio-One, Indonesia) containing 200 μg/mL ampicillin and 5 μL of 
drug candidate and incubated at 37 ◦C 200 rpm for 4 h. Fluorescence was measured in a 96-well LUMITRAC™ black microplate 
(Greiner Bio-One, Indonesia) at an excitation of 475 nm and emission of 500–550 nm (E535) using Glomax™ Explorer (Promega, USA) 
and was defined as the culture fluorescence relative to culture biomass at OD600 using Glomax™ Explorer (Promega, USA) [29]. 

2.4. Cell lines and virus 

Vero E6 cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich, USA) supplemented with 10% fetal 
bovine serum (FBS; Gibco, USA), and 1% penicillin/streptomycin (Sigma-Aldrich, USA). Cells were maintained at 37 ◦C in a 5% CO2 
humidified (95%–99% humidity) incubator. Infections were performed using propagations of the B.1.459 strain of the SARS-CoV-2 
swab specimen, isolated from Bogor, Indonesia in May 2020 (EPI_ISL_4004658). 

2.5. Cytotoxicity assay 

200 μl of Vero E6 cells in DMEM supplemented with 10% FBS at a density of 2 × 104 cells/well were seeded into 96-well plates and 
incubated for 24 h at 37 ◦C in 5% CO2. After reaching >80% confluence, observed under inverted microscope (Leica Microsystems), 
supernatant was removed, followed by the addition of 100 μL of DMEM supplemented with 10% FBS containing curcumin and cur-CDs 
at a final concentration of 4 μg/mL, 6 μg/mL, 8 μg/mL, and 10 μg/mL into the plate in triplicates for an incubation period of 72 h. 
Afterwards, supernatant was removed, cells were washed with phosphate buffered saline (PBS), and 100 μL of 3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide (MTT) at 0.5 mg/mL was added. The plates were incubated for 4 h at 37 ◦C in 5% CO2, pro-
tected from light, and 100 μL DMSO was used to stop mitochondrial activity. Plates were gently rocked on a platform rocker for 10 min 
to allow the formazan product to solubilize. Intensity of the formazan product was measured at 570 nm using the Multiskan™ GO 
Microplate Spectrophotometer (ThermoScientific, USA). The average absorbance of the DMEM media was used as blank and the 
average absorbance of untreated cells was used as negative control. Cell viability of treated wells was expressed as the percentage of 
the negative control. Concentrations where cells reached a viability of 70% or more were considered non-cytotoxic. 50% cytotoxicity 
concentration (CC50) values of curcumin and curcumin-nanodots were acquired by means of linear regression. 

2.6. Antiviral activity assay 

Vero E6 cells in DMEM supplemented with 10% FBS at a density of 2 × 104 cells/well were seeded into 96-well plates and incubated 
for 24 h at 37 ◦C in 5% CO2. After reaching >80% confluence, observed under inverted microscope (Leica Microsystems), supernatant 
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was removed, plates were transferred to a BSL-3 facility, and supernatant was removed. SARS-CoV-2 culture in DMEM supplemented 
with 2% FBS (MOI = 0.1) were inoculated into the plates. Plates were incubated at 37 ◦C 1 h, with shaking at 15-min intervals to ensure 
maximum viral adsorption. Removal of supernatant was followed by the addition of 100 μL of DMEM supplemented with 2% FBS 
containing curcumin and cur-CDs at a final concentration of 4 μg/mL, 6 μg/mL, 8 μg/mL, and 10 μg/mL into the plate in twelve 
replicates. Plates were incubated for 72 h at 37 ◦C, and cytopathic effects on Vero E6 cells were observed using the ZOE Fluorescent Cell 
Imager (Bio-Rad). Wells displaying signs of cell death were considered affected by cytopathic effects. Plates were then fixated using 4% 
formaldehyde, and stained using 0.5% crystal violet solution. 

Further investigation on the maximum virus titer susceptible to curcumin and cur-CDs were performed by selecting the lowest drug 
candidate concentration where no cytopathic effect was observed in the previous experiment. Antiviral activity assay was performed to 
challenge drug candidates at virus concentrations in serial increase. 

2.7. Statistical analyses 

All data processing and statistical analysis was performed using Microsoft Excel (Microsoft, USA) and SPSS Statistics (IBM, USA), 
with values expressed as mean ± standard deviation (SD). Statistical analysis was performed using Student’s t-test for parametric data 
or Chi-square test for non-parametric data, where p ≤ 0.05 was considered significantly different. For the DBSS, homogeneity and 
significance of normalized fluorescence values were analyzed using Levene’s test and one-way ANOVA, followed by post-hoc analysis 
using Tukey’s test, where p ≤ 0.05 was considered significantly different. 

3. Results 

3.1. Preliminary in-silico analyses 

To investigate the binding affinity and %interaction between SARS-CoV-2 N-CTD (PDB ID: 6ZCO) with drug candidates, we per-
formed in-silico molecular docking predictions on curcumin and several hypothetical curcumin-derived carbon-dots (cur-CDs) struc-
tures (amino, graphitic, pyridinic, and pyrrolic) in their respective keto and keto-enol tautomers, available in Supplementary Materials 
Fig. S1. 

As shown in Fig. 2a, all candidates resulted in negative free energy values for binding affinity, indicating spontaneous interactions 
between drug candidates and N-CTD. Fig. 2b also showed all hypothetical structures of curcumin-derived carbon-dots (cur-CDs) 
resulting in significantly higher affinity and %interaction with N-CTD (p ≤ 0.05) than curcumin in both its keto and keto-enol 
tautomers. 

Quick three- and two-dimensional visualization of the molecular interaction and docking of curcumin and cur-CDs (represented by 
curcumin-pyridinic) were shown below in Fig. 3. Curcumin interacted with fourteen residues of N-CTD, seven of which are non- 
bonding van der Waals forces, as shown in Fig. 3a, with three-dimensional visualizations of these interactions shown in Fig. 3c. 
Modification into carbon-dots nanostructure shifted the nature of the interactions into more non-covalent bonding pi bond in-
teractions, all of which interact with cur-CDs in more than one site of the molecule, shown in Fig. 3b and d. A visible increase of 
bonding interactions, from eleven interactions facilitated by seven residues to twenty interactions facilitated by seven residues, can be 
observed when modifying curcumin to its carbon-dots structure. Almost all the residues participating in the binding of curcumin and 
cur-CDs with the N-CTD are residues that facilitate the dimerization of N-CTD. These residues interacted strongly via hydrogen 

Fig. 2. (A) Binding affinity (kcal/mol) and (b) %interaction between SARS-CoV-2 N-CTD with curcumin and cur-CDs in both its keto and keto-enol 
tautomers. Curcumin and cur-CDs all resulted in spontaneous binding, and all hypothetical structures of cur-CDs resulted in more spontaneous 
binding and higher %interaction. 
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bonding in the dimerization of the N-CTD [30], but only interacted weakly via van der Waals forces and non-covalent interactions in 
curcumin and cur-CDs. 

3.2. Screening of drug candidates using the dimer-based screening system (DBSS) 

The dimerization inhibition activity of the drug candidates was then proved using the dimer-based screening system (DBSS) that 
targets the dimerization of the SARS-CoV-2 nucleocapsid. Using this screening system, treatment with curcumin at 4–8 μg/mL 
significantly inhibited the dimerization of nucleocapsid compared to a baseline of 0 μg/mL treatment (p ≤ 0.05), indicated by higher 
fluorescence values, and functioned most effectively at 6 and 8 μg/mL, as shown below in Fig. 4a. A visible change in trend could be 
observed in treatment of cur-CDs, in Fig. 4b, where increase of drug concentration gave steeper increase of corrected fluorescence. Cur- 
CDs were effective at 4–10 μg/mL, peaking at 8–10 μg/mL where fluorescence reached 3417.2 ± 338.36 and 3251.5 ± 304.14. 

Fig. 3. Two-dimensional visualization of the interaction between the N-CTD and (a) curcumin and (b) cur-CDs, and three-dimensional visualization 
of the interaction between the N-CTD with (c) curcumin and (d) cur-CDs. Modification of curcumin into cur-CDs resulted in more bonding in-
teractions between cur-CDs and SARS-CoV-2 N-CTD. 

Fig. 4. Inhibition of nucleocapsid dimerization by (a) curcumin and (b) cur-CDs observed in the dimer-based screening system (n = 10). Increase of 
curcumin and cur-CDs concentration significantly enhance the effectiveness of curcumin and cur-CDs in inhibiting N-CTD dimerization, except for 
curcumin 2 μg/mL. Different lower-case letters represent significantly different means according to Tukey’s post-hoc test (p ≤ 0.05). 
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Treatment of curcumin and cur-CDs at 2 μg/mL did not result in a significantly higher fluorescence, showing their incapability to 
inhibit the dimerization of the viral protein, and was eliminated from further investigation. 

3.3. Dose-dependent cytotoxicity and antiviral activity of curcumin and cur-CDs on Vero E6 cells 

Cytotoxicity assay on Vero E6 cells was performed to investigate the cytotoxicity of curcumin and cur-CDs on mammalian cells. 
Measurement of drug candidates at 0 μg/mL was represented by viability in respective solvents. Use of DMSO 1% did not result in 
lower viability compared to untreated cells, as have previously been reported [31]. 

Treatment of curcumin and cur-CDs resulted in a negatively-sloped trend and were all within a non-toxic range, shown in red in 
Fig. 5a and b respectively. Treatment of curcumin and cur-CDs at 4–10 μg/mL both did not give strong correlation with Vero E6 
viability by means of regression R2. Using linear regression, curcumin and cur-CDs were found to reach CC50 at 30 μg/mL and 11.67 
μg/mL. A higher CC50 value from treatment of curcumin might be indicative of curcumin imparting a beneficial effect on cell growth. 

Primary investigation for the antiviral activity of curcumin and cur-CDs against N-CTD were performed by separately culturing 
Vero E6 cells with treatment of curcumin and cur-CDs at different concentrations for 72 h after infection of SARS-CoV-2 at MOI = 0.1. 
Results are all shown below in Fig. 5, with visual and microscopic observations available in Supplementary Materials Tables S2 and S3. 

Shown in blue in Fig. 5a and b, increasing the concentration of curcumin increased cell viability to 83.3%, peaking at 6 μg/mL 
where %CPE reached 0%. However, when modified into carbon-dots structure, post-infection treatment of as little as 4 μg/mL of cur- 
CDs effectively stopped any cytopathic effect from SARS-CoV-2, indicating the heightened effectiveness of the carbon-dots structure in 
inhibiting the N-CTD dimerization. 

Further investigation of the maximum SARS-CoV-2 virus titer was performed with cur-CDs at 4 μg/mL, with results shown in 
Table 1. SARS-CoV-2 at MOI = 1.6 resulted in 100% CPE for control and cur-CDs, thus investigation at higher virus titers were not 
performed. Presence of cur-CDs resulted in increased %viability, reaching a maximum just before MOI = 0.8. 

4. Discussion 

Our study aims to explore the modification of curcumin into its carbon-dots structure as a potential COVID-19 antiviral drug. 
Curcumin has been documented exhibiting antiviral properties against SARS-CoV-2 by means of immune modulation, prevention of 
viral attachment [12,13], and recently by binding to nucleocapsid in a manner comparable to ivermectin, azithromycin and remdesivir 
[14]. 

Significant increases in both binding affinity and %interaction observed when comparing curcumin and hypothetical curcumin- 
derived carbon-dots structures are strong indications of effectiveness of carbon-dots structures in interacting with the N-CTD. With 
binding affinity levels ranging from − 14.9 kcal/mol to − 15.8 kcal/mol, cur-CDs show more potential in binding with SARS-CoV-2 N- 
CTD than several approved, clinical trials, and pre-clinical trials nucleocapsid-targeting drugs [32], including: rapamycin (ΔG =
− 8.91 kcal/mol), silmitasertib (ΔG = − 7.89 kcal/mol), TMCB (ΔG = − 7.05 kcal/mol), and sapanisertib (ΔG = − 6.14 kcal/mol) [27]. 
For comparison, other antiviral drugs, including lopinavir (ΔG = − 6.58 kcal/mol), remdesivir (ΔG = − 3.46 kcal/mol), chloroquine 
(ΔG = − 5.62 kcal/mol), favipiravir (ΔG = − 4.44 kcal/mol), ribavirin (ΔG = − 4.86 kcal/mol), hydroxychloroquine (ΔG = − 4.32 
kcal/mol), and oseltamivir (ΔG = − 5,08 kcal/mol) showed weaker binding affinity when docked to the SARS-CoV-2 nucleocapsid 
dimerization domain (PDB ID: 6WZQ) [33]. 

Modification of precursor curcumin into a carbon-dots structure also offers a solution to the low bioavailability and hydrophobic 
nature of curcumin. Indeed, when comparing the aqueous solubility of curcumin and curcumin-derived carbon quantum dots, Lin et al. 

Fig. 5. Vero E6 cells viability treated with (a) curcumin, and (b) cur-CDs after 72 h. Viability from MTT assay is expressed as mean percentage ±
standard deviation compared to treatment of solvents (n = 3) and viability from antiviral activity assay is expressed as %no-CPE (n = 6). Cur-CDs 
showed a steeper trend in viability decrease in the MTT assay compared to curcumin but resulted in 100% viability (0% CPE) with treatment as little 
as 4 μg/mL. Curcumin resulted in 83.3% viability and peaked at 6 μg/mL, where %CPE reached 0%. 
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observed a significant difference between 3.12 μg/mL and >50 mg/mL [20], and Chen et al. observed a similarly significant difference 
between <10− 2 mg/mL and 50 mg/mL [17]. 

Confirming the in-silico results, the dimerization inhibition activity of curcumin and cur-CDs were further explored using the dimer- 
based screening system (DBSS). In the earlier studies, DBSS adopts the two-component system (TCS) in bacteria, consisting of histidine 
kinase (HK) and response regulators (RR) [34,35]. DBSS utilizes the ability of cytoplasmic HKs to dimerize in vitro, and a 
promoter-repressor pair to receive a signal from HKs [23,34–36]. Designed as a tool for preliminary drug screening, the DBSS system, 
previously employing the M. tuberculosis PhoR and HIV-1 protease dimers, has been used in the discovery of black caraway (Nigella 
sativa) compounds JH-1 and JH-3 as antitubercular and antiretroviral drugs [21–24,37–39]. A new system, now employing the fusion 
of N-CTD as a dimer-binding domain and the araC promoter/repressor system as a DNA-binding domain, has been designed to target 
the dimerization of SARS-CoV-2 N-CTD and allow the detection and quantification of the N-CTD dimerization in the presence of 
candidate drugs [26,40]. 

Heightened inhibition of N-CTD was confirmed in the DBSS system, where cur-CDs resulted in a significant increase of fluorescence 
across all concentrations (p < 0.05). 

Primary investigation into the antiviral activity of curcumin and cur-CDs was performed using the B.1.459 strain of the SARS-CoV-2 
(EPI_ISL_4004658). To account for the differences in the N-CTD structures between this strain and other variants of SARS-CoV-2, we 
performed comparison between the nucleocapsid sequences of different SARS-CoV-2 lineages and variants and found no synonymous 
mutations between the N-CTD of the B.1.459 strain of the SARS-CoV-2 and that of the Alpha, Beta, Gamma, Delta, Omicron, XBB.1, 
XBB.1.5.X, and Omicron BA.2.75.X [41]. A similar previous inquiry also showed curcumin exhibiting antiviral activity in a manner 
independent of SARS-CoV-2 strains and variants [5]. 

Treatment of curcumin has been documented reducing the viability of other cell lines, where treatment of 10 μg/mL curcumin 
resulted in less than 10% of fibroblasts BHK-21 cells viability [17]. Kumbar et al. and Lin et al. documented half-maximal cytotoxicity 
concentrations of curcumin at 8.84 and 13 μg/mL using the oral cancer (KB) and rhabdomyosarcoma (RD) cell line [20,42]. However, 
we observed treatment of up to 10 μg/mL of curcumin to be non-toxic, with a CC50 value at 30 μg/mL. Plant extracts with CC50 values 
higher than 20 μg/mL are considered non- or weakly cytotoxic on the mammalian cells [43]. This is closer to the observation made by 
Marín-Palma et al., where treatment of curcumin on Vero E6 cells resulted in cytotoxicity after 48 h at concentrations higher than 10 
μg/mL [5], and by Khosropanah et al. where curcumin reached half-maximal cytotoxicity concentrations at 30.78 μg/mL for epithelial 
human breast cancer MDA-MB-231 cell line after 72 h [44]. 

In contrast, treatment of our cur-CDs resulted in a lower CC50 value, almost by a third. This may be attributed to the fluctuating 
reading of cur-CDs viability or the incompatibility with the cell line that we used. Indeed after 24 h of incubation on human rhab-
domyosarcoma cells, other carbon-dots derivatives of curcumin can be observed reaching CC50 values 3.8 (50.0 μg/mL) to ≈35-fold 
(452.2 μg/mL) higher than curcumin [20]. 24 h of incubation on BHK-21 cells even resulted in curcumin carbon-dots reaching a CC50 
value 50-fold higher than curcumin [17]. As a comparison, COVID-19 drugs remdesivir and ritonavir has a CC50 value of >100 μM 
(≈62.0 μg/mL) and 94.71 μmol/L (≈68.3 μg/mL) on Vero E6 cells, respectively [45–47]. 

Post-infection treatment of curcumin resulted in increased cell viability to 83.3%, suggesting antiviral activity, with 0% cytopathic 
effect observed at 6 μg/mL. At a lower SARS-CoV-2 titer (MOI = 0.01), quantified observation of antiviral activity of curcumin at 1.25 
μg/mL to 10 μg/mL showed a similar result with 87% inhibition [5]. 

However, cur-CDs exhibited more potent protection, with 100% cell viability with as little as 4 μg/mL treatment, signifying a 
significant increase of effectiveness in modification of curcumin into its carbon-dots structure. At 4 μg/mL, cur-CDs exerted antiviral 
activity up to just before SARS-CoV-2 titer reached MOI = 0.8. As a comparison, COVID-19 drug remdesivir reached half-maximal 
inhibitory concentration at 9.2 μM (≈5.5 μg/mL) on Vero E6 cells infected with SARS-CoV-2 at MOI = 0.1 [46,48] and ritonavir at 
19.88 μM (≈14.3 μg/mL) on Vero E6 cells infected with WIV04 SARS-CoV-2 at MOI = 0.2 [47,49]. Baricitinib, a JAK1/JAK2 inhibitor 
approved for COVID-19 treatment, reached half-effective concentration at 5.9 μM (≈2.191 μg/mL) and 5.7 μM (≈2.117 μg/mL) for 
JAK1 and JAK2 respectively [50,51]. 

Indeed, modification of curcumin into curcumin-derived carbon quantum dots have also been observed resulting in significant 
decrease of enterovirus 71 plaque-forming units [20]. In addition to improved solubility and increased bioavailability, heightened 
antiviral activity in cur-CDs can also be explained by its carbon-dots nanostructures, which may display higher densities of curcumin 
moieties to interact with SARS-CoV-2 [20]. Curcumin-derived carbon quantum dots synthesized by Lin et al. were observed to contain 
a high density of curcumin-relative polymers on the carbon-dots surface, enabling the compound to act against the enterovirus 71 in 
various stages of the virus cycle through different mechanisms. Possible structural changes and degradation of curcumin molecules 
during the synthesis of curcumin-derived carbon quantum dots could also explain the reduced cytotoxic properties of curcumin and 

Table 1 
%CPE reduction values of cur-CDs. %viability is expressed as %no-CPE (n = 12). Cur-CDs at 4 μg/mL effectively increased the viability of Vero-E6 
cells until reaching a maximum SARS-CoV-2 titer at MOI = 0.8.  

Drug candidate MOI %viability vehicle %viability drug %viability increase 

cur-CDs 
4 μg/mL 

1.6 0 0 0% 
0.8 0 0 0% 
0.4 0 8.3 8.3% 
0.2 33.3 41.6 8.3% 
0.1 50 91.7 41.7%  
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boosted its antiviral activity [20]. 
Additionally, the higher effectivity in the inhibition of SARS-CoV-2 N-CTD dimerization displayed by cur-CDs in the DBSS has been 

successfully confirmed by the heightened antiviral activity of cur-CDs in vitro. This may suggest high-throughput screening systems 
such as the Dimer-Based Screening System design as a practical solution to study molecular mechanisms of pathogenic agents in a safer 
environment and lower biosafety risks. 

5. Limitations and future research 

An interesting feature to explore would be the effect of pre-infection treatment of curcumin and cur-CDs against SARS-CoV-2 to 
gain a more comprehensive insight into the complete mode-of-action of the antiviral candidates. Curcumin was observed inhibiting the 
infection of SARS-CoV-2 D614G strain by a proposed mechanism of prevention of host cell recognition and entry by directly interacting 
with host or viral proteins. In addition to the early stages of SARS-CoV-2 infection, pre-infection treatment of curcumin can also shed 
light into the immuno-modulatory properties of curcumin. Curcumin is known to prevent the onset of the cytokine storm, which plays 
a central role in COVID-19 symptoms [5]. Pre-infection treatment of cur-CDs should help illuminate the advantage of carbon-dots 
structures in amplifying the antiviral activity of curcumin to inhibit SARS-CoV-2 infection. 

Cytotoxicity assays of curcumin and cur-CDs on other cell lines can provide valuable insights into the cytotoxic nature of cur and 
cur-CDs in different cells. Furthermore, treatment of curcumin and cur-CDs in vivo should give insights into the comprehensive 
mechanism of curcumin and its carbon-dots derivatives in combating SARS-CoV-2 infection. Moreover, cellular uptake and solubility 
assays become imperative in establishing the bioavailability of curcumin and cur-CDs. 

By employing a similar approach, future research on the antiviral activity of natural compounds can be accomplished by modifying 
natural compounds into their carbon-dots derivatives to improve their bioactivities. Additionally, by substituting the use of viable 
viruses with E. coli, the DBSS can serve as a preliminary screening system before conducting the experiment properly in a higher 
biosafety level laboratory. 

6. Conclusions 

To the best of our knowledge, our study is the first to propose the utilization of curcumin-derived carbon-dots (cur-CDs) to fight 
SARS-CoV-2 infection. Modification of curcumin into cur-CDs resulted in significantly higher affinity and %interaction with N-CTD. 
DBSS results also showed cur-CDs exhibiting higher antiviral activity compared to curcumin. We observed CC50 values of curcumin and 
cur-CDs at 30 μg/mL and 11.67 μg/mL on Vero E6 cells. Post-infection treatment of 6 μg/mL curcumin and 4 μg/mL cur-CDs resulted in 
0% CPE in SARS-CoV-2-infected Vero E6 cells. Thus, this study demonstrated the higher effectiveness of cur-CDs, in comparison to 
curcumin, in inhibiting the dimerization of SARS-CoV-2 N-CTD as well as disrupting the infection of the coronavirus to its host cells. 
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