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ABSTRACT 

This study explored a green-synthesized nickel–curcumin 

nanocomposite as a potential antifungal agent against 

multidrug-resistant fungi Candida albicans isolated from an 

oral candidiasis patient sample. As a phytochemical, Curcumin 

was chosen and extracted from Curcuma longa, optimized for 

solvent efficiency, and was employed to synthesize nickel 

nanoparticles under alkaline conditions. Following that, 

antifungal susceptibility testing, an EMSA-based DNA damage 

assay, viscosity measurements, SDS-PAGE profiling, and 

molecular docking were performed to evaluate the 

nanocomposite. The isolate exhibited diminished susceptibility 

to standard antifungals, thereby validating an MDR phenotype. 

The nickel–curcumin composite nanoparticles exhibited 

enhanced antifungal efficacy compared to curcumin alone, 

induced DNA fragmentation which was elevated and  

revalidated with ctDNA for viscosity indicative of nucleic acid interaction along with 

modified stress-related protein expression in treated fungal cells. Molecular docking studies 

confirmed favourable interactions of nanocomposite with C. albicans DNA, Als3, and Hsp90, 

that indicates a multi-target mechanism in action. In general, the results showed that the 

nickel–curcumin nanocomposite can perform antifungal properties by causing genomic 

disruption, protein stress, which can interfere with virulence-related targets. This makes it a 

unique choice for more preclinical research on drug-resistant candidiasis. 
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1. INTRODUCTION 

Candida albicans is an opportunistic fungal pathogen which causes diseases like candidiasis 

or systemic infection. It is a multidrug-resistant (MDR) phenotype which complicates 

treatment, whereas non-albicans such as Candida species, including C. glabrata, C. 

parapsilosis, and C. tropicalis which causes 35–65% of invasive candidiasis.
[1]

 

 

Pathogenicity of C. albicans is strengthened by efflux pump overexpression and virulence 

factors which includes adhesins (Als proteins), hydrolytic enzymes (secreted aspartyl 

proteases), and biofilm formation.
[2,3]

 

 

Resistance is further driven by ERG11 mutations, which encode lanosterol 14α-demethylase 

and reduce azole affinity, and by substitutions such as D116E and E266D associated with azole 

resistance.
[4]

 Biofilms intensify resistance by upregulating efflux pumps, activating stress 

responses such as Hsp90, and creating a barrier that limits drug penetration.
[5]

 Echinocandins 

such as caspofungin remain one of the first-line agents for invasive candidiasis.
[6]

 Lipid 

amphotericin B is used for azole- and echinocandin-resistant C. auris infections, whereas 

azole–echinocandin combinations are explored for synergetic results.
[7]

 In parallel, plant-

derived compounds like curcumin is an attractive anti-fungal agent because they disrupt hyphal 

transition and biofilm matrix, damage membranes via ergosterol binding, and reduce virulence 

by inhibiting hydrolytic enzymes (SAPs) and adhesins (ALS3).
[8,9]

 Curcumin also disrupts 

mitochondrial ATP synthesis, induces ROS-mediated apoptosis and inhibits Ras1-cAMP-PKA 

signalling to block yeast-to-hypha transition.
[10]

 It also suppresses efflux pumps such as 

CDR1, helping reverse azole resistance.
[10]

 

 

These approaches may complement plant antifungals, whose usefulness is limited by poor 

bioavailability, rapid degradation, and low solubility. Liposomal nano-curcumin shows an MIC 

of 32 µg/mL, eight-fold lower than free curcumin.
[11]

 Combined regimens and nano-delivery 

systems are promising. Restoring microbiome balance by pairing plant compounds such as 

eugenol with probiotics such as Lactobacillus may enhance efficacy and reduce 

recurrence
[12]

, while liposomal nano formulations can improve delivery and increase 

bioavailability 20-fold.
[13]

 Nanotechnology is transforming antifungal development. Metal 

nanoparticles like silver (AgNPs), gold (AuNPs), and iron (FeNPs), operate through ion 
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release, oxidative stress, and disruption of membranes and biofilms.
[14]

 Antifungals such as 

amphotericin B and caspofungin along with natural compounds, can be nanoparticle-loaded 

to improve stability and targeted delivery.
[15]

 In resistant isolates, AgNPs plus fluconazole 

can reduce overall high MIC values, and AgNPs may also reverse resistance by lowering 

efflux pump activity.
[16]

 Therefore, with a CC₅₀ of 7.03 ppm in HepG2 cells, cytotoxicity 

remains a concern.
[17]

 Nickel-based nanoparticles, along with nickel sulfate nanoparticles 

(NiSO₄-NPs), are emerging as potent antifungal agents. Their mechanisms involve ROS 

generation, mitochondrial dysfunction, membrane injury, hyphal inhibition, and apoptosis in 

C. albicans.
[18]

 Nickel chitosan nanoconjugates have also damaged Fusarium solani conidial 

membranes through electrostatic interactions, causing structural destabilization and 

cytoplasmic leakage.
[19]

 

 

Compared with Ag, Au, ZnO, and Fe nanoparticles, NiNPs may offer strong antifungal activity, 

lower cytotoxicity, scalable synthesis, magnetic delivery, and reduced resistance potential.
[20]

 

However, dose-dependent toxicity persists. Although green-synthesized nickel nanoparticles 

may improve biocompatibility. Gymnema sylvestre derived Ni/NiO nanoparticles with an 

average crystallite size of 21 nm showed antifungal activity against C. albicans via oxidative 

stress, membrane disruption, and biofilm inhibition.
[21]

 Sulfide-based nanomaterials may 

similarly benefit from sulfur-mediated interactions with fungal cell walls.
[22]

 Whereas 

dysprosium-doped nickel sulfide nanoparticles (Dy-NiS) can generate ROS under near-

infrared light, suggesting potential.
[23]

 

 

Although NiS may improve biocompatibility, cytotoxicity and environmental persistence 

remain concerns.
[24]

 Accordingly, green synthesis and surface modification are essential to 

mitigate risk, and the present study optimizes NiS nanoparticle synthesis through synthetic and 

green routes, characterizes their properties, evaluates efficacy and mechanisms, and assesses 

biocompatibility to exploit their therapeutic potential. 

 

2. MATERIALS AND METHODOLOGY 

2.1 Isolation of Candida sp. from oral candidiasis patient sample: A swab sample from oral 

candidiasis patient (OC) was taken and vigorously mixed with sterile saline water using a 

vortex mixer. After a settling period of 10 min, the supernatant was serially diluted. An aliquot 

of 100 µL was spread onto Candida-specific chromogenic agar (Himedia, India) and was 

incubated at 25–30 °C for 24–48 h. Following, presumptive Candida colonies were sub-

cultured in Sabouraud dextrose broth (SDB) at 30 °C for 48 h for further analysis. 
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2.2 Multi drug resistance Profiling (MDR): Antifungal susceptibility was assessed by using 

disk diffusion method on Candida Differential Agar (HIMEDIA®; 1.78 g in 40 mL autoclaved 

distilled water). A 1000 µL suspension of distinct Candida species (including C. albicans) was 

spread onto the agar. Disks containing fluconazole, itraconazole, clotrimazole, nystatin, and 

amphotericin B were placed using sterile forceps. After incubation at 25–28 °C for 48 h, zone 

diameters were interpreted according to CLSI M60 guidelines. 

 

2.3 Phytochemical selection: Underground stems of turmeric (Curcuma longa) was extracted 

by macerating 1 g of sample in 10 mL methanol (1:10 w/v). Extracts were spotted onto TLC 

plates using capillary tubes. Mobile phases were n hexane/ethanol/chloroform (49:10:41 v/v) 

for curcumin. Retention factor (Rf) values were calculated as the ratio of component distance 

to solvent front distance. 

 

2.4 Solvent optimization by UV absorbance: A comparative study was conducted using 

multiple organic solvents to determine the most effective solvent for curcumin extraction. The 

evaluation was based on UV absorbance profiling was recorded between 300–800 nm and the 

percentage yield of the extract. To assess stability in a soluble state, a variety of chemical 

reagents were tested. Acetone, methanol, ethanol, n-butanol, ethyl acetate, and n-hexane were 

among the reagents utilized. 

 

4.5 Extraction of curcumin: Turmeric (5 g) was extracted by two protocols.
[25]

 In first 

Protocol, peeled turmeric was milled, suspended in 50 mL 10% (w/v) methanol, incubated 

overnight at 4 °C, heated at 40 °C to half volume, filtered, and diluted 1:10 (10 mL extract + 

90 mL water). In second protocol, peeled pieces of turmeric (<1 cm³) were boiled in water for 

2 h at 45–60 °C and stored at 4 °C. Fine paste was also extracted in 50 mL water, kept overnight 

at 4 °C, filtered, and concentrated at 40 °C or by rotary evaporation. 

 

4.6 Determination of Percentage Yield: Fresh turmeric (5 g) was peeled, crushed, and mixed 

with 50 mL of methanol, ethanol, or n butanol (1:10 w/v). Each 3 mixtures were then incubated 

at 4 °C for 2 hours, followed by stirring on a magnetic stirrer at 45–60 °C until complete 

evaporation had been achieved. The dried extract was weighed, and the yield percentage was 

calculated.
[26]
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4.7 Heavy metal based (NI-based) green nanoparticle synthesis: A 0.2 M aqueous solution 

of NiSO₄·6H₂O (26.3 g in 500 mL distilled water) was stirred at 45–50 °C. After 10 min, 

100 mL of curcumin extract was added dropwise (1 mL/min) to achieve a 1:10 dilution; 

alternatively, methanolic curcumin extract (100 mL) was added after 30 min. Under continuous 

stirring condition, 5 M NaOH was added to adjust pH to 8–9 or 9–10. The mixture was stirred 

at 45–50 °C for 2 h, then left overnight at room temperature. The precipitated NiNPs were 

filtered and dried in a vacuum oven at 80 °C. A second batch was synthesized similarly using 

boiled curcumin extract for comparison. 

 

 

Fig. 1: Curcumin based green synthesis of Nickel nanoparticle. 

 

4.8 UV–Vis spectroscopic characterization of nickel–curcumin nanoparticles: The 

synthesized nickel–curcumin nanoparticles were characterized by UV–Vis absorption 

spectroscopy using a double-beam spectrophotometer (wavelength range 300–800 nm). 

Absorbance spectra were recorded for NiSO₄ solution, methanolic curcumin extract, boiled 

curcumin extract, and the final nanoparticle colloid. Spectral shifts relative to the precursor 

solutions were used to confirm nanoparticle formation and assess curcumin conjugation. 

 

4.9 Antifungal susceptibility testing of nickel–curcumin nanoparticles: The antifungal 

activity of the nickel–curcumin nanocomposite, crude curcumin extract, and NiSO₄ solution 

was evaluated against the MDR Candida albicans isolate using a well-diffusion assay on 

Sabouraud Dextrose Agar (SDA). A standardized inoculum (1×10⁶ cells/mL) was spread onto 

SDA plates. Wells of 6 mm diameter were punched aseptically, and 50 μL of each test sample 

at the specified concentration was loaded per well. Plates were incubated at 30 °C for 48 h, and 

zones of inhibition were measured in millimetres. Untreated solvent and distilled water served 

as negative controls; fluconazole served as the standard reference. 
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4.10 Molecular fingerprinting studies 

4.10.1 Genomic DNA Isolation from Candida albicans: Genomic DNA was isolated 

from 1.5 mL C. albicans by using SDS lysis buffer (10 mL: 0.06 g NaCl, 0.2 mL 0.5 M Tris-

Cl pH 8.0, 0.02 mL 0.5 M EDTA pH 8.0, 1 mL 1% SDS). Pellet after 10,000 rpm for 2 min 

centrifugation was resuspended with glass beads, pulse-vortexed sixfold with ice incubation, 

and treated with 30 µL Proteinase-K at 55 °C for 20 min. After 100 µL potassium acetate, 10 

min on ice, and centrifugation, supernatant underwent PCI/CI extraction. DNA was 

precipitated with isopropanol (−20 °C, 30 min), resuspended in 20 µL TE plus 5 µL RNase-A 

at 42 °C for 30 min, resolved on 1% agarose gel, and UV-visualized. 

 

4.10.2 DNA damage assay with EMSA: DNA damage was assessed using an 

electrophoretic mobility shift assay (EMSA) to evaluate the interaction of test agents with 

Candida albicans genomic DNA. Test factors included control, crude curcumin, nickel 

nanoparticles (NiNPs), boiled curcumin, 0.2 M nickel sulphate (NiSO₄). Each factor (10 µL) 

was mixed with 20 µL of genomic DNA (1:2 ratio) and 6 µL of loading dye. Then each 

mixture was run through gel electrophoresis on a 1% agarose gel and visualized under a UV 

transilluminator to assess DNA integrity and fragment patterns. 

 

4.10.3 Viscometrical analysis of DNA binding: An Ostwald viscometer was calibrated with 

distilled water at 25 °C. ctDNA was dissolved in 10 mM Tris-HCl (pH 7.4). The baseline flow 

time (𝑡0) of the DNA solution was recorded in triplicate. Then, 1.5 µL of NiNP–curcumin (1:1 

molar ratio, 0.1% w/v) was added to 15 mL of ctDNA, incubated at 4 °C for 2 h in the dark, 

and the flow time (𝑡) of the mixture was measured in triplicate. Controls: ctDNA alone, NiNPs 

alone, curcumin alone. Relative viscosity was calculated using the capillary relation
[27][28]

: 

 

(𝜌 ≈ 𝜌0 for aqueous buffer). Data were plotted as (𝜂𝑟𝑒𝑙)
1/3

 versus [NiNP-curcumin]/[DNA]
[29]

, 

normalized to baseline, and expressed as mean ± SD (n = 3). 

 

4.10.4 Protein Extraction and SDS-PAGE: Protein samples were prepared by adding 15 

µL of each test factor to 1.5 mL cell culture, vortexing, and incubating overnight at 4 °C. 

After centrifugation at 8,000 rpm for 6 min, 200 µL trichloroacetic acid (TCA) was added to 

the supernatant and incubated overnight at 4 °C. The precipitate was collected, washed with 

chilled acetone, stored at –20 °C for 15 min, and centrifuged at 15,000 rpm for 15 min to 

obtain the protein pellet. SDS-PAGE used a 12% resolving and stacking gel, with Coomassie 
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Brilliant Blue staining and methanol-acetic acid destaining. 

 

4.11 In-Silico Analysis with Ni nanoparticle: Docking of the synthesized nickel–curcumin 

nanoparticle with B form DNA (PDB ID: 1BNA), adhesin Als3, and Hsp90 was performed. 

Macromolecular structures were retrieved from RCSB PDB, purified, and energy minimized 

using Discovery Studio. The ligand structure was obtained from PubChem, modified with 

ChemSketch to represent the formulation, and optimized. Docking simulations were done 

using AutoDock 4.2.6 with the Lamarckian Genetic Algorithm (25 runs). Binding 

conformations and interactions were visualized and were analysed in Discovery Studio. 

 

5. RESULT AND DISCUSSIONS 

5.1 Isolation of Candida sp. From Oral Candidiasis patient sample: Oral candidiasis sample 

was collected and cultured on Candida-specific Chromagar at 25–30 °C for 24–48 hours. It 

produced small, spherical, creamy-white yeast colonies. Subsequently when it was sub-

cultured in Sabouraud dextrose broth for 48 h at 30 °C this growth and morphology preserved 

yielding small white to off-white cells typical of Candida species. The chromogenic reaction 

and colony morphology indicated Candida, later identified as Candida albicans, validating 

successful targeted isolation and its pathogenic potential. 

 

 

Fig. 2: Isolation of candidate species from the Oral Candidiasis patient sample via 

candida specific Chromagar. 

  

5.2 Multi drug resistance Profiling (MDR): Disk diffusion procedure (CLSI M60) of the oral 

candidiasis patient-derived Candida albicans isolate on Candida-specific agar showed 

inhibition zones for all antifungals. Therefore, those all were small to moderate such as 

amphotericin B 9.9 mm, nystatin 18.4 mm, clotrimazole 19.1 mm, itraconazole 10.6 mm, and 

fluconazole 12.3 mm. These values were at or below susceptible breakpoints (fluconazole S ≥ 
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19 mm)
[30]

, indicating reduced susceptibility. The uniformly low zones suggest an MDR 

phenotype, consistent with C. albicans resistance mechanisms.
[31]

 

 

Table 1: Antifungal susceptibility of Candida albicans isolate by disk diffusion (CLSI 

M60). 

Drug name As indicated on disk AVERAGE DIAMETER (mm) 

Fluconazole FLC 12.3 

Itraconazole IT 10.6 

Clotrimazole CC 19.1 

Nystatin NS 18.4 

Amphotericin B AP 9.9 

 

 

Fig. 3: MDR profiling with Disk diffusion (CLSI M60) generated halo zones observed 

after incubation. 

 

5.3 Phytochemical selection: Under UV illumination, TLC of the turmeric extract showed 

bright fluorescent bands, with a distinct band at Rf = 0.87, which was labelled as Band 1. This 

band was corresponding to curcumin, which indicated high curcumin content and confirmed 

its retention during extraction process. Band 2 (Rf = 0.3225) and Band 3 (Rf = 0.42) were 

identified as bisdemethoxycurcumin and demethoxycurcumin, respectively. The clear 

separation and intensity indicated prioritizing curcumin for further study, while the other 

bioactive compounds, with high electron density, likely contributed auxiliary functions and UV 

fluorescence.
[32]

 

 

 

Fig. 4: TLC test of turmeric extract with the mobile phase of n-hexane, ethanol, 

chloroform (49:10:41 v/v). 
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5.4 Solvent optimization by UV absorbance & TLC– When turmeric extracts (1 g in 10 mL 

solvent) were analysed by TLC under UV light, curcumin showed distinct fluorescent bands in 

all solvents. The curcumin band Rf ranged from 0.44 in ethyl acetate to 1.00 for the boiled 

curcumin standard, with methanol and n-hexane both yielding Rf ≈ 0.90. Therefore, methanolic 

extract produced the most intense, well-defined fluorescent band, indicating efficient curcumin 

extraction and clear separation from matrix components. Ethanol gave a dimmer band (Rf = 

0.47), whereas acetone and n-butanol (Rf ≈ 0.54–0.55) showed moderate intensity. Ethyl 

acetate gave the faintest, most diffused spot.
[33]

 Thin layer chromatograms were developed in 

seven solvent systems, and visibility at 254 nm was summarized; are below: 

 

Table 2: Thin-layer chromatographic analysis of curcumin in different solvent systems. 

Solvent System Polarity Profile Rf Value UV Visibility 

n-Hexane Very non-polar 0.90 Strong, sharp 

Methanolic Curcumin Non-polar to moderate 0.90 Strong, sharp 

n-Butanol Moderately polar 0.55 Moderate, diffuse 

Acetone Moderately polar 0.54 Moderate, diffuse 

Ethanol Polar 0.47 Moderate, diffuse 

Ethyl acetate Polar aprotic 0.44 Weak, broad 

Curcumin Boil Aqueous standard 1.00 Very strong 

Qualitative polarity ranking of solvent in ascending order: Methanol ≈ n-hexane < butanol < 

acetone < ethanol < ethyl acetate. 

 

 

Fig. 5: TLC test to optimize solvent among Methanol, n-hexane, n-butanol, acetone, 
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ethanol, ethyl acetate; basis of qualitative polarity ranking 

 

On UV transluminator, Methanol and ethanol extracts showed the brightest yellow-green 

fluorescence, which indicated the highest curcumin yields. Then followed by acetone and ethyl 

acetate; n-butanol was intermediate, and hexane showed only weak bluish fluorescence. This 

pattern reflects solvent polarity where curcumin dissolves readily in polar solvents such as 

methanol and ethanol but sparingly in nonpolar hexane
[34]

, with ethanol frequently reported 

as the preferred extractant.
[35]

 

 

 

Fig. 6: Absorption of curcumin in different solvents. 

 

 

Fig. 7: UV-Vis transluminator characterization of curcumin along with various solvents. 

 

Methanol outperformed all tested solvents. UV–Vis spectroscopy confirmed these findings, 

showing a sharp ~425 nm absorbance peak in all extracts, with the strongest curcumin signals 

in polar solvents and very low absorbance in hexane.
[36]

 

 

5.5 Determination of Percentage Yield: Curcumin’s solubility in polar organic solvents 

reflects its hydrophobic polyphenol nature. Under identical conditions (5 g curcumin, 50 mL 

solvent, 4 °C, 2 h; evaporation at 45–60 °C), methanol, n-Butanol, and ethanol dissolved 

curcumin effectively and gave yield of 83, 47, and 46 mg respectively. 
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Table 3: Percentage yield of curcumin extracted using different solvents. 

1 Methanolic solvent 83 mg 

2 n-Butanoic solvent 47 mg 

3 Ethanolic solvent 46 mg 

 

Solvent polarity markedly governed extraction efficiency. Methanol gave the highest apparent 

curcumin concentration, deepest colour, sharpest TLC spot, and above-average UV 

absorbance, so it was selected for subsequent investigation. 

 

5.6 Heavy metal based (Ni-based) green nanoparticle synthesis: NiNP formation was 

confirmed by a visible colour change from pale green to dark brown/black upon addition of 

curcumin at pH 8–9, indicating Ni²⁺ reduction and nucleation.
[38]

 UV–Vis spectra showed 

peaks at ~390 nm for NiSO₄ (Ni²⁺), ~430 nm for the turmeric extract (curcumin conjugation), 

and ~460 nm for the NiNP colloid, with a long-wavelength tail consistent with nanoscale Ni 

species exhibiting an SPR-like feature and clearly distinct from NiO NPs (~334 nm). The red 

shift to ~460 nm suggests that curcumin’s phenolic/enolic groups served as both reducing and 

capping agents, converting Ni²⁺ to Ni⁰ while stabilizing the particles, consistent with the dual 

role of plant biomolecules in green synthesis.
[39]

 Alkaline pH (8–9) likely favoured Ni(OH)₂ 

intermediates and metallic Ni formation.
[40]

 Green-synthesized Ni materials are antimicrobial; 

Ni–chitosan nanocomposites and Ag–Ni NPs inhibit fluconazole-resistant C. albicans via 

membrane disruption and ROS generation.
[41]

 Thus, curcumin-capped NiNPs (<50 nm), with 

surface-bound curcuminoids, are expected to act against Candida through cell interaction, 

membrane disruption, and oxidative stress.
[42]

 

 

 

Fig. 8: Curcumin based green synthesis of Nickel nanoparticle. 
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Fig. 9: Characteristic UV absorbance of NiSO4 turmeric extract and Nickel sulphide 

nanoparticle. 

 

5.7 Molecular fingerprinting studies 

5.7.1 Genomic DNA Isolation from Candida albicans: Genomic DNA was successfully 

extracted from all C. albicans isolates (10 samples) using an optimized yeast DNA protocol. 

Assuming a starting pellet of ~5×10^6 cells per isolate, yields ranged from 20–40 µg DNA 

(400–800 ng/µL in 50 µL elution volume), consistent with manufacturer’s guidelines. Purity 

ratios were high (A260/280 ≈1.75–1.90; mean ~1.82), indicating minimal protein 

contamination, and A260/230 values were ~2.0. Agarose gel electrophoresis (0.8% gel) 

showed a single dominant high-molecular-weight band (>20 kb) for each isolate with 

negligible smearing, reflecting intact genomic DNA (Fig. 10). Overall, DNA quality was 

sufficient for all downstream assays. 

 

 

Fig. 10: gDNA Isolation of isolates (1 to 10) of C.albicans. 
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5.7.2 DNA damage assay with EMSA: EMSA of Candida albicans genomic DNA indicated 

treatment-dependent integrity. In the EMSA analysis (Fig. 13), untreated genomic DNA (Lane 

1) migrated as a single intact band, indicating preserved integrity. In contrast, 0.2 M NiSO₄ 

(Lane 5) produced a clear smear of low-molecular-weight fragments, showing extensive DNA 

cleavage.
[43]

 Nickel nanoparticles (Lane 3) also caused fragmentation, though less strongly 

than NiSO₄, suggesting nanoparticle-associated genotoxic stress.
[44]

 By comparison, crude 

curcumin (Lane 2) and boiled curcumin (Lane 4) maintained a banding pattern close to the 

control, indicating protection of genomic DNA.
[45]

 The stronger protection by heat-treated 

curcumin is consistent with enhanced radical-scavenging and metal-chelating activity. Overall, 

the gel supports a dual mechanism: nickel species promote ROS-mediated DNA damage, 

whereas curcumin stabilizes DNA and attenuates cleavage.
[43,45]

 

 

 

Fig. 11: Migration of Candida albicans genomic DNA in gel electrophoresis along with 

various factors as each lane was filled with, Control of DNA- L 1, CM+ DNA- L 2, 

NINP+ DNA - L 3, CB + DNA- L 4, 0.2M NiSO₄+ DNA- L 5. 

 

5.7.3 Viscometrical analysis of DNA binding: Oswald viscometry at 25 °C was used to 

evaluate interactions of methanolic curcumin and phytochemical functionalized NiNPs with 

ctDNA. Baseline flow time (t₀) of ctDNA (10% w/v in Tris HCl, pH 7.4) was 52 s. After 2 h 

incubation at 4 °C with curcumin (0.1% w/v) or NiNPs (0.1% w/v, 1:10 v/v), flow times (t) 

were measured in triplicate, and relative viscosity (η_rel ≈ t/t₀) and (η/η₀)¹/³ were calculated. 
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Table 4: Relative viscosity of ctDNA upon interaction with curcumin and nickel 

nanoparticles. 

Sample t (s) η_rel = t/t₀ (η/η₀)¹/³ 
ctDNA (baseline) 52 1.000 1.000 

ctDNA + curcumin 58 1.115 1.037 

ctDNA + NiNP 62 1.192 1.060 

 

Both curcumin and NiNPs showed increased DNA relative viscosity (η_rel = 1.115 and 1.192), 

with (η/η₀)^1/3 rising from 1.000 to 1.037 and 1.060. It indicated that increased in 

hydrodynamic length. In classical viscometry, intercalation lengthens DNA and raises 

viscosity, whereas groove binding or strand cleavage causes minimal change or reduction.
[46]

 

Thus, the data support DNA association, stronger for NiNPs. This agrees with partial 

intercalation plus groove binding reported for transition metal complexes.
[47]

 Nickel can 

interact with DNA and induce oxidative damage under redox-active conditions; Ni(II) 

complexes generate ROS, causing base modifications and strand breaks.
[48]

 Similar effects 

occur with nickel-based nanomaterials via oxidative stress and replication interference.
[44]

 

Hence, the viscometrical response suggests initial DNA binding, followed by ROS-mediated 

scission, contributing to NiNP antifungal activity through genomic disruption.
[49]

 

 

5.7.4 Protein Stress profiling with SDS PAGE: SDS-PAGE of Candida albicans protein 

extracts showed intensified bands in treated samples (L4–L8) at ~33.1 kDa and ~20 kDa 

compared with untreated controls (L1–L3), indicating a conserved stress-associated proteomic 

response; the ~33 kDa band may represent an Als3-related fragment
[50]

, and the ~20 kDa 

band Hsp21.
[51]

 

 

 

Fig. 12: Expressed protein bands observed by SDS PAGE Analysis. 

 

Their concurrent upregulation across diverse treatments suggests generalized stress adaptation 
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rather than treatment-specific response. Nickel induces oxidative stress and disrupts protein 

homeostasis; curcumin modulates stress response pathways
[52]

; microbial metabolites (e.g., 

short-chain fatty acids) influence fungal morphology and protein expression; and chitosan 

perturbs cell-wall integrity.
[53]

 Indicating stress-responsive proteomic signature in C. albicans, 

with putative Als3-related and small heat-shock protein upregulation; confirmation requires 

immunodetection or mass spectrometry.
[52,54]

 

 

5.8 In-Silico Analysis: Molecular docking for protein and DNA damage by nanoparticles: 

Molecular docking was performed to investigate the mechanism of NiNPs against Candida 

albicans. The nanoparticle was docked with three targets: DNA (PDB ID: 1BNA, a B DNA 

dodecamer), the adhesion protein ALS3, and the heat shock protein Hsp90. For each target, 2D 

and 3D interaction diagrams and surface binding interactions were generated after 25 docking 

cycles. 

 

 

Fig. 13: 3d diagram of intercalated nanoparticle. 

 

 

Fig. 14: 2d diagram of interaction of nanoparticle with DNA. 
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Fig. 15: Surface binding diagram of nanoparticle with the DNA. 

 

Molecular docking showed spontaneous NiNP binding to Candida albicans DNA and ALS3 

(–9.23 kcal/mol each) and to Hsp90 (–7.63 kcal/mol). DNA interactions involved van der 

Waals forces, conventional and carbon–hydrogen bonds, indicating partial intercalation/groove 

binding and potential genomic DNA damage. ALS3 binding involved van der Waals forces, 

attractive charges, π-donor hydrogen bonds, conventional hydrogen bonds, and sigma bonds, 

with occupation of a region critical for adhesion. Hsp90 binding occurred through conventional 

hydrogen bonds, van der Waals forces, and other non-covalent contacts, blocking the active 

site and impairing chaperone activity. These results support multi-target antifungal activity of 

NiNPs against C. albicans.
[55]

 

 

 

Fig. 16: 3d diagram of interaction with the nanoparticle Als3 adhesion protein. 

 

 

Fig. 17: Diagram of interaction of nanoparticle with the structural protein Als3. 
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Fig. 18: Surface binding diagram of nanoparticle with the structural protein Als3. 

 

DNA binding may reflect groove interaction or partial intercalation, consistent with oxidative 

DNA injury and replication stress
[56]

; ALS3 binding may impair adhesion and biofilm 

formation, while Hsp90 binding may disrupt stress adaptation and antifungal tolerance.
[55,56]

 

The ~20 kDa SDS-PAGE band does not match Hsp90 (~90 kDa) but aligns with Hsp21.
[51]

 

Overall, docking, growth inhibition, SDS-PAGE support multi-mechanistic antifungal action 

involving DNA damage, protein dysfunction, and stress response disruption.
[57]

 

 

 

Fig. 19: 3d diagram of interaction of stress protein Hsp 90 protein with the nanoparticle. 

 

 

Fig. 20: 2d diagram of interaction of nanoparticle with the stress protein Hsp 90. 
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Fig. 21: Surface binding diagram of nanoparticle with the stress protein Hsp 90. 

 

6. CONCLUSION 

The present study demonstrates conclusively that a green-synthesized nickel–curcumin 

nanocomposite can constitute a robust, multi-target antifungal strategy against multidrug-

resistant (MDR) Candida albicans.
[1,2]

 It can perform its antifungal strategy against C. 

albicans by integrating physicochemical optimization with mechanistic validation across 

molecular, biochemical, and in silico levels.
[1,2]

 The clinical isolate, confirmed through 

chromogenic morphology and molecular profiling which exhibited reduced susceptibility to 

frontline antifungals (e.g., fluconazole zone ≈12.3 mm; amphotericin B ≈9.9 mm).
[1,2]

 This 

validated a resistant phenotype and underscored the urgent need for alternative 

therapeutics.
[1,2]

 Methanol-based extraction yielded the highest curcumin recovery (~83 mg 

from 5 g turmeric) with strong UV–Vis absorbance at ~425 nm and clear TLC resolution (Rf 

≈0.87), which confirmed the efficient phytochemical enrichment critical for nanoparticle 

synthesis.
[32,36]

 Subsequent alkaline reduction of Ni²⁺ produced stable, curcumin-capped 

NiNPs (<50 nm), which was evidenced by a characteristic red-shifted absorbance (~460 nm). 

This indicates successful nanoparticle formation and phytochemical functionalization.
[21,40]

 

Functionally, the nanocomposite displayed enhanced antifungal efficacy compared to 

individual components, which was consistent with literature showing that metal–polyphenol 

nanostructures improve bioavailability, membrane interaction, and intracellular 

delivery.
[16,22,40]

 Mechanistic assays revealed a coordinated, multi-modal mode of actions 

including EMSA analysis which showed pronounced DNA fragmentation in NiSO₄-treated 

samples, indicative of ROS-mediated genotoxicity, while curcumin—particularly in its heat-

treated form—exerted a protective, chelating effect that preserved DNA integrity.
[43,45]

 This 

highlighted its dual antioxidant–modulatory role; and also aligns with established reports of 
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nickel-induced oxidative DNA damage and curcumin-mediated mitigation.
[45,46]

 The 

viscometric data demonstrated the increased relative viscosity (η_rel up to 1.192), which 

supported strong NiNP–DNA interaction via partial intercalation and groove binding.
[46,47]

 It 

was a hallmark of metal-induced nucleic acid perturbation leading to replication stress.
[47,48]

. 

Proteomic profiling via SDS-PAGE revealed consistent upregulation of stress-associated 

proteins (~33 kDa Als3 fragment and ~20 kDa Hsp21), which indicated activation of adhesion 

and stress tolerance pathways in response to nanoparticle exposure.
[50,51]

 These findings 

correlated with known roles of Als3 in host invasion and Hsp21 in oxidative stress 

adaptation.
[51,57]

 Importantly, molecular docking substantiated these observations, showing 

strong binding affinities of NiNPs to DNA and Als3 (−9.23 kcal/mol) and to Hsp90 (−7.63 

kcal/mol), which suggested simultaneous disruption of genomic stability, adhesion, and 

chaperone-mediated stress responses, consistent with multi-target antifungal paradigms 

reported for nanomaterials.
[52,57]

 Collectively, these results establish that the Ni–curcumin 

nanocomposite overcomes key resistance mechanisms in C. albicans, including efflux pump 

activity, biofilm resilience, and stress adaptation.
[40,52]

 This is enabled by delivering 

concurrent oxidative, genotoxic, and proteotoxic stress while maintaining a degree of 

biocompatibility through curcumin capping.
[40,52]

 This dual functionality therapeutic potency 

coupled with toxicity modulation- positions the nanocomposite as a promising candidate for 

next-generation antifungal development.
[40,43,45]

 However, given known concerns regarding 

nickel-associated cytotoxicity and environmental persistence, systematic in vivo toxicity, 

pharmacokinetic profiling, and targeted delivery optimization remain essential next steps 

before clinical translation. 
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