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Abstract 29 

The green synthesis of metal nanoparticles using plant-based molecules is gaining attention for 30 

its potential in biomedical applications. The aim of present study the eco-friendly synthesis of 31 

gold nanoparticles (AuNPs) using ellagic acid, a natural antioxidant, which acted as both 32 

reducing and capping agent. The successful synthesized ellagic acid-coated AuNPs (EA-33 

AuNPs) was indicated by a colour change to dark brown and confirmed through UV-visible 34 

spectroscopy with a peak at 587.5 nm. Transmission electron microscopy (TEM) revealed long 35 

rod-shaped nanoparticles ranging from 50 to 70 nm in size, and energy-dispersive X-ray 36 

spectroscopy (EDX) confirmed the presence of Au, C, Cl, and N elements. Zeta potential 37 

analysis showed a stable surface charge of -17.7 mV. EA-AuNPs exhibited strong antibacterial 38 

activity, including a 37.26 ± 0.9 mm inhibition zone against Klebsiella pneumoniae at 100 39 

µg/mL and minimum inhibitory concentration (MIC) values below 1 µg/mL against 40 

Staphylococcus aureus. The nanoparticles also demonstrated potent antioxidant activity, 41 

achieving 91% and 89% radical scavenging in DPPH and ABTS assays, respectively. Anti-42 

inflammatory testing showed 78% membrane stabilization at 200 µg/mL. Moreover, 43 

cytotoxicity studies revealed that EA-AuNPs had an IC₅₀ of 59.58 µg/mL against oral 44 

epidermoid carcinoma (KB) cells. In-silico analysis also demonstrated a promising binding 45 

affinity of -7.3 kcal/mol with Candida albicans, suggesting notable antifungal properties. The 46 

present study highlights the multi-functional therapeutic potential of EA-AuNPs in oral health 47 

care, offering a biocompatible approach to combat microbial infections, oxidative stress, 48 

inflammation, and oral cancer. The integration of both in-vitro and in-silico results supports 49 

their future application in dental and oral medicine. 50 
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1.Introduction 59 

Nanotechnology is a transformative field that has significantly impacted drug discovery and 60 

development [1]. Through nanoscale fabrication of materials (1-100 nm), researchers may 61 

produce nanoparticles with specific properties that improve delivery of medicines, 62 

effectiveness, and safety[2]. Nanotechnology has revolutionized various fields, including 63 

medicine, electronics, and environmental science[3]. One of the most promising and 64 

sustainable approaches in nanotechnology is plant-based synthesis, which leverages the natural 65 

biochemical processes of plants to create nanoparticles [4]. This method has gained significant 66 

attention due to its eco-friendly nature, cost-effectiveness, and potential for large-scale 67 

production. As with any emerging technology, there are concerns about the potential toxicity 68 

and long-term environmental impact of nanoparticles [5]. Regulatory frameworks are being 69 

developed to ensure the safe use of nanotechnology in various applications [6]. 70 

Nanotechnology allows for the creation of multifunctional nanoparticles that can perform 71 

multiple tasks simultaneously, such as imaging, diagnosis, and therapy [7]. This integration of 72 

functionalities can improve the efficiency of treatment and provide real-time monitoring of 73 

therapeutic outcomes. Nanotechnology can help address the growing problem of drug 74 

resistance, particularly in cancer and infectious diseases [8]. Nanomaterials have garnered 75 

considerable attention in recent years due to their unique physicochemical properties, including 76 

high surface area-to-volume ratio, enhanced reactivity, and tuneable morphology. Among 77 

these, metallic nanoparticles, particularly AuNPs stand out for their excellent biocompatibility, 78 

stability, and ease of surface functionalization, making them highly valuable in biomedical, 79 

pharmaceutical, and diagnostic applications [8]. 80 

Antimicrobial resistance (AMR) is most critical public health challenges globally and in India 81 

in 2024 [9]. In India, widespread misuse and overuse of antibiotics, inadequate infection 82 

control practices, and limited access to new antimicrobial agents [10] [11]. This situation is 83 

particularly alarming in multi drug resistant patients, who are highly susceptible to infections 84 

due to their weakened immune systems, frequent hospitalizations, and aggressive treatment 85 

[12]. AMR convergence presents two threats: more difficult-to-treat infections that result in 86 

longer hospital stays, higher medical expenses, and more deaths [13], [14]. As India continues 87 

to grapple with growing AMR problem, there is an urgent need for coordinated efforts in 88 

research, policy-making, and healthcare practice to address this dual challenge, ensuring that 89 

effective treatment options remain available for bacterial infections [15]. Thus, to tackle this 90 

highly alarming issue, the World Health Organization (WHO) is urging on scientists worldwide 91 



to perform studies and develop new antimicrobial agents, especially drugs against bacteria [16]. 92 

It is a severe global crisis, with pathogens increasingly developing resistance to commonly 93 

used antibiotics, rendering many standard treatments ineffective. Novel combinations based on 94 

various types of nanoparticles (NPs) with varying sizes, shapes, and diverse antimicrobial 95 

properties have become possible due to recent developments in nanotechnology [17]. 96 

Cancer is one of the most common diseases, characterized by unregulated cell division that 97 

results in malignant tumours able to infecting nearby tissues and migrating through the body 98 

via the lymphatic system or blood circulation [18]. It is currently accountable for 8 million 99 

deaths and 14 million new cases each year, which makes it the second most common cause of 100 

mortality worldwide [19]. Oral cancer is the sixth fastest-growing kind of cancer worldwide, 101 

accounting for 275,000 new cases annually. It is a serious health concern [20]. Heavy drinking 102 

and tobacco use are responsible for almost 80% of cases of mouth cancer. Current 103 

chemotherapeutic treatments for a variety of malignancies are frequently found to have 104 

systemic organ toxicity, negative side effects, and decreased efficacy because of resistant 105 

tumour drugs [21]. To reduce the sickness and its related deaths, the attention of anticancer 106 

drugs was moved to novel sources with minimal side effects and better efficacy. One of the 107 

most notable and rapidly expanding fields of the present decade is nanotechnology. Because of 108 

its enhanced performance, nanotechnology is gaining more attention in the fields of 109 

biomaterials, nano-electronics, nano-medicines  and medicinal textiles [22],  [23]. 110 

Many medicinal plants are used in the industrial production of herbal products and bioactive 111 

substances for medicines and nutritional supplements [24]. Flavonoids, alkaloids, organic 112 

acids, volatile oils, polysaccharides, saponins, anthraquinones, and terpenoids belong to the 113 

natural molecules that during the past several years have demonstrated potential in combating 114 

against bacterial and viral diseases [25], [26]. Bioactive secondary metabolites found in plants 115 

have the potential to be anticancer drugs with a broad range of medicinal applications [27]. 116 

Ellagic acid (EA) is a naturally present phenolic antioxidant agent. It consists of four hydroxyl 117 

rings bonded together groups, while the hydrophilic portion is represented by two lactone rings. 118 

Fruits and nuts that are rich in ellagic acid (EA) contain pomegranates, walnuts, blueberries, 119 

raspberries, strawberries, and grapes. This molecule has a wide range of biological actions, 120 

such as antiviral, anti-mutagenic, anti-carcinogenic, and antioxidant properties [28]. EA is 121 

commonly used as a dietary supplement to treat disorders including cancer, cardiovascular 122 

diseases, and other health issues. It is easily available in a variety of forms, including liquids, 123 

powders, and capsules [29]. The environmentally friendly production of gold nanoparticles 124 



(AuNPs) has become a viable substitute for conventional chemical and physical processes, 125 

which frequently call for unsafe molecules and adverse conditions [30]. Green synthesis 126 

influences biological materials such as plant extracts, bacteria, fungi, and biomolecules to 127 

produce nanoparticles in an environmentally friendly manner [31]. They are considered the 128 

biological agents that have the strongest capability to produce a diversity of biological 129 

compounds, such as proteins, carbohydrates, phenols, alkaloids, saponins, and flavonoids, all 130 

of which can play a critical role in the reduction of Au ions into AuNPs [32]. Gold nanoparticles 131 

(AuNPs) are well-known for their therapeutic activity, such as antioxidant, antibacterial, 132 

antifungal, anticancer, and wound-healing properties [33], [34], [35]. Its excellent 133 

biocompatibility, low reactivity, ideal stability, and low toxicity in biological systems have 134 

earned them widespread recognition. AuNPs also have unique optical, electrical, scattering, 135 

and absorption characteristics, as well as a high surface-to-volume ratio [36]. It can be utilized 136 

in many sectors, such as electronics, sensing, environmental monitoring, treatments, and 137 

biology, due to their easily developed surface function and adjustable plasmon resonance 138 

properties. This method is not only eco-friendly but also offers the other advantage of 139 

producing biocompatible nanoparticles suitable for various biomedical applications [37]. 140 

Ellagic acid (EA), a natural polyphenol found in fruits and vegetables, is known for its strong 141 

antioxidant, antimicrobial, and anticancer properties [38]. The integration of EA in the 142 

synthesis of AuNPs not only enhances the therapeutic efficacy of the resulting nanomaterials 143 

but also ensures biocompatibility and environmental sustainability. The aim of current study 144 

describes the first report on the synthesis of AuNPs mediated by ellagic acid and their 145 

synthesized EA-AuNPs were spectral characterized using UV-Vis spectroscopy, Fourier-146 

transform infrared spectroscopy (FTIR), Field emission scanning electron microscopy (FE-147 

SEM), High-resolution transmission electron microscopy (HR-TEM), Energy-dispersive X-ray 148 

spectroscopy (EDX), Dynamic light scattering (DLS), and Zeta potential analysis, confirming 149 

their optimal physical and physicochemical properties. Further, bio-synthesized nanoparticles 150 

tested antimicrobial activity against oral and clinical pathogens. Additionally, in-silico 151 

screening was evaluated using selected pathogens. Furthermore, the EA-AuNPs tested 152 

anticancer potential against KB oral cancer cells. 153 

2.Materials and methods 154 

2.1. Materials used 155 



Gold chloride LR (HAuCl4.xH2O, 99.9%) is purchased from Sigma-Aldrich, Methanol, 156 

Dimethyl sulfoxide (DMSO) and Ethanol absolute (C2H5OH, EtOH) was procured from 157 

Central Drug House (P) LTD. 95%). Mueller-Hinton Agar, Sodium hydroxide procured from 158 

Hi-Media, Mumbai. The biological test was carried out using sterile water overall. All 159 

glassware and Petri plates were properly cleaned with distilled water and concentrated nitric 160 

acid (HNO3) before to drying in a hot air oven. 161 

2.2. Biosynthesis of EA-AuNPs 162 

The eco-friendly synthesis of ellagic acid-mediated gold nanoparticles (EA-AuNPs) was 163 

conducted followed with slight modification. Initially, 1.51 mg of ellagic acid were precisely 164 

weighed using an analytical balance and dissolved in 5 mL of methanol to prepare the base 165 

solution. Subsequently, 12.13 mg of auric (III) chloride, equivalent to a 1mM concentration, 166 

was accurately measured and introduced into the ellagic acid-methanol solution. This mixture 167 

was then subjected to magnetic stirred at an exact temperature of 28°C, with a stirring speed 168 

maintained at 900 rpm for 1 h. The progress of the reaction was monitored visually, with a 169 

noticeable colour change from colourless to dark brown, indicating the successful formation of 170 

ellagic acid-mediated gold nanoparticles. This shift in colour signifies the reduction of gold 171 

ions and the subsequent stabilization of the nanoparticles by ellagic acid, confirming the 172 

effective synthesis of EA-AuNPs. After the synthesis was finished, the reaction solution was 173 

centrifuged for 15 min at 12,000 rpm and the dark particles collected were cleaned with 70% 174 

ethanol to remove impurities from the final outcome. A dark particle was formed after six hours 175 

of drying at 60 ºC in a closed oven. 176 

2.3. Spectral analysis of EA-AuNPs 177 

2.3.1. UV Vis spectroscopy 178 

Ellagic acid-mediated AuNPs were characterized using UV-Vis spectroscopy to monitor 179 

nanoparticle formation and stability [39]. The sample was scanned within the 200–800 nm 180 

range, where the characteristic surface plasmon resonance (SPR) peak of gold nanoparticles 181 

typically appears between 500–550 nm, indicating successful synthesis. The intensity and 182 

position of the SPR peak were linked to particle size and dispersion [40]. To track gold ion bio-183 

depletion, 2–3 mL samples were periodically collected and scanned using UV-vis spectroscopy 184 

(Jasco Instruments). If the solution darkened, the samples were diluted with 2 mL of double-185 

distilled water before scanning. The UV-Vis measurements were conducted using a Jasco 186 

Instruments double-beam spectrophotometer with a 1 nm resolution. 187 



2.3.2. FTIR analysis 188 

A small quantity of synthesized EA-AuNPs is mixed with a suitable matrix, such as potassium 189 

bromide (KBr), to form a pellet (1:9 ratio, W/W). This mixture is then placed in the sample 190 

holder of the (PerkinElmer Spectrum IR) FTIR spectrometer [41]. The instrument is calibrated, 191 

and the sample is scanned over a precise wavelength range from 4000 to 400 cm−1. The 192 

resulting spectrum shows absorption peaks corresponding to various functional groups present 193 

in the EA-AuNPs and any stabilizing agents used in their synthesis. By analysing these peaks, 194 

one can identify the chemical bonds and functional groups involved in the formation and 195 

stabilization of the EA-AuNPs [42]. 196 

2.3.3. SEM and EDX analysis 197 

First, a small aliquot of the synthesized EA-AuNPs is placed on a clean and conductive 198 

substrate, such as a silicon wafer or a copper grid, and allowed to dry completely to avoid 199 

aggregation. The sample is then coated with a thin layer of conductive material, like gold or 200 

carbon, if it is non-conductive, to enhance imaging quality. Once prepared, the sample is loaded 201 

into the SEM chamber, where it is subjected to a high-energy electron beam, generating high-202 

resolution images that reveal the morphology, size, and distribution of the EA-AuNPs [43].  203 

For EDX analysis, the same SEM setup is used (ZEISS Sigma); the electron beam excites the 204 

sample, causing it to emit characteristic X-rays, which are collected to provide qualitative and 205 

quantitative elemental analysis of the EA-AuNPs. This combined approach allows for detailed 206 

insights into the size, shape, and elemental configuration of the nanoparticles. 207 

2.3.4. TEM analysis 208 

TEM analysis of AuNPs is a technique for assessing their size, shape, and physical properties 209 

at the nanoscale. The synthesized AuNPs are first dispersed in a suitable solvent and then 210 

dropped onto a copper grid coated with a thin film of carbon, allowing the sample to dry. Once 211 

prepared, the grid is placed in the TEM instrument, such as the JEOL JEM-2100. The TEM 212 

operates by transmitting a high-energy electron beam through the sample (100 eV), which 213 

scatters and forms an image based on the contrast between the AuNPs and the background. 214 

This process provides high-resolution images that reveal the morphology, crystalline structure, 215 

and particle size distribution of the EA-AuNPs [44]. Additionally, the diffraction pattern 216 

obtained during the analysis can be used to confirm the crystallinity and phase of the 217 

nanoparticles, offering valuable insights into their properties for various applications. 218 



2.3.5. XRD analysis 219 

X-ray diffraction (XRD) analysis is performed to determine the crystalline structure of EA-220 

AuNPs. The EA-AuNPs material was analyzed using Bruker's D-8 advanced powder XRD 221 

(Bruker, Germany) in the two theta degrees (10°–70°) range, with a step diameter of 0.02 and 222 

a scanning speed of 10.00° per minute. The power supply approximately 40 kV and the current 223 

were 50 mA. The well-dried EA-AuNPs powder was placed in the sample holder and spectra 224 

were collected [45]. The characteristic diffraction peaks corresponding to the face-centred 225 

cubic (FCC) structure of gold appear in the XRD pattern, allowing determination of crystal size 226 

using the Debye-Scherrer equation.  227 

Crystalline size (D) = kλ
β cos θ

                                                                                              Eq. 1 228 

2.3.6. Dynamic light scattering and Zeta potential 229 

DLS and Zeta potential analysis of gold nanoparticles (AuNPs) are essential techniques for 230 

evaluating their size distribution and surface charge, which are crucial for stability and 231 

reactivity [46]. To prepare the sample for DLS, a small volume of synthesized AuNPs is diluted 232 

with a suitable solvent, typically double-distilled water or a buffer, to achieve a concentration 233 

that prevents multiple scattering effects. The diluted sample is then transferred to a clean 234 

cuvette, ensuring that no bubbles are present, as they can interfere with the measurements. For 235 

DLS analysis, the cuvette is placed in a DLS instrument, such as a (Antor Paar) Zetasizer, 236 

which measures the intensity of scattered light as the nanoparticles move in the solution, 237 

providing information on their size distribution.  Following DLS, the same diluted sample is 238 

used for Zeta potential analysis. The sample is loaded into a Zeta potential cell, where an 239 

electric field is applied to measure the electrophoretic mobility of the particles, which is then 240 

transformed into Zeta potential using the Smoluchowski equation  [47]. 241 

2.4. Biological application 242 

2.4.1. Collection of bacterial strains 243 

Current study investigated seven different human pathogenic microorganisms. The four Gram-244 

positive bacterial strains included Enterococcus faecalis (ATCC 15753), Streptococcus mutans 245 

(ATCC 735668), Klebsiella pneumoniae (ATCC 700603), and Staphylococcus aureus (MTCC 246 

737). Additionally, two Gram-negative bacterial strains were examined: Pseudomonas 247 

aeruginosa (ATCC 27853) and Escherichia coli (ATCC 25922), and one for fungi Candida 248 

albicans (MTCC 183). 249 



2.4.2. Antimicrobial assay  250 

The antibacterial property of EA-AuNPs against human pathogens was evaluated using the 251 

agar well diffusion technique. The agar well diffusion method was used to test the antibacterial 252 

properties of the Mueller Hinton agar (MHA) dishes while maintaining bacterial strains in the 253 

nutrient agar medium[48]. After autoclaving the nutritional agar medium for 15 min at 121 °C, 254 

20 mL of the sterilized MHA medium were transferred into each sterile Petri plates and allowed 255 

to solidify in the laminar airflow hood's aseptic condition. After that, 100 µL of bacterial 256 

(1.5x108 cell) culture was inoculated onto spread plates. The inoculation is produced from a 257 

broth solution that is grown overnight and diluted to the 0.5 McFarland turbidity level.  A sterile 258 

metallic cork borer was used to form 6 mm holes under aseptic conditions. Different doses (50 259 

and 100 µg/mL) were obtained by dissolving the EA-AuNPs and the negative control (solvent 260 

only) in 1% aqueous DMSO. A micropipette was used to gently load these solutions into the 261 

appropriate wells. The positive control was amoxicillin (4 mg/mL). For 12 h, the MHA plates 262 

containing the sample loaded wells were maintained in a bacteriological incubator at 37 °C or 263 

25°C for fungus. A scale was used to evaluate and describe the zone of growth inhibition in 264 

mm [49]. 265 

2.4.3. Minimum inhibitory concentration (MIC) 266 

The MIC assay was used to determine the minimal quantity of EA-AuNPs essential to inhibit 267 

the growth of the microorganisms E. faecalis, E. coli, S. aureus, S. mutans, C. albicans, P. 268 

aeruginosa, and K. pneumoniae [50]. A sterile microtiter plate was prepared, with each well 269 

containing varying concentrations of EA-AuNPs starting from 0.5, 1, 2.5, 5, 7.5, 10, 12.5, 15, 270 

25, 50, 100, and 200 μg/mL. To each well, an additional 100 µL of inoculum was added, 271 

consisting of a uniform suspension of the test microorganisms at a concentration of 272 

approximately 1 × 107 CFU/mL [51]. After being kept at 37 °C for 24 h and 25°C for fungi). 273 

After incubation, the optical density (O.D.) of bacteria growth was estimated at 600 nm [52]. 274 

The MIC was calculated as the lowest concentration of EA-AuNPs that totally inhibited 275 

observable bacterial growth, as demonstrated by the absence of colony or turbidity in the well 276 

[50]. The only 1% DMSO is used as a negative control. 277 

2.5. In-silico studies 278 

2.5.1. Selection and preparation of proteins and ligand 279 



In-silico studies offer a rapid, cost-effective, and reliable method to predict and validate 280 

molecular interactions between bioactive compounds and biological targets [53]. This approach 281 

complements the in-vitro findings by providing molecular-level insights into how the 282 

nanoparticles may exert their therapeutic effects. By integrating computational analysis, we 283 

enhance our understanding of target-specific interactions, help identify possible binding sites, 284 

and support the experimental results with mechanistic validation. Thus, the in-silico study 285 

serves as a valuable tool to substantiate the biological efficacy of EA-AuNPs and to guide 286 

further development of nanoparticle-based therapeutics. Proteins used in the study were 287 

retrieved from the RCSB Protein Data Bank (https://www.rcsb.org/), ensuring high structural 288 

accuracy with resolutions of 3 Å or better. The selected proteins included the Structure of S. 289 

aureus PstA with a resolution of 2.60 Å, The Crystal Structure of smu.1704 from S. mutans 290 

UA159 with a resolution of 2.20 Å, the Crystal Structure of C. albicans protein 291 

farnesyltransferase binary complex with the isoprenoid farnesyldiphosphate at 2.70 Å, a 292 

conserved protein of unknown function from Enterococcus faecalis V583 with a resolution of 293 

2.50 Å, a 6-pyruvoyltetrahydropterin synthase homologue from Escherichia coli at 2.93 Å, an 294 

enoyl-CoA hydratase/isomerase family protein from P. aeruginosa at 2.50 Å, and the structure 295 

of K. pneumoniae MrkH in its apo state with the highest resolution of 1.95 Å. The ligand, 296 

Ellagic acid, was obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) in 297 

3D SDF format. With a molecular formula of C14H6O8, the ligand provided a detailed structural 298 

basis for subsequent binding interaction analysis. 299 

2.5.2. Molecular docking 300 

The PyRx program was employed to carry out molecular docking. The Open Babel GUI 301 

program was used for transforming the selected ligand from its native SDF file to PDB format. 302 

The proteins, earlier in PDB format, were imported into PyRx as macromolecules. A grid box 303 

was then created around the protein, maximizing coverage to ensure accurate docking. The 304 

docking score was subsequently predicted and compared with the standard antibiotic 305 

amoxicillin to evaluate the ligand's potential efficacy. 306 

2.5.3. Ligand-receptor interaction  307 

The binding of a biological receptor, such as a protein, to a ligand, such as a substrate or 308 

potential drugs, is known as a receptor-ligand interaction. These interactions are crucial for 309 

deciphering the mechanisms of action in drugs, enzymes, and other biomolecules. In this study, 310 

Biovia Discovery Studio 2021 was used to model these interactions, specifically focusing on 311 



the binding of ellagic acid with dental proteins. Both 3D and 2D structures of the interactions 312 

were generated and saved as image files, detailing key features such as bond lengths, bond 313 

types, and involved amino acids, offering a comprehensive visualization of the molecular 314 

dynamics at play. 315 

2.5.4. In silico pharmacological property analysis  316 

SwissADME is a powerful tool that predicts the Absorption, Distribution, Metabolism, 317 

Excretion, and Toxicity (ADMET) profiles of tiny molecules using advanced computational 318 

models and procedures. The program uses Quantitative Structure-Activity Relationship 319 

(QSAR) methods and machine learning methods to predict important ADMET parameters after 320 

receiving the chemical makeup or SMILES of a ligand.  These consist of oral absorption, tissue 321 

distribution, metabolic stability, elimination, and possible safety endpoints. The tool provides 322 

detailed estimates for each parameter, accompanied by confidence scores, enabling researchers 323 

to evaluate the drug-likeness and safety profiles of compounds during the drug detection and 324 

development process. Furthermore, the oral toxicity of the phytochemicals was evaluated using 325 

the ProTox-II webserver (http://tox.charite.de/protox_II). This platform estimates the median 326 

lethal dose (LD₅₀), assigns a toxicity classification, and provides prediction accuracy and 327 

average similarity as standard outputs. For the analysis, the SMILES strings of the ligands were 328 

entered into the webserver for assessment. 329 

2.6. Antioxidant properties 330 

2.6.1. DPPH scavenging test 331 

The DPPH test evaluates an antioxidant's potential to eliminate the DPPH radical, a stable 332 

radical with an unpaired electron, by donating hydrogen molecules or electrons [54]. The 333 

antioxidant activity of the EA-AuNPs was assessed using this technique at four different levels: 334 

25, 50, 75, and 100 µg/mL.  A 0.1 mM DPPH solution was prepared by dissolving the radical 335 

in ethanol [55]. For the assay, 100 µL of EA-AuNPs at each concentration was combined with 336 

900 µL of the DPPH solution. The mixture was kept in darkness chamber for 30 min to prevent 337 

any light-induced reactions [56]. Following incubation, the absorbance was measured at 517 338 

nm using a UV-visible spectrometer, enabling the evaluation of the antioxidant activity of the 339 

EA-AuNPs. The absorption was thoroughly investigated through the application of a defined 340 

formula. 341 

Scavenging activity/ inhibition percentage = (Acontrol –Asample/ Acontrol)×100 342 



2.6.2. ABTS assay 343 

The ABTS assay evaluates an antioxidant's capacity to neutralize ABTS free radicals, which 344 

are generated when ABTS is oxidized by potassium peroxodisulfate [57]. A solution with a 345 

concentration of potassium peroxodisulfate (2.45 mM) and ABTS (7 mM) was added, and the 346 

combination was allowed to stand at room temperature in dark conditions for 16 h in order to 347 

produce ABTS radical cations. After that, ethanol was added to the obtained ABTS solution 348 

until its absorbance at 734 nm became 0.70 ± 0.02 [58]. EA-AuNPs were produced at different 349 

doses (25, 50, 75, and 100 µg/mL). For the assay, 100 µL of each EA-AuNPs concentration 350 

was added to 900 µL of the diluted ABTS solution. The mixture was kept in the dark at room 351 

temperature for 6 min to prevent any light-induced reactions [59]. After incubation, a UV-Vis 352 

spectrophotometer was used to determine the solution's wavelength at 734 nm, which revealed 353 

information on the EA-AuNPs antioxidant capacity. The absorption was evaluated using a 354 

specific formula. 355 

Scavenging capacity/ percentage of inhibition = (Acontrol –Asample/ Acontrol)×100 356 

2.7. Anti-inflammatory properties 357 

2.7.1. Albumin denaturation inhibition 358 

The albumin denaturation prevention technique was used to determine AuNPs' anti-359 

inflammatory effects. 0.45 mL of bovine serum albumin (5% aqueous solution) and 0.05 mL 360 

of distilled water were added to the reaction mixture, and 1 N HCl was utilized to gradually 361 

precise the pH. Various concentrations of the EA-AuNPs were incorporated into the mixture, 362 

which was subsequently incubated at 37°C for 20 min. Following this, the mixture was heated 363 

to 57°C for 5 min. After cooling, 2.5 mL of PBS was added to the mixture and a 364 

spectrophotometer was applied to detect the turbidity at 600 nm[60]. Calculate the % reduction 365 

in protein breakdown employing the equation below: 366 

Percentage inhibition (%) = (Abs control-Abs sample) / Abs control ×100                    367 

2.7.2. Assay of HRBC membrane stabilization 368 

Lysosomal enzymes, released during inflammation, are responsible for various diseases and 369 

are linked to both acute and chronic inflammation when active extracellularly. To ensure the 370 

effectiveness of nonsteroidal medications, it is crucial to either stabilize the lysosomal 371 

membrane or inhibit these enzymes [61]. In this study, EA-AuNPs were tested individually 372 



with HRBC (human red blood cell) solutions at concentrations from 50, 100, 150 to 200 μg/mL. 373 

Blood samples from healthy individuals were mixed with sterile Alsever's solution and 374 

centrifuged at 3500 rpm. The cells were cleaned using an isosaline solution and a 10% v/v 375 

saline suspension. 1 mL of phosphate buffer, 2 mL of hyposaline, and 0.5 mL of 10% HRBC 376 

solution were utilized for each assessment. The test setup included aspirin as a standard, 377 

synthesized AuNPs at varying concentrations (50–200 μg/0.5 mL in normal saline), and 378 

double-distilled water as a control to induce 100% haemolysis (instead of hyposaline) [62]. 379 

After incubating the samples at 37°C for 30 min, followed by centrifugation at 3000 rpm for 380 

20 min, the haemoglobin content in each test AuNPs was measured using spectrophotometry 381 

at 560 nm [63]. The amounts of haemolysis and protection are calculated by the following 382 

formulas: 383 

Inhibition percentage (%) =   (Abs Control-Abs sample) / Abs Control ×100    384 

2.8. Cytotoxicity study 385 

2.8.1. Collection and maintenance of cells 386 

The KB cells used in this study were sourced from the National Centre for Cell Science in 387 

Pune, India. The cultured in Gibco™ DMEM, supplemented with maximum glucose levels and 388 

sodium bicarbonate to maintain optimal growth conditions. The medium was further enriched 389 

by adding 100 U/mL of streptomycin and penicillin (Sigma, St. Louis, MO, USA) and 10% 390 

fetal bovine serum (FBS) from Hi-Media, Mumbai, India. The cells were incubated at 37°C in 391 

a Thermo Scientific (USA) incubator, under a humidified atmosphere with 5% CO2 to ensure 392 

ideal growth [64]. For cell culture and maintenance, T25 flasks with a surface area of 25 cm² 393 

were used, initially seeding 0.2 × 106 cells per flask to promote cell division. The process began 394 

with 805 confluent T25 flasks. For experimental purposes, cells were sown in 96-well plates at 395 

a thickness of 5.0 × 103 cells per well, ensuring the appropriate number of cells for the study's 396 

evaluations [65]. 397 

2.8.2. MTT assay 398 

Human epithelial cancer cells were grown in Dulbecco's Modified Eagle's Medium (DMEM), 399 

which has been modified with 1% penicillin-streptomycin and 10% fetal bovine serum 400 

(FBS)[66]. The cultures were kept at 37°C in a moistened incubator with 5% CO₂ to ensure 401 

optimal growth conditions. Once the cells reached 70–80% confluency, they were exposed to 402 

various concentrations of EA-AuNPs for 24 h. The MTT test was used to measure cell viability. 403 



This approach involved removing the media and washing the cells with phosphate-buffered 404 

saline (PBS). Following the addition of an MTT solution (5 mg/mL in PBS) to each well, the 405 

dishes were incubated for 3 h at 37°C. Following incubation, the formazan crystals were 406 

dispersed in dimethyl sulfoxide (DMSO) and the MTT mixture was aspirated. A microplate 407 

reader was employed to determine absorbance at 570 nm, providing a numerical value for cell 408 

viability [67]. The following formula was used to determine the viability % : 409 

Percentage viability = (Sample OD/Control OD) × 100 410 

2.9. Statistical analysis 411 

All experiments were conducted in triplicate, and the data are presented as mean ± standard 412 

deviation (n=3, SD). Statistical analyses were performed using one-way analysis of variance 413 

(ANOVA) to assess significant differences among treatment groups. Post hoc comparisons 414 

were carried out using Duncan’s Multiple Range Test (DMRT) to determine statistically 415 

significant differences between the control and EA-AuNP-treated groups. A significance level 416 

of p≤0.05 was considered statistically significant. Distinct lowercase superscript letters in 417 

figures and tables denote significantly different means among groups. 418 

3. Result and Discussion 419 

3.1. Spectral analysis of EA-AuNPs 420 

3.1.1. UV-visible spectroscopy 421 

The visual observation of the vials (Fig.1A-C) shows a development in colour from pale yellow 422 

to dark brown, which is consistent with the formation of gold nanoparticles. The UV-Vis 423 

spectrum and the distinct SPR peak at 587.5 nm confirm the successfully synthesized EA-424 

AuNPs (Fig.1D). Pure ellagic acid has a distinctive absorption peak at 255 nm in the UV–Vis 425 

absorption wavelengths, demonstrating its unique electronic transition profile (Fig.1E). The 426 

sharpness and position of the SPR peak indicate well-dispersed and stable nanoparticles, while 427 

the colour changes observed in the samples further confirm the formation of gold nanoparticles. 428 

Ellagic acid acts as both a reducing and stabilizing agent in the synthesis of AuNPs, converting 429 

gold ions (Au³⁺) to elemental gold (Au⁰) [68]. The presence of ellagic acid likely prevents 430 

excessive aggregation, as demonstrated by the relatively sharp and well-defined SPR peak. 431 

During this reduction process, ellagic acid simultaneously acts as a capping agent, stabilizing 432 

the newly formed nanoparticles and preventing their aggregation. This dual role of ellagic acid 433 

in reduction and stabilization is crucial for obtaining uniformly sized and stable gold 434 



nanoparticles, which are desirable for applications in drug delivery, diagnostics, and 435 

therapeutic interventions. Similarly, Das et al. [69] reported the synthesis AuNPs using 436 

Curcuma, which was confirmed by an evident surface plasmon resonance (SPR) band with a 437 

sharp peak at about 550 nm, demonstrating the effective synthesis of nanoparticles. Likewise, 438 

Muniyappan et al. [70] found that the produced AuNPs combined with curcumin had a UV 439 

spectrum at 542 nm . 440 

3.1.2. Fourier transform infrared spectroscopy (FTIR) 441 

FTIR is a powerful tool for determining the functional groups existing in both pure compounds 442 

and nanoparticles [71]. In the case of ellagic acid-capped AuNPs, the FTIR spectrum reveals 443 

critical shifts in the vibrational frequencies of functional groups, indicating the interaction 444 

between the nanoparticles and ellagic acid (Fig.2A). For ellagic acid synthesized AuNPs, the 445 

O-H stretching in the alcohol group appears at 3453 cm⁻¹, and the O-H stretching of the 446 

carboxylic acid group is observed at 3046 cm⁻¹. These peaks suggest a possible involvement 447 

of hydroxyl and carboxyl groups in the capping and stabilization of the AuNPs [72]. The strong 448 

C=O stretching at 1684 cm⁻¹, related to the conjugated acid group, further highlights the 449 

interaction between the nanoparticles and the carboxyl groups of ellagic acid. In the pattern 450 

region, the C-H bending at 1448 cm⁻¹ (alkane), C-F stretching at 1175 cm⁻¹ (fluoro compound), 451 

and C-O stretching at 1059 cm⁻¹ (primary alcohol) show notable shifts, suggesting that these 452 

functional groups are affected by the binding to the gold nanoparticles. Additional peaks at 847 453 

cm⁻¹ (C-Cl stretching) and 570 cm⁻¹ (C-Br stretching), indicative of halo compounds, further 454 

confirm the structural modifications caused by nanoparticle formation. 455 

In contrast, the FTIR spectrum of pure ellagic acid shows different functional group frequencies 456 

(Fig.2B). The O-H stretching for carboxylic acids occurs at 3069 cm⁻¹, and the C=O stretching 457 

of conjugated acids is observed at 1692 cm⁻¹. An additional C=O stretching related to δ-lactam 458 

appears at 1616 cm⁻¹, while the N-H bending of amine is detected at 1581 cm⁻¹. These peaks 459 

are notably shifted or diminished in the nanoparticle spectrum, indicating the participation of 460 

these groups in the formation of the AuNPs. Other key features in ellagic acid, such as C-F 461 

stretching at 1330 cm⁻¹ (fluoro compound), C-O stretching at 1110 cm⁻¹ (secondary alcohol), 462 

and S=O stretching at 1052 cm⁻¹ (sulfoxide), also differ from the corresponding peaks in the 463 

ellagic acid AuNPs spectrum. The shifts in functional groups when ellagic acid is capped onto 464 

gold nanoparticles suggest a strong interaction, particularly through the hydroxyl and carboxyl 465 

groups, which may play a role in stabilizing the nanoparticles. This functional group alteration 466 



can influence the biological activity of the nanoparticles, potentially enhancing properties such 467 

as antioxidant, antibacterial, and anticancer effects [49]. The FTIR results imply that the 468 

nanoparticle formation leads to a functional shift, altering the chemical environment around 469 

key groups, which in turn may modulate the overall bioavailability and efficacy of ellagic acid 470 

in biomedical applications. Thus, the functional group modifications upon nanoparticle 471 

formation not only indicate successful capping but also open the possibility for enhanced 472 

therapeutic applications due to altered chemical reactivity. Safwat et al. [73] found that 473 

stretching vibrations of EGCG resulted in absorption bands in the EGCG-AuNPs spectrum at 474 

3335.9 and 1691.3 cm⁻¹, as well as several bands in the 1400-1628.2 cm⁻¹ range. These bands 475 

attest to EGCG's successful loading onto the surface of AuNPs. Likewise, Fathy et al. [74] 476 

reported that gallic acid-conjugated gold nanoparticles showed a characteristic C=O stretching 477 

at 1637.27 cm−1, confirming effective conjugation by the phenolic OH vibration observed at 478 

3440.38 cm−1. Similarly, Sulaiman et al. [75] reported that the FTIR spectra of Hesperidin-479 

mediated AuNPs demonstrated OH symmetric stretching at 3454.62 and 3273.31 cm−1, 480 

signifying the presence of alcohol. Likewise, Rajendran et al. [48] investigated the FTIR 481 

spectra of AuNPs based on apigenin revealed a prominent band at 3422 cm−1, signifying the –482 

OH stretch of phenolic groups. 483 

 3.1.3. XRD analysis 484 

The XRD analysis of ellagic acid-capped gold nanoparticles EA-AuNPs reveals several distinct 485 

peaks, which correspond to the crystalline structure of gold. The crystalline nature of EA-486 

AuNPs was confirmed using X-ray diffraction (XRD) analysis. The diffraction peaks observed 487 

at 2θ = 38.29°, 44.45°, 64.75°, and 77.63° correspond to the (111), (200), (220), and (311) 488 

planes, respectively, which are characteristic of the face-centered cubic (fcc) structure of 489 

AuNPs, as indexed to JCPDS file no. 04-0784 (Fig.3). The sharp and narrow peaks further 490 

suggest high crystallinity of the synthesized nanoparticles. No additional peaks corresponding 491 

to impurities were detected, confirming the phase purity of the EA-AuNPs. Furthermore, Das 492 

et al. [69] reported that the XRD pattern of the synthesized AuNPs exhibited four prominent 493 

Bragg reflections at (111), (200), (220), and (311), which were indexed to the face-centered 494 

cubic (fcc) structure of gold crystal planes. Additionally, Yang et al. [76] reported that AuNPs 495 

synthesized using Nicotiana plumbaginifolia showed XRD peaks at 38.00°, 44.10°, 63.75°, 496 

and 77.10°, corresponding to the (111), (200), (220), and (311) reflections of the face-centered 497 

cubic (FCC) assembly of metallic gold, as referenced by JCPDS no. 04-0784.  498 



3.1.4. SEM-EDAX analysis 499 

The morphology of EA-AuNPs was analysed using SEM, which revealed that the nanoparticles 500 

were predominantly long rod-like and irregularly shaped. The particles appeared agglomerated 501 

to some extent, but distinct rod-like structures were visible (Fig.4A&B). The effective 502 

dispersion of the nanoparticles, as observed in the SEM images, highlights the role of Ellagic 503 

acid in preventing particle agglomeration. Similarly, Sulaiman et al. [75] reported that the 504 

FESEM image showed AuNPs with a relatively sphere-shaped shape and a width between 15 505 

to 30 nm.  The EDX analysis of Ellagic acid-mediated EA-AuNPs provided significant insights 506 

into their elemental composition and the success of the nanoparticle formation. The key 507 

element, gold (Au), was detected at 14.19% by weight, confirming the presence of gold in the 508 

sample (Fig.4C). The atomic percentage of gold was lower (1.51%), which is expected due to 509 

gold’s heavier atomic weight relative to the other elements present. The detection of gold 510 

indicates that the reduction of gold ions by Ellagic acid was successful, leading to the formation 511 

of Au nanoparticles. Oxygen (O) was present in high amounts, with a weight percentage of 512 

39.23% and an atomic percentage of 51.37%. This suggests that oxygen-containing functional 513 

groups from Ellagic acid, such as hydroxyl and carbonyl groups, were involved in the reduction 514 

and stabilization of the gold nanoparticles. These oxygen atoms likely contribute to the surface 515 

coating of the nanoparticles, preventing agglomeration and maintaining nanoparticle stability. 516 

Additionally, sodium (Na) was found at 36.87% by weight and 33.61% by atomic percentage, 517 

likely originating from the buffer solution used during the synthesis. Sodium may also play a 518 

role in stabilizing the nanoparticles in solution. Carbon (C) was detected at 6.74% by weight, 519 

which points to the organic nature of Ellagic acid and its presence on the surface of the 520 

nanoparticles. This organic layer formed by carbon-containing molecules from Ellagic acid 521 

acts as a stabilizing shell around the gold nanoparticles, providing biocompatibility and 522 

functionality. Chlorine (Cl) was present in smaller quantities (2.96% by weight), possibly from 523 

reagents or the buffer solution used during the reaction process. The elemental mapping further 524 

corroborated these findings by showing the spatial distribution of these elements across the 525 

sample. The mapping revealed clear areas of gold concentration, confirming the localized 526 

presence of gold nanoparticles. The distribution of oxygen and carbon around the nanoparticles 527 

supports the notion that the Ellagic acid molecules are coating the nanoparticles, which helps 528 

in stabilizing them and prevents particle aggregation [77]. The Na and Cl elements were more 529 

dispersed, likely reflecting their presence in the surrounding medium rather than being directly 530 

involved in the nanoparticle structure. Likewise, Sulaiman et al. [75] stated that EDAX analysis 531 



of Hsp-AuNPs indicated gold (64.65%) as the main element, with carbon and oxygen levels 532 

indicating hesperidin loaded. 533 

 3.1.5. TEM analysis 534 

The present study TEM analysis showing a heterogeneous size distribution ranging from 50 to 535 

70 nm. The particles exhibited varying shapes, including long rods and ovals. This variation 536 

may be attributed to the concentration of ellagic acid, reaction conditions, and kinetics of 537 

nucleation and growth during synthesis (Fig. 5A). Likewise, Sulaiman et al., [75] found the 538 

TEM images revealed that Hesperidin-AuNPs had a rod and spherical shape, crystalline nature, 539 

smooth surface, and a diameter ranging from 10 to 50 nm. Furthermore, Das et al. [69] reported 540 

that TEM analysis of the optimized AuNPs synthesized using Curcuma revealed nanoparticles 541 

with both spherical and hexagonal shapes. Likewise, Wanderson et al. [78] reported that AuNPs 542 

synthesized using coffee extract had an median width of 14.90 ± 3.02 nm, as determined by 543 

analysing TEM images of 1000 nanoparticles, which is  revealed a predominant spherical shape 544 

NPs. Additionally, Radadi et al., [79] demonstrated the TEM images of C. myrrh-mediated 545 

AuNPs showed ranging in size from 1.68 to 7.86 nm, with a spherical shape and no aggregation. 546 

3.1.6. DLS and Zeta potential 547 

The DLS and zeta potential analysis of EA-AuNPs provide valuable insights into their size 548 

distribution, stability, and outward charge. The DLS results show that the hydrodynamic 549 

dimension of the EA-AuNPs is 74 nm, with a mean intensity of 331.9 kcounts/s, indicating the 550 

median size of the particles in a liquid medium (Fig.6A). The polydispersity index (PDI) is 551 

14.5%, suggesting a relatively uniform size distribution with minimal aggregation. The 552 

absolute intensity is recorded at 621,449.1 kcounts/s, further confirming the presence of stable, 553 

well-dispersed nanoparticles. The diffusion coefficient is 0.1 μm²/s, reflecting the particle's 554 

mobility in the medium, while the intercept (g12) of 0.7463 indicates good signal quality. The 555 

transmittance of 23.1% and a baseline of 1.041 suggest some absorption or scattering of light, 556 

which is typical for nanoparticle suspensions. Similarly, Yang et al. [76] reported that AuNPs 557 

synthesized using Nicotiana plumbaginifolia were analysed by DLS, which revealed a 558 

maximum particle size of 68.69 nm and a zeta potential of −47.92 mV, indicating good colloidal 559 

stability. In our present study, Zeta potential measurements reveal a mean zeta potential of -560 

17.7 mV, with a distribution peak at -19.9 mV, indicating moderately stable nanoparticles in 561 

solution (Fig.6B). This negative surface charge suggests that the EA-AuNPs have sufficient 562 

electrostatic repulsion to prevent significant aggregation, which is crucial for maintaining 563 



stability in colloidal systems. The mean intensity during the zeta potential measurement is 564 

743.6 kcounts/s, and the standard deviation is 0.9 mV, showing consistent results with minimal 565 

variation. The electrophoretic mobility of the nanoparticles is measured at -0.8666 μm*cm/Vs, 566 

indicating their movement in an electric field. Additionally, the conductivity of the sample is 567 

3.919 mS/cm, while the transmittance is 57.9%, which is higher than in the DLS measurements, 568 

likely due to changes in the light scattering properties during zeta potential analysis. According 569 

to Sulaiman et al., the Hsp-AuNPs were further characterized using a zetasizer to measure 570 

particle size and zeta potential. The nanoparticles averaged around 40 nm in size, with a zeta 571 

potential of −29.40 mV, indicating good stability in solution according to established guidelines 572 

[75]. Similarly, Isa et al. [80] reported that AuNPs synthesized using Artocarpus odoratissimus 573 

peel extract showed a zeta potential of −43.42 mV for the extract, which decreased to −35.74 574 

mV after AuNP formation. Despite the reduction, the zeta potential remained above −30 mV, 575 

indicating that the synthesized AuNPs were stable. Additionally, Vorobyova et al. [81] reported 576 

that the zeta potential values for AuNPs synthesized using В-U and Cl-U plum extracts were 577 

−46.9 mV and −44.7 mV, respectively, indicating good stability of the synthesized 578 

nanoparticles. 579 

3.2. Biological applications of EA-AuNPs 580 

3.2.1. Antimicrobial activity 581 

The antibacterial properties of EA-AuNPs were determined against various bacterial strains (E. 582 

faecalis, E. coli, S. aureus, S. mutans, C. albicans, P. aeruginosa, and K. pneumoniae) using 583 

the well diffusion approach (Fig.7). The results, demonstrated the mean zone of inhibition 584 

(mm) with standard deviation (SD), indicate that EA-AuNPs exhibit notable antibacterial 585 

activity, with a concentration-dependent increase observed across all strains (Fig.8). At 50 586 

µg/mL, EA-AuNPs produced a zone of inhibition (ZOI) of 7.3 ± 0.7 mm against E. faecalis, 587 

33.1 ± 0.5 mm against E. coli, 31.87 ± 0.2 mm against S. aureus, 6.62 ± 0.3 mm against S. 588 

mutans, 14.96 ± 0.7 mm against C. albicans, 30.1 ± 0.9 mm against P. aeruginosa, and 34.33 589 

± 0.1 mm against K. pneumoniae. At 100 µg/mL, the ZOI increased to 7.8 ± 0.4 mm for E. 590 

faecalis, 33.9 ± 0.8 mm for E. coli, 35.4 ± 0.4 mm for S. aureus, 6.98 ± 0.7 mm for S. mutans, 591 

22.28 ± 0.6 mm for C. albicans, 31.98 ± 0.6 mm for P. aeruginosa, and 37.26 ± 0.9 mm for K. 592 

pneumoniae. In comparison to the positive control, which yielded ZOI of 6.01 ± 0.6 mm for E. 593 

faecalis, 33.6 ± 0.8 mm for E. coli, 33.57 ± 0.2 mm for S. aureus, 7.2 ± 0.4 mm for S. mutans, 594 

21.6 ± 0.3 mm for C. albicans, 29.8 ± 0.3 mm for P. aeruginosa, and 36.77 ± 0.5 mm for K. 595 



pneumoniae, EA-AuNPs demonstrated higher activity, especially at higher concentrations. The 596 

negative control, 1% DMSO, had no inhibitory effect on the tested bacteria. The present results 597 

show that EA-AuNPs exhibit significant antibacterial activity, with varying ZOI depending on 598 

the bacterial strains. The activity was particularly noticeable against E. coli, S. aureus, and K. 599 

pneumoniae, with ZOI exceeding 35 mm at 100 µg/mL, indicating strong efficacy. Notably, C. 600 

albicans and P. aeruginosa also showed considerable sensitivity to EA-AuNPs, with substantial 601 

inhibition observed at both 50 µg/mL and 100 µg/mL. The concentration-dependent increase 602 

in inhibition zones suggests that higher doses of EA-AuNPs improve bacterial killing efficacy. 603 

While the positive control displayed consistent antibacterial effects, EA-AuNPs showed 604 

competitive or enhanced activity, particularly at 100 µg/mL, highlighting their potential as an 605 

effective antibacterial agent. The combination of ellagic acid and AuNPs enhances the 606 

antibacterial properties, likely due to the improved interaction between nanoparticles and 607 

bacterial cell membranes, leading to increased bacterial cell disruption. The findings indicate 608 

that because of their small size, the nanomaterials may have bind to the surface of the bacterial 609 

pathogens, released more ions, and spread in the surrounding environment of the bacterial cell 610 

wall, possibly disrupting the cell membrane and causing ROS production [82] [96]. Therefore, 611 

it is possible that the nanomaterials entered the bacterial cells and produced oxidative stress, 612 

cellular membrane damage, DNA and bacterial protein damage, or cell lysis [83].  Likewise, 613 

Radadi et al., [79] investigated the ZOI for C. myrrh-mediated AuNPs against B. subtilis, E. 614 

coli, S. aureus, and P. aeruginosa. Similarly, Anwar et al., [84] reported strong antibacterial 615 

activity against S. aureus. Additionally, Alizadeh et al., [85] found that Crocus caspius 616 

mediated AuNPs exhibit maximum ZOI against S. aureus and K. pneumoniae. Furthermore, 617 

Fouda et al., [86] examined Zingiber officinale coated AuNPs exhibits antimicrobial properties 618 

against E. coli, and P. aeruginosa. Additionally, Rosales et al., [87] investigated Capsicum 619 

chinense derived AuNPs exhibits significant antibacterial properties against E. faecalis.  TEM 620 

analysis revealed that EA-AuNPs exhibited sizes within the 50–70 nm range. This nanoscale 621 

size enhances cellular uptake via endocytosis, allowing for effective interaction with bacterial 622 

membranes and intracellular targets in cancer cells. Smaller particles also exhibit a higher 623 

surface-to-volume ratio, which increases the availability of active sites for interaction with 624 

reactive oxygen species (ROS), biomolecules, and cellular membranes, thus contributing to 625 

heightened antibacterial and antioxidant activities. Table 1 and 2. provided an overview of the 626 

different phyto-derived gold nanoparticles (AuNPs) that were produced utilizing different 627 

bioactive substances and biomedical applications. 628 



3.3. Minimum inhibitory concentration (MIC) 629 

The MIC results for EA-AuNPs against various microbial strains, including E. coli, S. aureus, 630 

S. mutans, P. aeruginosa, E. faecalis, C. albicans, and K. pneumoniae, reveal a concentration-631 

dependent inhibition effect. Positive control (PC) values ranged from 0.7 to 1.9 (O.D), showing 632 

strong inhibition at lower concentrations compared to the negative control (NC), which ranged 633 

from 1.1 to 1.7 (O.D values) (Supplementary Fig.1). At lower EA-AuNPs concentrations (0.5–634 

2.5 µg/mL), inhibition was minimal, with MIC values generally above 1.0 (O.D) for most 635 

strains, indicating limited antimicrobial activity. However, as the concentration increased to 10 636 

µg/mL, noticeable inhibition started across all strains, with MIC values ranging between 0.7 637 

and 1.0 (O.D), particularly active against E. coli and S. aureus. Similarly, Azmy et al., [88] 638 

reported that A. platensis mediated AuNPs exhibits MIC against S. pneumoniae. Higher 639 

concentrations (25–100 µg/mL) demonstrated enhanced efficacy, with MIC values dropping to 640 

0.1–0.3 (O.D) for most strains, indicating strong inhibition and suggesting that EA-AuNPs 641 

exhibit significant antimicrobial activity in a dose-dependent manner. At the maximum tested 642 

concentration (200 µg/mL), consistent inhibition was observed, achieving MIC values as low 643 

as 0.1(O.D) for nearly all strains, underscoring EA-AuNPs potential as an antimicrobial agent 644 

across diverse microbial species. Similarly, Silvero et al., [89] demonstrated amoxicillin 645 

mediated AuNPs exhibits strong inhibition against S. aureus. Furthermore, Almutleb et al., [90] 646 

investigated in Nilavembu choornam synthesized AuNPs which demonstrated inhibition 647 

against K. pneumoniae, S. aureus, P. aeruginosa, and E. faecalis. Furthermore, AuNPs 648 

biosynthesised from Allium ampeloprasum leaf extract shown good efficacy against both 649 

Gram-ve (E. coli, P. aeruginosa) and Gram +ve (S. aureus, B. subtilis) bacteria [91]. For our 650 

present study, the possible mechanism of action of EA-AuNPs against bacterial strains involves 651 

several key processes. Initially, EA-AuNPs adsorb onto the bacterial cell surface due to their 652 

high surface area-to-volume ratio and the presence of functional groups in ellagic acid, 653 

disrupting normal physiological functions. This interaction increases membrane permeability, 654 

leading to uncontrolled influx and efflux of substances, ultimately resulting in cell lysis [92]. 655 

Furthermore, EA-AuNPs generate reactive oxygen species (ROS) within the bacterial cells, 656 

causing oxidative stress that damages lipids, proteins, and DNA, contributing to cell death. 657 

Additionally, EA-AuNPs inhibit biofilm development by interfering with bacterial quorum 658 

sensing, while ellagic acid enhances the antibacterial effects through its own ability to bind to 659 

bacterial DNA, inhibiting replication and transcription [93]. The nanoparticles improve the 660 

bioavailability and stability of ellagic acid, confirming efficient delivery of active compounds 661 



to target bacterial cells[99]. The moderately negative zeta potential of EA-AuNPs indicates 662 

good colloidal stability and potential electrostatic interaction with positively charged regions 663 

of bacterial membranes or cancer cell surfaces. This negative charge may disrupt membrane 664 

integrity in pathogens, leading to leakage of intracellular contents. Additionally, a stable zeta 665 

potential prevents agglomeration, ensuring consistent biological interaction and enhanced 666 

distribution at the cellular level[101].  667 

3.4. In silico docking studies 668 

3.4.1. Molecular docking and Ligand receptor interaction 669 

Ellagic acid (EA) demonstrated prominent binding affinities with several targeted microbial 670 

proteins, suggesting its potential as an effective antimicrobial agent. In S. aureus PstA protein 671 

(PDB ID: 4WK3), the binding affinity was -5.0 kcal/mol, with interactions involving MET, 672 

LEU, GLN, ALA, TRP, ILE, and HOH. These interactions suggest that EA may disrupt cell 673 

membrane integrity or transport mechanisms, weakening the bacterial defences. For S. mutans 674 

(PDB ID: 3L7W), the binding affinity was slightly stronger at -5.6 kcal/mol, with involvement 675 

of MET, VAL, ALA, and ILE, possibly interfering with bacterial metabolic functions critical 676 

for growth and virulence. EA showed its strongest binding to C. albicans farnesyltransferase 677 

(PDB ID: 4YDE), with a binding affinity of -7.3 kcal/mol. The 3D interactions are shown in 678 

(Fig.9). This interaction, involving TYR, GLN, SER, ALA, PHE, VAL, ARG, and HOH, 679 

suggests that EA inhibits protein farnesylation, a key step in fungal protein maturation and 680 

membrane anchoring, thus impairing fungal growth and survival (Fig.10). In E. faecalis (PDB 681 

ID: 3CLQ), the binding affinity was lower at -3.7 kcal/mol, with ILE, LEU, and ALA 682 

interactions, indicating that its antimicrobial effect on this pathogen may be weaker or involve 683 

less critical targets. Against E. coli (PDB ID: 3QN9), EA had a binding affinity of -5.7 kcal/mol, 684 

forming interactions with GLU, GLY, LYS, THR, ILE, and ASN, potentially affecting bacterial 685 

enzyme activity and metabolic pathways. In P. aeruginosa (PDB ID: 3OT6), the binding 686 

affinity was -5.5 kcal/mol, with interactions involving PHE, ALA, VAL, ILE, SER, GLU, and 687 

HIS, suggesting disruption of fatty acid metabolism essential for bacterial growth. In K. 688 

pneumoniae (PDB ID: 5KEC), EA bound with a -5.6 kcal/mol affinity, interacting with THR, 689 

HOH, PRO, and ASN, likely affecting regulatory pathways involved in bacterial virulence. 690 

Similarly, Azmy et al., [88] reported A. platensis ligands exhibited binding affinity to S. 691 

pneumoniae topoisomerase IV.  692 

3.4.2. In silico pharmacological property analysis of ellagic acid 693 



Ellagic acid exhibits promising potential as an orally bioavailable compound, with favourable 694 

physicochemical properties and pharmacokinetics (Supplementary Fig.2A). It has a molecular 695 

weight of 302.19 g/mol, a moderate lipophilicity (Log Po/w 1.00), and is classified as soluble 696 

across different prediction models, indicating good absorption. The high GI absorption 697 

suggests effective oral bioavailability, although the compound's large topological polar surface 698 

area (TPSA) of 141.34 Å² may limit its membrane permeability, particularly through the blood-699 

brain barrier (BBB), which it is predicted not to cross. Additionally, it is not a P-glycoprotein 700 

substrate, meaning it is less likely to be effluxes from cells (Supplementary Fig.2B), a positive 701 

trait for intracellular retention. However, Ellagic acid inhibits CYP1A2, signalling a potential 702 

for drug-drug interactions, but does not inhibit other critical enzymes like CYP3A4, reducing 703 

concerns over broader metabolic interactions. Despite these advantages, certain aspects of 704 

drug-likeness warrant caution. It adheres to Lipinski's rule of five without violations, but 705 

violations in Ghose, Veber, and Egan filters, due to the high TPSA, suggest challenges in cell 706 

membrane permeability. Additionally, medicinal chemistry flags one PAINS alert (catechol) 707 

and multiple Brenk alerts, indicating the presence of substructures that could lead to toxicity 708 

or promiscuous binding. Nonetheless, the compound’s bioavailability score of 0.55 and lead-709 

likeness point to its potential in drug discovery, although the synthetic accessibility score of 710 

3.17 suggests moderate complexity in synthesis. 711 

Additionally, The ProTox-II analysis of ellagic acid yielded a predicted LD₅₀ of 2991 mg/kg, 712 

placing it in Toxicity Class 4, indicating low toxicity. With an average similarity score of 713 

83.33% and a prediction accuracy of 70.97%, the results suggest moderate reliability in the 714 

predictions. Specific organ toxicity assessments identified ellagic acid as inactive for 715 

hepatotoxicity and neurotoxicity, with probabilities of 0.83 and 0.91, respectively, suggesting 716 

it poses minimal risk to the liver and nervous system (Table 3). However, it showed potential 717 

activity for nephrotoxicity and respiratory toxicity, with probabilities of 0.58 and 0.84, 718 

respectively, indicating a higher likelihood of adverse effects on kidney and respiratory 719 

functions. It was also predicted as inactive for cardiotoxicity (probability of 0.76), suggesting 720 

it has a low risk of heart toxicity[97]. In terms of broader toxicity endpoints, ellagic acid was 721 

predicted to be carcinogenic with a probability of 0.59, suggesting a moderate likelihood of 722 

carcinogenicity (Table 4). However, it was found to be inactive for immunotoxicity, 723 

mutagenicity, and cytotoxicity, with probabilities of 0.81, 0.84, and 0.90, respectively, 724 

indicating a low risk in these areas. The compound was predicted to cross the blood-brain 725 

barrier (BBB) with a probability of 0.60, which may suggest some potential for neurological 726 



effects if present in the brain. Additional predictions indicate active clinical toxicity (0.56) and 727 

nutritional toxicity (0.71), highlighting possible risks if used at high concentrations or over 728 

prolonged periods. 729 

3.5. Antioxidant activity 730 

3.5.1. DPPH assay 731 

The DPPH assay outcomes determine a concentration-dependent increase in the antioxidant 732 

properties of EA-AuNPs compared to Ellagic acid alone. At 25 µg/mL, EA-AuNPs exhibited 733 

41% radical scavenging properties, which was significantly higher than EA (27%) but lower 734 

than the standard ascorbic acid (64%) (Fig.11A). As the dose increased to 50 µg/mL, the 735 

scavenging activity of EA-AuNPs rose to 60%, surpassing EA (38%) and approaching that of 736 

ascorbic acid (75%). At 75 µg/mL, EA-AuNPs showed even better activity at 83%, well above 737 

EA (57%) and ascorbic acid (92%). Finally, at 100 µg/mL, EA-AuNPs reached 91% 738 

scavenging activity, significantly higher than EA (69%) and almost equivalent to ascorbic acid 739 

(99%). The results show that the formation of AuNPs enhances the antioxidant potential of EA, 740 

likely due to the improved electron-donating ability and surface interactions facilitated by the 741 

nanoparticles. EA-AuNPs demonstrated superior activity across all concentrations, with the 742 

most significant effect seen at higher doses, where they nearly matched the antioxidant power 743 

of ascorbic acid. This suggests that EA-AuNPs could serve as an effective antioxidant agent, 744 

with potential applications in oxidative stress-related therapies. Similarly, Patra et al., [102] 745 

reported papaya peel biosynthesized AuNPs exhibit antioxidant potential in DPPH and ABTS. 746 

Likewise, Malik et al., [103] demonstrated DPPH antioxidant activity assay for aloe vera, 747 

Honey, and Gymnema sylvestre leaf extract AuNPs showed notable free radical scavenging 748 

potential. 749 

3.5.2. ABTS assay 750 

The ABTS assay outcomes showed the antioxidant potential of Ellagic acid (EA) and 751 

synthesized EA-AuNPs at different concentrations (25, 50, 75, and 100 µg/mL) compared to 752 

the standard ascorbic acid (Fig.11B). At 25 µg/mL, EA-AuNPs demonstrated a radical 753 

scavenging activity of 57%, significantly higher than EA alone (29%) but lesser than ascorbic 754 

acid (69%). At 50 µg/mL, EA-AuNPs showed an increased activity of 69%, outperforming EA 755 

(40%) and closely related to the standard (77%). The trend continued at 75 µg/mL, with EA-756 

AuNPs showing 77% activity, which was higher than EA (59%) but still below ascorbic acid 757 

(89%). At the maximum doses of 100 µg/mL, EA-AuNPs achieved 89% scavenging activity, 758 



significantly higher than EA (70%) and ascorbic acid's showed scavenging activity of 99%. 759 

The obtained data indicate that EA-AuNPs exhibit superior antioxidant activity compared to 760 

EA alone, with a clear dose-dependent increase in scavenging potential. Likewise, Ngungeni 761 

et al., [104] demonstrated Avocado seed derived AuNPs which exhibits notable free radical 762 

scavenging activity. The better activity of EA-AuNPs is likely due to the enhanced 763 

bioavailability and surface reactivity provided by the AuNPs, allowing for more effective 764 

neutralization of free radicals. While EA alone shows moderate antioxidant capacity, its 765 

combination with AuNPs significantly enhances its ability to quench radicals, particularly at 766 

higher concentrations. The results suggest that EA-AuNPs offer a promising antioxidant 767 

profile, comparable to the standard ascorbic acid, especially at concentrations of 75 µg/mL and 768 

above. Similarly, Phukan et al., [105] investigated the Onion peel assisted AuNPs exhibit 769 

remarkable antioxidant potential against ascorbic acid. 770 

3.6. Anti-inflammatory activity 771 

3.6.1. Protein denaturation assay 772 

The albumin denaturation assay results highlight the anti-inflammatory potential of Ellagic 773 

acid (EA) and synthesized EA-AuNPs at various amounts of 50, 100, 150, and 200 µg/mL, 774 

compared to the standard drug aspirin (Fig.12A). At 50 µg/mL, EA-AuNPs exhibited 15.22% 775 

inhibition of albumin denaturation, which was higher than EA alone (8%) but lower than aspirin 776 

(22.84%). At 100 µg/mL, the inhibition by EA-AuNPs increased to 27.3%, significantly 777 

surpassing EA (14%) but still below the standard (38.27%). The trend continued at 150 µg/mL, 778 

where EA-AuNPs showed 48.6% inhibition, more than double that of EA (23%) but lower than 779 

aspirin (67.4%). At 200 µg/mL, EA-AuNPs achieved 73.3% inhibition, considerably higher 780 

than EA (34%) and approaching the inhibition seen with aspirin (88.2%). The results 781 

demonstrate that EA-AuNPs possess enhanced anti-inflammatory properties compared to EA 782 

alone, with a dose-dependent increase in inhibition of protein denaturation. The significant 783 

improvement in activity when EA is combined with AuNPs indicates that the nanoparticles 784 

enhance the stability and efficacy of EA, allowing for better interaction with albumin and 785 

improved inhibition of denaturation. While EA alone shows moderate anti-inflammatory 786 

potential, its combination with AuNPs significantly boosts its effectiveness, particularly at 787 

higher concentrations. Although EA-AuNPs do not reach the inhibitory levels of aspirin, they 788 

show substantial promise as an alternative anti-inflammatory agent with enhanced bioactivity. 789 

According to Phukan et al., [106] demonstrated anti-inflammatory activity in onion peel-790 



derived gold nano bioconjugates which shown powerful anti-inflammatory activity. Also, in 791 

another study, Phukan et al., [105] examined onion peel driven AuNPs which exhibits anti-792 

inflammatory potential in ABTS assay at maximum concentration. 793 

3.5.2. Membrane stabilization assay 794 

The membrane stabilization assay results reveal the anti-inflammatory potential of Ellagic Acid 795 

(EA), AuNPs (Gold nanoparticles), and their combination (EA-AuNPs) compared to aspirin as 796 

the standard (Fig.12B). At 50 µg/mL, EA-AuNPs showed 22% membrane stabilization, which 797 

was higher than EA alone (12%) but lower than aspirin (28%). As the concentration increased 798 

to 100 µg/mL, EA-AuNPs exhibited 34% stabilization, significantly surpassing EA (18%) but 799 

still below aspirin (39%). At 150 µg/mL, the stabilization effect of EA-AuNPs increased to 800 

46%, nearly double that of EA (26%) but lower than aspirin (70%). At the highest concentration 801 

of 200 µg/mL, EA-AuNPs demonstrated 78% membrane stabilization, markedly higher than 802 

EA (38%) and approaching the activity of aspirin (89%). These results indicate that EA-AuNPs 803 

exhibit enhanced anti-inflammatory effects compared to EA alone, with a dose-dependent 804 

improvement in membrane stabilization. The presence of AuNPs enhances the protective 805 

ability of EA against hypotonicity-induced lysis of red blood cells, indicating better membrane 806 

stabilization and anti-inflammatory potential. While EA alone shows moderate membrane-807 

stabilizing effects, its combination with AuNPs significantly boosts its efficacy, particularly at 808 

higher concentrations. Although EA-AuNPs do not achieve the same level of activity as aspirin, 809 

they demonstrate promising anti-inflammatory properties that suggest their potential use as a 810 

therapeutic agent for conditions involving inflammation. Earlier, Situmorang et al., [107] 811 

examined Cassia alata-mediated AuNPs shows anti-inflammatory potential in DPPH and 812 

ABTS assays. Likewise, Eltahir et al., [108] reported for AuNPs synthesized from liquiritin 813 

and other phenolics from Glycyrrhiza glabra shows good anti-inflammatory potential in in 814 

vitro assays. Ellagic acid serves both as a reducing and capping agent, imparting antioxidant 815 

and anti-inflammatory bioactivity. The polyphenolic groups present on the nanoparticle surface 816 

scavenge free radicals and stabilize membranes, supporting the high radical scavenging activity 817 

observed (91% in DPPH, 89% in ABTS assays) and membrane protection (78% stabilization 818 

in anti-inflammatory assay). This functionalization also aids in selective toxicity towards 819 

cancerous cells while sparing normal ones. 820 

3.6. Anticancer activity 821 

3.6.1. MTT assay 822 



KB cells are a human epithelial cell line initially derived from an epidermoid carcinoma of the 823 

oral cavity, making them a suitable model for studying oral cancer [109]. In cancer treatment, 824 

inhibiting cell proliferation is a positive result, as it indicates that the growth of cancer cells is 825 

being slowed or stopped. This can ultimately contribute to tumour regression and enhance 826 

patient outcomes [110]. Oral cancer ranks as the 6th most common cancer globally, with over 827 

370,000 new cases diagnosed each year [111]. The disease has a high mortality rate due to late-828 

stage diagnosis and limited therapeutic options [112]. Oral cancer denotes a significant public 829 

health task in India, accounting for about 30% of all cancers in the country, largely due to the 830 

high prevalence of tobacco use, including smokeless tobacco. India has one of the highest rates 831 

of oral cancer globally, with an predictable 77,000 new cases and 52,000 deaths annually. Men, 832 

particularly from lower socioeconomic backgrounds, are at a higher risk, and early detection 833 

remains a challenge due to limited healthcare resources [113]. The MTT assay results of Ellagic 834 

acid-AuNPs (EA-AuNPs) against KB oral cancer cells demonstrate a dose-dependent cytotoxic 835 

effect. In this experiment, various doses of EA-AuNPs ranging from 25 to 100 µg/mL were 836 

evaluated for their anticancer activity, as shown in the microscopic images and cell viability 837 

bar graph. The microscopic images (Fig.13A-E) reveal a progressive reduction in cell density 838 

and increased cell death as the concentration of EA-AuNPs increases. In the control group 839 

(Fig.13A), cells are dense and healthy, indicating high cell viability. At 25 µg/mL (Fig.13B), 840 

there is slight inhibition of cell growth, with some cellular shrinkage. As the concentration 841 

increases to 50 µg/mL (Fig.13C) and 75 µg/mL (Fig.13D), a notable decrease in cell viability 842 

and clustering of dead cells is observed. At 100 µg/mL (Fig.13E), the majority of cells appear 843 

rounded and detached, indicating significant cytotoxicity. Similarly, Matic et al., [114] reported 844 

that anticancer properties of luteolin capped Au nanoparticles showed cytotoxic effects of 845 

human cervical adenocarcinoma cells. The cell viability data (Fig.13F) quantifies this trend. At 846 

25, 50, 75, and 100 µg/mL concentrations, cell viability is approximately 92.99%, 74.73%, 847 

47.71%, and 13.46%, respectively. This is reflected in the calculated IC₅₀ value of 59.58 µg/mL, 848 

with an R² value of 0.988, indicating a strong fit of the data to the inhibitory model. These 849 

values suggest that EA-AuNPs effectively inhibit KB oral cancer cell proliferation at higher 850 

concentrations. Likewise, Ahmad et al. [115] found that Quercus infectoria tannins have anti-851 

proliferative and apoptotic inducing effects on oral cancer KB cell lines, with an IC50 value of 852 

76.82 μg/mL. The anticancer properties of EA-AuNPs are likely due to a combination of 853 

mechanisms. Ellagic acid is known to induce apoptosis in cancer cells by activating caspase 854 

pathways, generating reactive oxygen species (ROS), and disrupting mitochondrial function. 855 

Likewise, Marunganathan et al. [116] revealed that zinc oxide nanoparticles coated with κ-856 



carrageenan caused oral cancer to suffer apoptosis. The AuNPs enable cellular uptake, 857 

enhancing the bioavailability and intracellular accumulation of ellagic acid in cancer cells 858 

[117]. The nanoparticles may also promote additional ROS generation, causing oxidative stress 859 

that leads to DNA damage, ultimately triggering cell death pathways[94]. This work provides 860 

important information to develop nanotherapeutics to treat severe cancer. Rod-shaped 861 

nanoparticles are known to possess distinct biological behavior compared to spherical 862 

counterparts. Their anisotropic geometry can enhance membrane penetration and prolong 863 

cellular retention, particularly in cancer cells, potentially explaining the observed cytotoxic 864 

efficacy (IC₅₀ of 59.58 µg/mL on KB cells) [95]. The rod shape also facilitates greater surface 865 

contact with bacterial cells, contributing to the strong antibacterial effects (e.g., 37.26 ± 0.9 866 

mm inhibition against K. pneumoniae at 100 µg/mL). The cumulative effect of size-dependent 867 

cellular uptake, surface-charge-induced membrane disruption, and ellagic acid-mediated 868 

surface functionality collectively enhances biological interactions[98]. These physicochemical 869 

traits synergize to improve ROS modulation, bacterial membrane disintegration, cancer cell 870 

apoptosis induction, and inflammatory mediator inhibition. 871 

4. Conclusion 872 

The innovative use of ellagic acid as both a capping and reducing agent in the green synthesis 873 

of AuNPs has demonstrated promising multi-therapeutic potential. The outcomes revealed 874 

significant antibacterial, antioxidant, anti-inflammatory, and anticancer activities of EA-875 

AuNPs, underscoring their relevance for oral healthcare applications. The successful synthesis 876 

of EA-AuNPs is confirmed by the UV-Vis spectroscopic examination, which proves the 877 

synthesis of stable gold nanoparticles with a clear surface plasmon resonance (SPR) peak at 878 

587.5 nm. FE-SEM examination showed that the average size of the particles ranged from 10 879 

to 50 nm, and the morphology was long and rod-shaped. The produced EA-AuNPs shown 880 

remarkable antibacterial activity, especially against K. pneumoniae, S. aureus, and E. coli. At 881 

a dosage of 100 µg/mL, zones of inhibition reached 35 mm, demonstrating their significant 882 

antimicrobial efficacy. Furthermore, on the human oral cancer KB cell line, in vitro anticancer 883 

tests demonstrated a strong antiproliferative effects. This study thus offers a promising platform 884 

for the development of biocompatible, nanoparticle-based treatments tailored to address 885 

specific clinical challenges, particularly in antimicrobial and cancer therapeutics. 886 
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