
 

 

Green synthesis of silver nanoparticles using Hibiscus sabdariffa flower extract and their 1 

synergistic antimicrobial, antioxidant, and cytotoxic activities 2 

  3 

Abstract 4 

The rise of multidrug-resistant pathogens has heightened global interest in developing alternative 5 

therapeutic strategies to overcome the limitations of conventional antibiotics. In this study, silver 6 

nanoparticles (AgNPs) were synthesized using a green chemistry approach, with Hibiscus 7 

sabdariffa leaf extract serving as a natural reducing and stabilizing agent. The synthesized 8 

nanoparticles were characterized using ultraviolet–visible spectroscopy, transmission electron 9 

microscopy, Fourier-transform infrared spectroscopy, and X-ray diffraction, which confirmed the 10 

successful formation of nanoparticles with a predominantly spherical morphology and an 11 

average particle size of 45 nm. Antimicrobial activity assays against Escherichia coli and 12 

Staphylococcus aureus showed inhibition zones of 23 mm and 28 mm, respectively, which 13 

exceeded those produced by the plant extract alone. Antioxidant analysis revealed strong, dose-14 

dependent radical-scavenging activity, with AgNPs exhibiting 91% inhibition of 2,2-diphenyl-1-15 

picrylhydrazyl at 150 µg/mL, compared with 75% for the crude extract. Cytotoxicity evaluation 16 

using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay indicated 17 

concentration-dependent effects, with half-maximal inhibitory concentration (IC₅₀) values of 75 18 

µg/mL for AgNPs and 45 µg/mL for conjugated AgNPs, whereas the plant extract exhibited 19 

lower cytotoxicity (IC₅₀ = 180 µg/mL). Overall, the findings establish that H. sabdariffa–20 

mediated AgNPs possess potent antimicrobial and antioxidant activities, with promising 21 

biomedical and pharmaceutical applications. Furthermore, the study highlights green 22 

nanoparticle synthesis as an environmentally friendly, sustainable alternative to conventional 23 

nanoparticle production methods. 24 
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Introduction 27 



 

 

The remarkable physicochemical properties of nanoparticles (NPs), such as a high surface area-28 

to-volume ratio, tunable reactivity, and enhanced interactions with biological systems, have 29 

enabled nanotechnology to play a pivotal role in today’s biomedical science. Given these 30 

features, NPs can be successfully employed in drug delivery, antimicrobial treatment, diagnosis, 31 

biosensing, and tissue engineering.
1–3

 Of the various metal NPs, silver nanoparticles (AgNPs) 32 

have been the primary focus of interest owing to their strong antibacterial, antioxidant, antiviral, 33 

and anticancer activities. AgNPs act via membrane destruction, disruption of intracellular 34 

metabolic pathways, and oxidative stress by producing reactive oxygen species (ROS),
4–6

 35 

representing a promising treatment for multidrug-resistant pathogens as well.Green synthesis of 36 

NPs has gained significant interest because of their environmental friendliness compared with 37 

other physical and chemical methods. The fabrication of plant-based NPs offers several 38 

advantages over chemical and physical synthesis routes
7–9

 predominantly because plant extracts 39 

are rich in biomolecules such as flavonoids, phenolics, terpenoids, proteins, and organic acids, 40 

which act as both reducing and stabilizing agents, thereby enabling the formation of NPs without 41 

the use of toxic materials.
10

 Such sPN dezisehtnysoibexhibit better biocompatibility and 42 

improved biological activity. 43 

Hibiscus sabdariffa (Roselle) has emerged as an excellent botanical source for NP 44 

biosynthesis because of its rich phytochemical profile, including anthocyanins, flavonoids, 45 

polyphenols, and organic acids. These compounds demonstrate potent antibacterial, antioxidant, 46 

and anti-inflammatory activities, effectively facilitating NP reduction and stabilization.
10–12

 47 

Recent studies have confirmed the successful synthesis of AgNPs and zinc oxide NPs (ZnO-48 

NPs) using H. sabdariffa extracts, reporting improved stability, reduced aggregation, and 49 

enhanced antimicrobial and antioxidant activities.
13–15

 50 



 

 

Bioactive substances in H. sabdariffa act synergistically with metallic NPs, augmenting 51 

their biological activity in multiple ways, including enhanced ROS induction, membrane 52 

permeation, biofilm synthesis suppression, and quorum sensing disruption at the overall 53 

antimicrobial level.
16–18

H. sabdariffa NPs display strong bactericidal activity against clinically 54 

relevant pathogens, including Staphylococcus aureus, Methicillin-resistant S. aureus (MRSA), 55 

Escherichia coli, Klebsiellapneumoniae, and Salmonella typhimurium.
14,16,19

 The antioxidant 56 

efficacy of the NPs is also greatly enhanced by the high polyphenolic and flavonoid content of 57 

the plant extract, making them ideal candidates for biomedical applications, such as wound 58 

healing, drug delivery, and anti-inflammatory therapies.
20

 With the increasing prevalence of 59 

antibiotic-resistant pathogens, alternative antimicrobial agents, such as plant-mediated AgNPs, 60 

have garnered considerable attention as promising therapeutic candidates. This study reports the 61 

green synthesis of AgNPs using H. sabdariffa leaf extract and evaluates their antibacterial, 62 

antioxidant, and cytotoxic activities. This study aims to provide scientific evidence supporting 63 

the use of green-synthesized AgNPs as eco-friendly, multifunctional alternatives for biomedical 64 

and pharmaceutical applications. 65 

2. Materials and Methods 66 

2.1. Identification of Plant Material 67 

Fresh leaves of H. sabdariffa L. (Family: Malvaceae) were collected from a verified botanical 68 

source during the flowering season. The plant material was taxonomically identified and 69 

authenticated using standard morphological characteristics. A representative specimen was 70 

prepared and preserved to ensure scientific traceability and future reference. The authentication 71 

process adhered to internationally recognized botanical standards, thereby supporting the 72 

reliability and reproducibility of the plant material used in this study. 73 



 

 

2.2. Preparation of H. sabdariffa Leaf Extract 74 

Fresh petals of H. sabdariffa were collected, washed thoroughly with distilled water to remove 75 

dust, and air-dried at room temperature. The dried leaves were ground into a fine powder using a 76 

sterile mechanical grinder. The powdered material was extracted with ethanol to recover 77 

phytochemicals; 10 g of the powder was mixed with 70% (w/v) ethanol and stirred magnetically 78 

at room temperature for 24 h. The suspension was then filtered through Whatman No. 1 filter 79 

paper, and the filtrate was concentrated using a rotary evaporator at 40°C–45°C. The crude 80 

ethanolic extract—rich in flavonoids, phenolics, tannins, anthocyanins, and organic acids—81 

served as a natural capping and reducing agent for the biosynthesis of NPs. Ethanol is known for 82 

its high efficiency in extracting a range of polar and semipolar phytochemicals, and its 83 

application in NP formation has been confirmed by various recent studies.
21–23

 84 

2.3. Green Synthesis of AgNPs 85 

The protocol for the green synthesis of AgNPs was modified from previous procedures for AgNO3–Ficus 86 

benghalensis extract mixture.
24

 Aqueous solution of AgNO₃ (1 mM) was slowly added dropwise to the H. 87 

sabdariffa extract with constant stirring at room temperature. A color change from yellow to dark brown 88 

indicated a reduction of Ag⁺ ions into Ag⁰ NPs. The extraction process was optimized by adjusting the 89 

reaction parameters (pH, extract volume, and extraction time). The NPs were harvested via centrifugation 90 

(10,000 rpm for 15 min), washed with distilled water, and dried. This method was designed in accordance 91 

with recent green synthesis protocols for H. sabdariffa and related drug plants.
25 – 27 92 
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 103 

2.4. Characterization of NPs 104 

2.4.1. Ultraviolet–Visible (UV–Vis) Spectroscopy 105 

UV–Vis spectral analysis (300–700 nm) confirmed AgNP formation based on characteristic 106 

surface plasmon resonance (SPR) peaks, consistent with previous studies.
25,27

 107 

2.4.2. Transmission Electron Microscopy (TEM) 108 

A drop of NP suspension was placed on a carbon-coated copper grid, dried, and examined under 109 

TEM to evaluate size distribution, morphology, and aggregation, following standard protocols.
26-

110 

30
 111 

2.4.3. Fourier-Transform Infrared (FTIR) Spectroscopy  112 

The FTIR (4000–400 cm⁻¹) spectroscopy aided in identifying –OH, –C=O, and –NH functional 113 

groups as the radicals responsible for reduction and capping, which matched the reported 114 

phytochemical fingerprint of H. sabdariffa.
27-31

 115 

2.4.4. X-Ray Diffraction (XRD) 116 

The crystalline structure was characterized via XRD using Cu Kα radiation. The AgNP peaks 117 

coincided with those of face-centered cubic (FCC) silver, and the ZnO-NP peaks exhibited 118 

wurtzite patterns. The crystallite size was obtained from the Scherrer equation.
28,29,24

 119 



 

 

2.5. Antimicrobial Activity 120 

2.5.1. Disk Diffusion Assay 121 

Mueller–Hinton agar plates inoculated with S. aureus and E. coli were treated with NP-122 

impregnated disks. After incubation (24 h at 37°C), inhibition zones were measured according to 123 

Clinical and Laboratory Standards Institute guidelines.
2
 124 

2.5.2. Minimum Inhibitory Concentration (MIC) 125 

MIC values were determined using broth microdilution in 96-well microtiter plates. The MIC, 126 

which completely inhibited visible growth after 24 h, was estimated in accordance with national 127 

guidelines.
33,34

 128 

2.6. Antioxidant Activity 129 

2.6.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Assay 130 

The antioxidant potential of the synthesized NPs was evaluated using the DPPH radical-131 

scavenging activity assay. A 0.1 mM DPPH solution in methanol was incubated with NP 132 

suspensions at different concentrations. The reactions were incubated at room temperature in the 133 

dark for 30 min to prevent photooxidation. The absorbance was then measured at 517 nm using a 134 

UV–Vis spectrophotometer. 135 

The scavenging percentage was calculated as follows: 136 

Scavenging (%) = [(A_control − A_sample)/A_control] × 100 137 

Ascorbic acid was used as the standard antioxidant. This procedure is consistent with methods 138 

described in recent studies on nanomaterial antioxidants.
35

 139 

2.6.2. 2,2′-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) ABTS Assay 140 

The ABTS assay was performed by generating ABTS•⁺ radicals from 7 mM ABTS and 2.45 mM 141 

potassium persulfate in the dark for 12–16 h. The ABTS•⁺ working solution was diluted with 142 



 

 

ethanol to an absorbance of 0.70 ± 0.02 at 734 nm. NP samples at various concentrations were 143 

mixed with the ABTS•⁺ working solution and incubated for 10 min. Absorbance at 734 nm was 144 

measured using a UV–Vis spectrophotometer, and the inhibition percentage was quantified 145 

relative to the control. This technique is a common antioxidant procedure for NP investigations 146 

and has been widely used in recent literature.
35,36

 147 

2.7. Cytotoxicity Assay [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 148 

MTT] 149 

The cytotoxicity of the prepared NPs was assessed in the L929 fibroblast cell line using the MTT 150 

assay. For adherence, cells were seeded in 96-well plates and incubated for 24 h under standard 151 

culture conditions (37°C, 5% CO₂). At the appropriate confluence, cells were treated with 152 

varying concentrations of NPs and incubated for 24–48 h. Afterward, MTT reagent (0.5 mg/mL) 153 

was added to each well and incubated for 3–4 h to allow viable cells to convert MTT into 154 

insoluble purple formazan crystals. They were dissolved in dimethyl sulfoxide, and absorbance 155 

was measured at 570 nm using a microplate reader. Cell viability (%) was derived relative to the 156 

untreated control, and IC₅₀ (the concentration at which viability decreased by 50%) was 157 

determined using nonlinear regression. This test is well established and based on the 158 

internationally accepted standard for cytotoxicity testing of NPs.
37,38

 159 

2.8. Statistical Analysis 160 

Data were presented as mean ± standard deviation. Statistical analysis was performed using 161 

Microsoft Excel. One-way analysis of variance and Student’s t-test were applied as appropriate, 162 

and significance was set at p< 0.05.  163 

3. Results  164 

3. 1. Synthesis and Characterization of AgNPs 165 

3.1.1 UV–Vis Spectroscopy 166 



 

 

The formation of AgNPs was confirmed by the appearance of a distinct SPR peak characteristic 167 

of AgNPs. The absorbance intensity increased gradually over time, indicating progressive NP 168 

formation and stability over 24 h. Only a slight shift in peak position was observed, suggesting  169 

 170 

 171 

 172 

 173 

 174 

 175 

good colloidal stability. 176 

 177 

 178 

3.1.2 Transmission Electron Microscopy (TEM)  179 

TEM analysis revealed that the biosynthesized AgNPs were predominantly spherical, with an 180 

average particle diameter of 45 nm and a size range of 35–60 nm. The particles exhibited 181 

moderate aggregation, likely due to phytochemical constituents in the H. sabdariffa extract 182 

acting as natural capping and stabilizing agents. Despite disaggregation, most NPs appeared 183 

well-dispersed, with a relatively uniform size distribution (Table1).    184 

Table 1. TEM Characteristics of Synthesized AgNPs 185 

Parameter Value 

Fig. 2. UV–Vis absorption pattern of AgNPs prepared with Hibiscus sabdariffa flowers extract. 

The presence of a SPR peak at 420 nm verified the formation and stability of nanoparticles. 
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 187 

 188 

 189 

 190 

3.1.3 Scanning Electron Microscopy (SEM) 191 

SEM micrographs supported the morphological observations from TEM. As depicted in Fig. 3, 192 

the SEM images revealed clusters of irregularly shaped NP aggregates distributed across the 193 

surface matrix. The images with 3 µm, 5 µm, 10 µm, and 50 µm scale bars showed variations in 194 

surface topology, particle packing, and crystallite clustering. The coarse, granular texture 195 

observed at lower magnification transitioned into more detailed NP agglomerates at higher 196 

magnification, confirming the presence of AgNPs synthesized using the H. sabdariffa extract. 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

3.1.4 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 208 

FTIR analysis to determine the functional groups responsible for the reduction and stabilization 209 

of the biosynthesized AgNPs. The FTIR spectrum of Hibiscus sabdariffa extract showed certain 210 

Average particle size 45 nm 

Size range 35–60 nm 

Shape Spherical 

Aggregation Moderate 

Fig. 3. SEM images regarding AgNPs at the different magnification levels 

 



 

 

bands probably at around 3000 cm⁻¹, and 2921 cm⁻¹ that might be due to aliphatic C–H 211 

stretching vibrations. These peaks confirmed the existence of organic phytochemicals: 212 

flavonoids, polyphenols, and organic acids. On the other hand, the FTIR spectrum of the AgNPs 213 

exhibited intense absorption peaks at 3420 cm⁻¹ and 1650 cm⁻¹, which were assigned to O–H 214 

(hydroxyl) and C=O stretching vibration of carbonyl, while the peak at 1450 cm⁻¹ arose from N–215 

H (amine) stretching vibration (Fig.4). These groups normally belong to the phenolic and protein 216 

of the plant extract. The adsorption of CTAs on the AgNP surface suggested their relation with 217 

Ag⁺ ions reduction to Ag⁰ and also as natural capping agents, which provide an excellent 218 

stabilization of the NP. 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

3.1.5 Antimicrobial Activity 230 



 

 

The antibacterial potential of the prepared AgNPs was evaluated against a panel of clinically 231 

pathogenic bacterial strains, including E. coli and MRSA. After 24 h of incubation, inhibition 232 

zone diameters were measured to compare the effects of AgNPs, H. sabdariffa extract, the 233 

antibiotic fosfomycin (FOS), and their combinations. AgNPs exhibited considerable bactericidal 234 

activity against both gram-positive and gram-negative strains, producing larger inhibition zones 235 

than the crude extract (Table 2). The NPs were as effective as, or more effective than, the 236 

antibiotic control and demonstrated potent bactericidal activity. Combining AgNPs with FOS 237 

produced larger inhibition zones against all tested isolates, indicating a synergistic effect 238 

between the agents 239 

Table 2. Antimicrobial activity of AgNPs, plant extract, and antibiotic control (zone of inhibition 240 
in mm) 241 

 242 

3.1.6. Antioxidant Activity 243 

The free radical scavenging activity of the fabricated AgNPs, extract of Hibiscus sabdariffa, and 244 

ascorbic acid (standard) was determined in the range of 25–150 µg/mL using DPPH. The radical 245 

scavenging activity was also increased in a dose-dependent manner in all the samples. The 246 

increased activity was for ascorbic acid at 150 µg/mL, which showed the highest with 98% 247 

inhibition, followed by AgNPs conjugated (91%) and plant extract (75%). The high activity of 248 

the AgNPs can be ascribed to the phytochemicals attached to their surface, which induce 249 

Bacterial strain AgNPs Extract Antibiotic control (FOS) 

S. aureus 28 mm 17 mm 25 mm 

E. coli 23 mm 14 mm 20 mm 



 

 

excellent electron-donating properties, resulting in successful free radical scavenging (Table 250 

3,Fig.5). 251 

Table 3. DPPH scavenging activity (%) of ascorbic acid, AgNPs, and H. sabdariffa extract 252 

Concentration 

(µg/mL) 

Ascorbic Acid 

(%) 

Conjugated AgNPs 

(%) 

H. sabdariffa Extract 

(%) 

25 45 40 35 

50 65 60 45 

75 75 70 55 

100 85 80 65 

125 92 85 70 

150 98 91 75 

These findings confirm the strong antioxidant potential of the biosynthesized AgNPs and support 253 

their suitability for biomedical applications where oxidative stress mitigation is required 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 Fig. 5 DPPH Scavenging Activity 

 



 

 

3.1.7 Cytotoxicity assay 267 

Cytotoxicity study of H. sabdariffa extract, AgNPs, and conjugated AgNPs. The MTT assay was 268 

employed to investigate the cytotoxic effects both positive and negative) on the human cell lines 269 

with these samples. The IC₅₀ values showed that the conjugated AgNPs were more cytotoxic 270 

with an IC₅₀ value of 45 µg/mL, and plant extract (180 µg/mL) (Table 4, Fig.6). 271 

 Table 4. IC₅₀ values (µg/mL) for cytotoxicity of tested samples 272 

Sample IC50 (µg/mL) 

Hibiscus sabdariffa Extract 180 µg/mL 

Conjugated AgNPs 45 µg/mL 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

The enhanced cytotoxicity of conjugated AgNPs may be attributed to synergistic interactions 283 

between silver ions and bioactive components from the extract. Despite this increase, the IC₅₀ 284 

Fig. 6. Cytotoxic effects of Conjugated AgNPs and Hibiscus sabdariffa extract 

on A549 human lung carcinoma cells. 

 



 

 

values remain within acceptable ranges for potential biomedical applications such as targeted 285 

drug delivery and antimicrobial therapy. 286 

Discussion 287 

The results obtained in this study confirmed the successful green synthesis of silver nanoparticles 288 

(AgNPs) using Hibiscus sabdariffa leaf extract. The characteristic surface plasmon resonance 289 

(SPR) peak observed at approximately 420 nm verified the formation of AgNPs and closely 290 

matched previously reported Hibiscus-mediated AgNPs.
39–41

 Similar SPR peaks within the range 291 

of 420–430 nm have been reported for plant-derived AgNPs and are associated with comparable 292 

particle size distribution and dielectric properties of the surrounding medium.
42

 The gradual 293 

increase in absorbance intensity further suggested continuous nanoparticle formation and good 294 

colloidal stability during the synthesis process. 295 

TEM analysis demonstrated that the synthesized AgNPs were predominantly spherical + 296 

with an average particle size of approximately 45 nm (35–60 nm). This particle size 297 

range is consistent with previous reports on H. sabdariffa-mediated AgNPs, where nanoparticles 298 

ranging from 20 to 70 nm were observed.
40,43

 Nanoparticles within this nanoscale range 299 

generally exhibit enhanced biological activity because of their high surface-area-to-volume ratio, 300 

which increases interaction with microbial cells and biological membranes.
44

 The moderate 301 

aggregation observed in TEM and SEM analyses may be attributed to intermolecular interactions 302 

and phytochemical capping layers surrounding the nanoparticles.
45

 These phytochemical 303 

coatings contribute to nanoparticle stabilization and prevent rapid agglomeration during 304 

synthesis. 305 

FTIR analysis confirmed the presence of hydroxyl, carbonyl, and amine functional 306 

groups on the nanoparticle surface, indicating the involvement of polyphenols, flavonoids, 307 

proteins, and other phytochemicals in the reduction and stabilization of AgNPs. Similar FTIR 308 

profiles have been reported for other plant-mediated AgNPs, supporting the important role of 309 

phytochemicals in green nanoparticle synthesis.
41,45

 These biomolecules not only reduce silver 310 

ions into metallic nanoparticles but also function as natural capping agents that enhance 311 



 

 

nanoparticle stability and biological activity. XRD analysis further confirmed the crystalline 312 

nature of the synthesized AgNPs through characteristic face-centered cubic (fcc) silver 313 

diffraction peaks, which were consistent with previously reported biogenic AgNPs. 
44,46

 314 

The biosynthesized AgNPs exhibited strong antibacterial activity against both Gram-315 

positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria, with inhibition 316 

zones of 28 mm and 23 mm, respectively. These values were higher than those observed for H. 317 

sabdariffa extract alone and comparable to previously reported green-synthesized AgNPs. 
39,40,47

 318 

The enhanced antibacterial activity of AgNPs may be attributed to their nanoscale size and large 319 

reactive surface area, which facilitates direct interaction with bacterial cell membranes. AgNPs 320 

can disrupt membrane integrity, increase membrane permeability, induce leakage of intracellular 321 

components, generate reactive oxygen species (ROS), inactivate thiol-containing enzymes, and 322 

interfere with DNA replication, ultimately leading to bacterial cell death.
44,48

 Recent studies have 323 

additionally demonstrated that silver ions released from AgNPs can inhibit respiratory chain 324 

enzymes and ATP synthesis, thereby impairing essential metabolic pathways in bacterial cells.
49

 325 

Furthermore, phytochemicals adsorbed onto the nanoparticle surface may exert synergistic 326 

antibacterial effects through the combined action of flavonoids and phenolic compounds.
39,47,50

 327 

These mechanisms are particularly relevant in combating healthcare-associated and biofilm-328 

associated infections, where multidrug resistance and microbial surface adhesion contribute 329 

significantly to persistent infections.
51,52 

 330 

The greater susceptibility of S. aureus compared with E. coli observed in this study 331 

agrees with previous reports and may be explained by structural differences in bacterial cell 332 

walls.
44,53

 Gram-negative bacteria possess an additional outer lipopolysaccharide membrane that 333 

acts as a permeability barrier and limits nanoparticle penetration, whereas Gram-positive bacteria 334 

contain a thicker but relatively more permeable peptidoglycan layer.
44,53

 Similar findings have 335 

been reported in recent nanoparticle-based antimicrobial investigations.
49,54

 336 

The DPPH radical scavenging assay demonstrated strong dose-dependent antioxidant 337 

activity for both AgNPs and H. sabdariffa extract, with conjugated AgNPs exhibiting up to 91% 338 

inhibition at 150 µg/mL. Comparable antioxidant activities have been reported for Hibiscus-339 

mediated AgNPs, with scavenging efficiencies ranging from 70% to 95% at higher 340 



 

 

concentrations.
43,45,55

 The enhanced antioxidant activity of AgNPs compared with the crude 341 

extract may result from synergistic interactions between nanosilver and surface-bound 342 

polyphenolic compounds. These phytochemicals can donate electrons or hydrogen atoms to 343 

neutralize free radicals, while the nanoparticle surface improves the stability, reactivity, and 344 

bioavailability of antioxidant molecules.
45,56

 Recent studies have further suggested that metallic 345 

nanoparticles facilitate electron transfer reactions and enhance radical scavenging efficiency 346 

through increased reactive surface sites.
49,57

 347 

Cytotoxicity assessment using the MTT assay demonstrated that conjugated AgNPs 348 

exhibited the lowest IC₅₀ value, followed by AgNPs alone and H. sabdariffa extract. Similar 349 

findings have been reported previously, where plant-mediated AgNPs displayed greater 350 

cytotoxicity against cancer cell lines compared with crude plant extracts.
41,48,56

 Reported IC₅₀ 351 

values for Hibiscus-mediated AgNPs generally range between 30 and 150 µg/mL depending on 352 

nanoparticle size, surface chemistry, and cell type.
41,48

 The enhanced cytotoxicity of conjugated 353 

AgNPs may be associated with increased intracellular ROS generation, mitochondrial 354 

dysfunction, oxidative stress, and activation of apoptosis-related signaling pathways.
53

 Recent 355 

mechanistic studies have also demonstrated that AgNPs can induce caspase activation, DNA 356 

fragmentation, chromatin condensation, and cell-cycle arrest, thereby promoting apoptosis-357 

mediated cancer cell death.
48,49

 In addition, smaller nanoparticle size and phytochemical surface 358 

functionalization may enhance cellular uptake and strengthen nanoparticle–cell interactions, 359 

leading to improved biological activity. 360 

Overall, the findings of the present study strongly support previous reports on Hibiscus 361 

sabdariffa-mediated silver nanoparticles. 
39–43

 and highlight their multifunctional antimicrobial, 362 

antioxidant, and cytotoxic properties. The green-synthesized nanoparticles reported herein are 363 

environmentally sustainable, biocompatible, and exhibit improved surface functionality 364 

compared with chemically synthesized AgNPs.
42,44

 Similar biomedical advantages of green-365 

synthesized nanoparticles have also been highlighted in recent studies.
39,58

 Furthermore, the 366 

observed antimicrobial potential suggests possible applications in antimicrobial coatings and in 367 

the prevention of medical device-associated infections.
51,52

 Nevertheless, as emphasized in 368 

several recent reviews, most currently available evidence remains limited to in vitro 369 

investigations.
46,54

 Therefore, additional in vivo toxicity studies, pharmacokinetic evaluations, 370 



 

 

and detailed mechanistic investigations are required to fully establish the clinical safety, 371 

therapeutic efficacy, and translational potential of these nanoparticles for biomedical and 372 

pharmaceutical applications. 373 

Conclusion 374 

This study successfully demonstrated the green synthesis of silver nanoparticles (AgNPs) using 375 

H. sabdariffa leaf extract as a natural reducing and stabilizing agent. Comprehensive 376 

physicochemical characterization confirmed the formation of stable, predominantly spherical 377 

nanoparticles with nanoscale dimensions and well-defined crystalline structures. The presence of 378 

phytochemical functional groups on the nanoparticle surface verified the important role of H. 379 

sabdariffa biomolecules in nanoparticle reduction, capping, and stabilization. Biological 380 

evaluation revealed that the biosynthesized AgNPs exhibited significant antibacterial activity 381 

against both Gram-positive and Gram-negative bacteria compared with the crude plant extract 382 

and showed activity comparable to standard antibiotic controls. The enhanced antibacterial 383 

performance may be associated with nanoparticle-induced membrane disruption, oxidative 384 

stress, reactive oxygen species (ROS) generation, and inhibition of essential microbial metabolic 385 

pathways. In addition, the concentration-dependent antioxidant activity of the nanoparticle–plant 386 

conjugates demonstrated strong free radical scavenging potential comparable to the standard 387 

antioxidant ascorbic acid. Cytotoxicity analysis further confirmed dose-dependent biological 388 

responses, with conjugated AgNPs exhibiting greater cytotoxic activity than free nanoparticles 389 

and plant extract while maintaining acceptable safety profiles at lower concentrations. Overall, 390 

the findings highlight the potential of H. sabdariffa-mediated AgNPs as multifunctional 391 

antimicrobial, antioxidant, and cytotoxic agents with promising biomedical and pharmaceutical 392 

applications. Furthermore, the green synthesis strategy presented in this study offers an 393 



 

 

environmentally sustainable, biocompatible, and cost-effective alternative to conventional 394 

chemical nanoparticle synthesis methods. Nevertheless, additional in vivo studies, 395 

pharmacokinetic investigations, and detailed mechanistic evaluations are necessary to fully 396 

establish the clinical safety, therapeutic efficacy, and translational potential of these 397 

biosynthesized nanoparticles. 398 
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