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Abstract 

 Multifunctional nanocomposites with anticancer, antioxidant, and antibacterial activities are increasingly needed to 

address cancer progression, oxidative stress, and microbial resistance using biocompatible and eco-friendly materials. In 

this study, a green-synthesized Ag-PANI nanocomposite was successfully prepared using Hibiscus sabdariffa extract and 

evaluated for its physicochemical characteristics and biological performance. Structural and morphological analyses 

confirmed the successful formation of the nanocomposite and the incorporation of Ag nanoparticles within the PANI 

matrix. The Ag-PANI nanocomposite exhibited improved colloidal behavior, with a reduced hydrodynamic size 

distribution of about 500 - 600 nm and a positive zeta potential of approximately +22 mV, indicating enhanced dispersion 

stability compared with pure Ag nanoparticles and pristine PANI. In vitro cytotoxicity against breast cancer cells revealed 

a clear concentration-dependent reduction in cell viability, with an estimated IC₅₀ in the intermediate concentration range. 

The nanocomposite also showed notable antioxidant activity, with effective radical scavenging performance in DPPH, 

H₂O₂, hydroxyl, and superoxide assays. In addition, it demonstrated strong antibacterial activity against Escherichia coli 

and Staphylococcus aureus, with maximum inhibition zones of 24.0 ± 0.91 and 21.0 ± 0.73 mm, respectively, at 1250 

µg/mL. These findings indicate that the green-synthesized Ag-PANI nanocomposite is a stable and promising 

multifunctional platform for anticancer, antioxidant, and antibacterial biomedical applications.  

 

Keywords: Ag-PANI nanocomposite, Green synthesis, Hibiscus sabdariffa, Breast cancer, Antioxidant activity, 

Antibacterial activity 

 

Introduction 

 Cancer is still among the gravest health problems 

in the world and one of the major causes of death on the 

global level with a significant impact on health care 

systems [1-3]. Traditional methods of cancer treatment, 

such as chemotherapy and radiotherapy, usually have 

serious side effects, low specificity to cancer cells, and 

the emergence of drug resistance [4,5]. Such drawbacks 

have led to extensive studies to find alternative 

treatment methods that will be more effective and 

selective, as well as biocompatible [6,7]. 

 Nanotechnology provides a promising platform in 

the field of biomedical research, especially in cancer 

treatment and diagnosis owing to the special 

physicochemical characteristics of nanomaterials which 

comprise high surface area, size manipulation, and 

greater interactions with biological systems [8-10]. The 

cellular uptake can be enhanced by nanomaterials which 
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enhances therapeutic efficacy and decreases the toxicity 

of normal cells relative to traditional bulk materials 

[11,12]. Consequently, nanostructured systems have 

received growing interests in anticancer, antioxidant and 

antimicrobial applications [13,14]. 

 One of the widely studied nanomaterials is the 

silver-based nanostructures, due to their extraordinary 

biological functionality, such as high anticancer and 

antibacterial properties [15-17]. Silver nanoparticles 

have been identified to cause cytotoxicity in cancer cells 

in several ways including the production of reactive 

oxygen species (ROS), mitochondrial dysfunction and 

DNA damage and possess relatively low toxicity to 

normal cells at maximized concentrations [18-20]. 

Nevertheless, aggregation propensity of silver 

nanoparticles and their low stability can diminish their 

usefulness in biomedical use [21]. 

 Investigations into conductors of polymers 

especially polyaniline (PANI) have resulted in a lot of 

attention due to their high electrical conductivity, 

stability in the environment, facile production and bio 

compensation of the polymer [22-24]. The informative 

polymer network of PANI and chemical stability have 

been used extensively in biomedical applications, such 

as drug delivery, biosensors, and tissue engineering 

because these materials are conductive polymer 

networks, and because of their chemical stability [25]. It 

is possible to create hybrid nanocomposites with 

enhanced physicochemical and biological 

characteristics by including metallic nanoparticles in the 

PANI matrix. The primary role of PANI in these 

systems is to prevent aggregation of nanoparticles to 

form stable nanoparticles and to amplify the electron 

transfer and surface interaction. The properties may be 

used to a great extent to enhance the biological 

performance of metal-polymer nanocomposites, such as 

anticancer, antioxidant, and antibacterial functions in 

nanoparticles under the synergistic effects of the 

metallic nanoparticles and the conductive polymer 

framework [26]. 

 However, several studies have reported that 

polyaniline exhibits relatively low cytotoxicity at 

controlled concentrations and demonstrates acceptable 

biocompatibility in biomedical systems, particularly 

when incorporated into polymer-metal nanocomposites, 

where the polymer matrix can regulate nanoparticle 

dispersion and reduce potential toxicity effects [27]. 

 Synthesis of Ag-PANI nanocomposites  has 

proved to be a viable approach in integrating the 

excellent biological action of silver nanoparticles with 

the mechanical properties of stability and conductivity 

of polyaniline [28,29]. These hybrid nanocomposites 

have increased cytotoxic cancer killing in cancer cells, 

increased antioxidant radical scavenging and enhanced 

antibacterial activity because of the synergistic action of 

metal nanoparticles and polymeric networks [30-33]. 

These are synergistic effects that provide Ag-PANI 

nanocomposites  as promising candidates in 

multifunctional biomedical applications. 

 Green synthesis strategies have become a popular 

topic in the last few years due to their environmentally 

friendly substitutes of the traditional chemical and 

physical synthesis techniques [34,35]. Plant extracts are 

natural reducing and stabilizing agents, and toxic 

chemicals are not required and instead increase the 

biocompatibility of the nanomaterials formed [36]. The 

reduction of silver ions using Hibiscus sabdariffa extract 

tea contains bioactive compounds including 

polyphenols, flavonoids, anthocyanins, and organic 

acids, which may be effectively used to stabilize the 

nanoparticles formed [37]. Besides, these 

phytochemicals are also characterized by their inherent 

antioxidant, anticancer, and antimicrobial effects, which 

also add to the biological functionality of the produced 

nanocomposites [38]. 

 The novelty of the current work consists in the 

synthesis strategy of green synthesis and a thorough 

biological analysis. Natural reducing and stabilizing 

agent Hibiscus sabdariffa extract was used to prepare 

the Ag-PANI nanocomposite  and this offers an eco-

friendly process of preparing the nanocomposite. 

Moreover, this synthesized material was assessed 

systematically regarding anticancer, antioxidant, and 

antibacterial properties, which demonstrate its further 

use as a multifunctional nanomaterial in biomedical 

uses. 

 Nevertheless, although Ag-PANI nanocomposites 

have a promising biological property as reported in the 

literature, little attention has been drawn to the use of the 

nanocomposites in many biomedical scenarios 

especially in multifunctional applications even though 

most of the past research has mainly considered their 

antibacterial or electrochemical uses, especially when 

synthesized in environmentally friendly processes. The 
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Ag-PANI nanocomposite  in the given work was 

produced through the green synthesis approach with the 

help of Hibiscus sabdariffa extract that naturally 

presents reducing and stabilizing agents. This will 

reduce the utilization of toxic chemicals as well as will 

add new bio-active compounds into the composite that 

could be beneficial in improving the biological 

performance of the composite. In addition, the current 

research analytically examines the anticancer, 

antioxidant, as well as antibacterial properties of the Ag-

PANI nanocomposite, which would have an opportunity 

to serve as a versatile nanomaterial  in biomedical 

practice. 

 

Materials and methods 

 Material  

 Silver precursor (AgNO3 99.9% purity, Sigma-

Aldrich) was the raw material in the synthesis of silver 

nanoparticles. Preparation of polyaniline matrix was 

done using aniline monomer (C₆H₅NH₂, 99% Merck), 

which was distilled under reduced pressure before use to 

eliminate oxidative impurities. The oxidizing agent in 

oxidizing aniline polymerization was ammonium 

persulfate (APS, (NH₄)₂S₂O₈, 98%, Merck). The acidic 

medium needed to carry out the polymerization process 

was the hydrochloric acid (HCl, 37%, Merck). 

 The natural reducing and stabilizing agent of green 

synthesis route was the dried calyces of Hibiscus 

sabdariffa. The plant material was acquired in a local 

market, but it was carefully washed using distilled water 

and then dried at room temperature followed by storage 

before extract preparation. All the solutions were 

prepared using deionized water in the entire course of 

the experiment. 

 

 Green synthesis of Ag-PANI nanocomposite 

 The Ag-PANI nanocomposite was synthesized 

through a green oxidative polymerization approach 

using Hibiscus sabdariffa extract as a natural reducing 

and stabilizing agent, as illustrated in Figure 1. Hibiscus 

sabdariffa was selected due to its high content of 

bioactive phytochemicals, including polyphenols, 

flavonoids, and organic acids, which are known to 

facilitate the reduction of metal ions and stabilize the 

formed nanoparticles during green synthesis. These 

phytochemicals may also contribute to the enhanced 

biological activity of the resulting nanocomposite. 

Although the phytochemical content of the extract was 

not quantitatively determined in this study, previous 

reports indicate that Hibiscus sabdariffa extract contains 

significant amounts of these compounds, which can 

effectively participate in the reduction and stabilization 

of metal nanoparticles. 

 Briefly, dried Hibiscus sabdariffa calyces (10 g) 

were thoroughly washed with distilled water and boiled 

in 100 mL of deionized water at 80 °C. After cooling to 

room temperature, the extract was filtered to obtain a 

clear plant extract [39]. A 0.01 M AgNO3 solution was 

prepared by dissolving 0.1699 g of AgNO3 in 100 mL of 

deionized water. Subsequently, 20 mL of the plant 

extract was gradually added to 50 mL of the AgNO3 

solution under continuous stirring at room temperature 

for 30 min to promote the reduction of Ag⁺ ions and the 

formation of Ag nanoparticles. 

 After the Ag nanoparticles were formed 1.0 mL 

aniline monomer was added to the reaction mixture of 

50 mL of 1.0 M HCl as the acidic medium. The 

oxidative polymerization process of aniline was 

triggered by slowly adding 0.228 g ammonium 

persulfate (APS) dissolved in 50 mL of deionized water 

at 0 - 5 °C. Continuous stirring of the reaction mixture 

was done over a period of 6 h in order to achieve full 

polymerization. The precipitate resulting was filtrated to 

acquire the dark-green precipitate, and several washes 

of the precipitate using deionized water and ethanol 

were made to eliminate unreacted species, then the 

precipitate was dried in 60 °C  over a period of 12 h to 

give the Ag-PANI nanocomposite powder 

 In this system, polyaniline mainly functions as a 

stabilizing polymer matrix that supports the dispersion 

of silver nanoparticles and prevents their aggregation. 

Although aniline contains amine groups that may 

weakly participate in reduction reactions, the primary 

reduction of Ag⁺ ions in this green synthesis process is 

mainly driven by phytochemicals present in the 

Hibiscus sabdariffa extract. The reduction process was 

carried out at the natural pH of the plant extract without 

additional pH adjustment. 
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Figure 1 Schematic illustration of the green synthesis of the Ag-PANI nanocomposite using Hibiscus sabdariffa extract, 

showing the sequential reduction of Ag⁺ ions to Ag nanoparticles followed by oxidative polymerization of aniline to form 

the PANI matrix. 

 

 Cell culture 

 MCF-7 human breast cancer cells were used to 

assess the anticancer properties of the Ag-PANI 

nanocomposite  that had been synthesized. The cells 

were grown in Dulbecco Modified Eagle Medium 

(DMEM) with 10% fetal bovine serum (FBS) and 1% 

penicillin streptococci to avoid contamination by 

microorganisms and to supply the cell with nutrients 

required to grow [39]. Standard cell culture conditions 

were used to keep the cell cultures in humidified 

incubator at 37 °C  and 5% CO₂. The subculture with the 

trypsin-EDTA followed by seeding the cells into the 

relevant culture plates at a specific density in advance 

was done to ensure that the cells attached and stabilized 

properly before the biological assays. Cell morphology 

and confluence were regularly measured by the use of 

inverted optical microscope and the culture media were 

periodically changed to ascertain healthy and even cell 

proliferation prior to the treatment with the 

nanocomposite. 

 

 Cytotoxicity test 

 The cytotoxic activity of the synthesized Ag-PANI 

nanocomposite was evaluated using the MTT assay, 

which is based on the metabolic reduction of tetrazolium 

salt into insoluble formazan crystals by viable cells. 

Cells were seeded in 96-well culture plates at a density 

of approximately 1×10⁴ cells per well and allowed to 

adhere overnight under standard incubation conditions 

(37 °C, 5% CO₂). After reaching appropriate 

confluence, the cells were treated with different 

concentrations of the Ag-PANI nanocomposite and 

incubated for a specified period to evaluate dose-

dependent cytotoxicity. Then, MTT solution was added  

to each well and further incubated the plates to enable 

the formazan crystals to be formed. The medium was 

then removed with care and the crystals formed were 

then dissolved in an appropriate solvent. Absorbance of 

the dissolved formazan was taken by measuring at the 

wavelength of 570 nm with a microplate reader and cell 

viability was computed when compared to untreated 

control cells. The values obtained were put in terms of 

percentage cell viability, which gives a quantitative 

measure of cytotoxic effect of the nanocomposite 

[40,41]. 

 

 Antioxidant activity 

 The antioxidant activity of the Ag-PANI 

nanocomposite was evaluated using several 

conventional spectroscopic assays to determine its 

ability to scavenge different free radicals. Four major 

tests were performed: The DPPH radical assay, 
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hydrogen peroxide (H2O2) scavenging assay, hydroxyl 

radical (•OH) assay, and superoxide anion (−O2) assay 

[42]. All measurements were conducted at room 

temperature (25 ± 2 °C) using a UV-Vis 

spectrophotometer (Shimadzu UV-1900). 

 For the DPPH assay, a 0.1 mM DPPH solution was 

prepared in ethanol. One mL of this solution was mixed 

with 1 mL of the Ag-PANI nanocomposite suspension 

(1 mg/mL). The mixture was kept in the dark for 45 min 

and the absorbance was measured at 517 nm. The 

percentage of radical scavenging activity was calculated 

using the following equation [43]: 

 

Inhibition (%) =
𝐴0− 𝐴𝑠

𝐴o
× 100                     (1) 

 

where, As represents the absorbance of the sample 

solution containing the Ag-PANI nanocomposite, and 

Ao represents the absorbance of the control (blank) 

solution without the nanocomposite. 

 

 In hydrogen peroxide (H2O2) test, a 40 mM 

solution of H2O2 was prepared in phosphate buffer (pH  

= 7.4). One mL of the sample solution was combined 

with 1 mL of this solution and left to incubate over a 

period of 15 min. Absorbance was subsequently 

recorded in 230 nm. 

 For the hydroxyl radical (•OH) assay, the Fenton 

reaction system was prepared by mixing 1 mL of FeSO₄ 

(1 mM), one mL of H2O2  (1 mM), and 1 mL of the 

sample solution. After 20 min of incubation, the 

absorbance was recorded at 532 nm. 

 The superoxide anion (−O2) scavenging assay was 

performed using a radical generation system consisting 

of nicotinamide adenine dinucleotide (NADH), nitro 

blue tetrazolium (NBT), and phenazine methosulfate 

(PMS). One mL of NADH (156 µM) was mixed with 1 

mL of NBT (50 µM) and 1 mL of PMS (10 µM), 

followed by the addition of 1 mL of the sample solution. 

After 5 min of incubation, the absorbance was measured 

at 560 nm. 

 Experiments were conducted three times and in 

each case the results were reported in the form of mean 

and standard deviation (mean ± SD). The antioxidant 

effect of the samples was measured against vitamin C as 

a sample antioxidant [44]. 

 

 Agar well diffusion 

 Gram-negative Escherichia coli  and Gram-

positive Staphylococcus aureus  bacteria were run to 

ascertain the antibacterial activity of the Ag-PANI 

nanocomposite  using the agar well diffusion method. 

Agar plates of Mueller-Hinton were inoculated with 

freshly prepared bacterial suspensions and Gram-

positive bacterial lawns were obtained. Wells of 6 mm 

diameter aseptic punches were made on the agar. The 

concentrations of Ag-PANI nanocomposites (250, 500, 

750, 1,000 and 1,250 µg/mL) were prepared and 100 µL 

of each solution put in its corresponding wells. Both 

plates were incubated at 37 °C  of the incubation time 24 

h and the antibacterial activity was then measured in 

millimeters of the inhibition zones. A standard antibiotic 

(ciprofloxacin, 10 µg) was used as a positive control to 

compare the antibacterial activity of the Ag-PANI 

nanocomposite. 

 

 Characterization 

 Multiple analytical techniques were employed to 

characterize the synthesized Ag-PANI nanocomposite 

in terms of its structural, morphological, and 

physicochemical properties. X-ray diffraction (XRD) 

analysis was carried out using an XRD diffractometer 

(Bruker D8 Advance, Germany) with Cu Kα radiation 

(λ = 1.5406 Å) over an appropriate 2θ range to 

determine the crystalline structure and phase 

composition. The surface morphology and particle 

distribution were examined using field-emission 

scanning electron microscopy (FESEM, TESCAN 

MIRA3, Czech Republic). Elemental composition and 

distribution were analyzed using energy-dispersive X-

ray spectroscopy (EDX) attached to the FESEM system. 

Fourier transform infrared spectroscopy (FTIR, 

Shimadzu IRTracer-100, Japan) was used to identify the 

functional groups and possible chemical interactions 

between the polyaniline matrix and silver nanoparticles 

in the range of 4,000 - 400 cm⁻¹. In addition, the optical 

properties of the samples were investigated using UV-

Vis spectroscopy (Shimadzu UV-1900, Japan) within 

the wavelength range of 200 - 800 nm. 

 

 Statistical analysis 

 The differences between the experimental values 

were statistically analyzed to identify the importance of 

the differences by applying SPSS software, that is, a 1-
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way ANOVA. The results of the final values were in the 

form of Mean ± SD. Statistically significant results were 

taken to be p < 0.05 [45]. 

 

Results and discussion 

 X-ray diffraction analysis 

 Figure 2 presents the X-ray diffraction (XRD) 

patterns of pure Ag nanoparticles, pristine polyaniline 

(PANI), and the Ag-PANI nanocomposite. The 

diffraction peaks observed at 2θ values of 38.1°, 44.3°, 

64.5°, and 77.4° correspond to the (111), (200), (220), 

and (311) crystallographic planes of face-centered cubic 

(fcc) metallic silver, respectively. These reflections 

confirm the successful formation of crystalline Ag 

nanoparticles. The sharp peaks indicate the well-defined 

crystalline nature of the Ag phase. 

 In contrast, pristine PANI exhibits a broad 

diffraction band centered around 2θ ≈ 20 - 25°, which is 

characteristic of the semi-crystalline nature of 

polyaniline. This feature arises from the periodic 

arrangement of polymer chains combined with the 

presence of amorphous regions within the polymer 

structure. Such diffraction behavior is typical for 

polyaniline synthesized via oxidative polymerization 

and reflects the limited long-range structural order of the 

polymer matrix [46]. 

 In the case of Ag-PANI nanocomposite, both the 

coexistence of the 2 components is clear in the 

diffraction pattern. The typical reflections of metallic 

Ag have been maintained in the polymer matrix which 

proves the effective entrapment of Ag nanoparticles in a 

framework of PANI. The slight expansion of the Ag 

diffraction peaks is an indication that the crystallite size 

is smaller, and the lattice is possibly distorted due to 

interfaces between Ag nanoparticles and PANI polymer 

chains. These are effects that are usually seen when 

nanoparticles are trapped in a polymer framework, and 

it is an indicator that Ag is homogeneously dispersed 

throughout the polymer network and does not imply 

simple physical mixing [47]. 

 

𝐷 =
0.9𝜆

𝛽cos 𝜃
  

 

where, D is the crystallite size, λ is the X-ray wavelength 

(1.5406 Å), β is the full width at half maximum 

(FWHM) of the diffraction peak, and θ is the Bragg 

angle. The calculated crystallite size was found to be 

approximately 28 nm, which is in good agreement with 

the particle size range observed in the FESEM images. 

 

 Furthermore, the slight shift observed in the PANI 

diffraction band in the Ag-PANI nanocomposite 

compared with pristine PANI can be attributed to 

structural interactions between Ag nanoparticles and the 

polymer chains. The incorporation of Ag nanoparticles 

may induce minor changes in the interchain spacing and 

local structural arrangement of PANI, resulting in the 

observed peak shift in the XRD pattern. Overall, the 

coexistence of crystalline Ag and semi-crystalline PANI 

confirms the successful formation of the hybrid Ag-

PANI nanocomposite structure. Such structural 

integration can enhance charge-transfer efficiency and 

surface reactivity, which are important factors 

contributing to the improved biological performance of 

the nanocomposite in anticancer and antibacterial 

applications [48]. 
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Figure 2 XRD patterns of Ag nanoparticles, pristine PANI, and the Ag–PANI nanocomposite recorded using Cu Kα 

radiation (λ = 1.5406 Å) over a 2θ range of 20° - 80°. 

 
 

 FESEM and EDX analysis 

 Figure 3 presents the FESEM images together 

with the corresponding EDX spectra of Ag 

nanoparticles, pristine polyaniline (PANI), and the Ag-

PANI nanocomposite. The FESEM image of Ag 

nanoparticles shows that there is a specific level of 

agglomeration between the quasi-spherical particles 

with the particle sizes of about 25 - 45 nm. The EDX 

analysis shows that the dominant element is Ag (Ag 72 

wt%), and oxygen (O 28 wt%) could be the result of 

surface adsorption or biomolecules of the Hibiscus 

sabdariffa extract that was used in the process of green 

synthesis. No typical Ag₂O diffraction peaks in the XRD 

pattern indicates that oxygen found is largely related to 

the biomolecule present on the surface as opposed to the 

development of silver oxide. 

 In contrast, pristine PANI exhibits a porous and 

interconnected polymeric morphology composed of 

irregular clusters and fibrous-like structures. The EDX 

spectrum is mainly dominated by carbon (C 73 wt%) 

and nitrogen (N 16 wt%), with smaller contributions 

from oxygen (O 8 wt%) and chlorine (Cl 3 wt%). The 

presence of chlorine confirms the formation of acid 

doped PANI because of polymerization in the HCl 

medium. 

 In the case of Ag-PANI nanocomposite, FESEM 

image reveals that the Ag nanoparticles are well spread 

and integrated into the porous PANI structure with less 

aggregation. It is approximated that the size of the 

particle, within the polymer matrix, is about 20 - 35 nm, 

which implies that the polymer network helps in the 

stable distribution of the Ag nanoparticles and prevents 

their growth. The EDX spectrum confirms the presence 

of Ag, C, N, O, and Cl with approximate compositions 

of Ag (60 wt%), C (25 wt%), N (8 wt%), O (5 wt%), and 

Cl (2 wt%). It should be noted that the elemental 

percentages obtained from EDX analysis represent the 

surface composition of the material. Therefore, the 

reported Ag content reflects the approximate surface 

distribution within the Ag-PANI nanocomposite rather 

than an exact bulk loading value. The decrease in Ag 

content compared with pure Ag nanoparticles, together 

with the appearance of C and N signals, confirms the 

successful incorporation of Ag within the PANI matrix. 

These observations are further supported by FTIR 

results, where slight shifts in the characteristic bands of 

PANI indicate interactions between Ag nanoparticles 

and nitrogen-containing functional groups of the 

polymer chains. 
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 Overall, these results confirm the formation of a 

structurally integrated Ag-PANI nanocomposite in 

which nanoscale Ag particles are uniformly distributed 

within the doped PANI framework, providing a large 

interfacial surface area that may contribute to enhanced 

biological activity [49]. 

 

 

Figure 3 FESEM images and corresponding EDX spectra of (a) Ag nanoparticles, (b) pristine PANI, and (c) the Ag-

PANI nanocomposite showing morphology and elemental composition. 

 UV-Vis optical analysis 

 Figure 4 presents the UV-Vis absorption spectra 

of Ag nanoparticles, pristine polyaniline (PANI), and 

the Ag-PANI nanocomposite. The spectrum of Ag 

nanoparticles shows a broad absorption band centered at 

approximately 520 - 540 nm, which corresponds to the 

localized surface plasmon resonance (LSPR) of metallic 

silver nanoparticles. The broad nature of this band 

suggests the formation of polydisperse nanoparticles 

with a certain degree of aggregation. This observation is 

consistent with the FESEM images, and the particle size 

distribution obtained from PSA analysis, both of which 

indicate the presence of particles with variable sizes and 

partial agglomeration [50]. 

 Pristine PANI exhibits characteristic absorption 

features in the UV-visible region. The band observed 

around 320 - 350 nm is attributed to the π–π* transition 

of the benzenoid rings within the polymer backbone, 

a 

b 

c 
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while the broader band in the range of 480 - 520 nm 

corresponds to polaron–bipolaron transitions associated 

with the doped conductive state of polyaniline. These 

spectral features confirm the successful formation of 

electrically conductive PANI. 

 In the example of Ag-PANI nanocomposite, 

spectral changes can be observed with respect to the 

single components. The typical plasmon band of Ag 

becomes displaced towards shorter wavelength towards 

an area of around 400 nm which means that there are 

smaller and better dispersed Ag nanoparticles that are 

stabilized in the PANI matrix. Such a change implies 

that polymer skeleton inhibits the growth of 

nanoparticles and enhances their dispersion. In addition, 

the characteristic absorption bands of PANI remain 

visible in the composite spectrum, confirming the 

successful incorporation of PANI into the Ag-PANI 

nanostructure. The enhanced absorption intensity 

observed in the visible region (400 - 700 nm) further 

indicates strong electronic interactions and efficient 

charge transfer between Ag nanoparticles and the 

conjugated polymer chains [51]. 

 The extended optical absorption of the Ag-PANI 

nanocomposite in the visible region may enhance light-

matter interaction and could potentially contribute to 

photothermal or photodynamic effects in biomedical 

applications. However, the photothermal performance 

was not experimentally evaluated in the present study 

and therefore requires further investigation [52]. 

 The broad plasmon band observed for Ag 

nanoparticles is also consistent with the PSA results, 

which indicate a relatively wide particle size distribution 

and partial aggregation in the colloidal system. 

 

 

Figure 4 UV-Vis absorption spectra of Ag nanoparticles, pristine PANI, and the Ag-PANI nanocomposite recorded in 

the wavelength range of 200 - 800 nm. 

 

 FTIR analysis 

 Figure 5 shows the FTIR spectra of Ag 

nanoparticles, pristine polyaniline (PANI), and the Ag-

PANI nanocomposite. The spectrum of Ag 

nanoparticles exhibits a broad absorption band around 

3,371 cm⁻¹, which is attributed to O–H stretching 

vibrations originating from adsorbed moisture or surface 

hydroxyl groups formed during the green synthesis 

process. A band near 1,737 cm⁻¹ is associated with 

surface-bound oxygenated species, while the low-

wavenumber band around 661 cm⁻¹ corresponds to Ag–

O or Ag lattice vibrations, confirming the formation of 

nanoscale silver nanoparticles [53]. 

 The FTIR spectrum of pristine PANI shows 

several characteristic bands that confirm the polymer 

structure. The bands observed at 2,866 and 2,641 cm⁻¹ 

correspond to C–H stretching vibrations of the polymer 

backbone. The band at 1,533 cm⁻¹ is attributed to the 

quinoid ring stretching vibration, while the band around 

~1,480 - 1,500 cm⁻¹ is associated with the benzenoid 

ring vibration, indicating the coexistence of different 

oxidation states of polyaniline. In addition, bands 
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observed in the region of approximately 1,000 - 1,250 

cm⁻¹ are assigned to C–N stretching vibrations of the 

PANI backbone, while the band near ~906 cm⁻¹ 

corresponds to out-of-plane C–H bending, which is 

characteristic of doped polyaniline [54]. 

 Compared with pristine PANI, noticeable spectral 

changes are observed in the Ag-PANI nanocomposite. 

A broad band around 3,115 cm⁻¹ corresponding to N–H 

stretching vibrations becomes broadened and slightly 

shifted, suggesting interactions between Ag 

nanoparticles and nitrogen-containing functional groups 

in the PANI chains. The characteristic quinoid and 

benzenoid bands at approximately 1,552 and 1,349 - 

1,218 cm⁻¹ are preserved in the composite but exhibit 

slight shifts and intensity variations, indicating strong 

interfacial interactions and possible coordination 

between Ag nanoparticles and the polymer matrix. 

Additionally, the appearance or enhancement of bands 

around ~836 cm⁻¹ further supports the successful 

incorporation of Ag nanoparticles within the PANI 

framework. 

 In general, it is possible to conclude that FTIR 

shows that the basic chemical structure of PANI remains 

intact after the composite formation. Nevertheless, the 

shifted bands and variation in the intensity is a clear 

indication of the interaction between Ag nanoparticles 

and nitrogen functional groups of the polymer chains. 

The interactions also lead to the structural stability of 

Ag-PANI nanocomposite and can be significant in 

improving functional and biological properties of the 

nanocomposite [55]. 

 

 

Figure 5 FTIR spectra of Ag nanoparticles, pristine PANI, and the Ag-PANI nanocomposite measured in the wavenumber 

range of 4,000 - 400 cm⁻¹. 

 

 Particle size distribution and zeta potential 

analysis 

 Figures 6(a) and 6(b) depict the hydrodynamic 

size distribution and zeta potential of Ag nanoparticles, 

pure PANI and Ag-PANI nanocomposite, respectively. 

As Figure 6(a) depicts, Ag nanoparticles show a rather 

wide size distribution with the major population at 

around 650-700 nm, representing the formation of 

agglomerates in aqueous suspension, and in keeping 

with the high surface energy and partial aggregation 

disposition of free Ag nanoparticles in liquid. 

 Pristine PANI exhibits a skewed particle size 

distribution with a preeminent hydrodynamic diameter 

of 600 - 750 nm, which could be explained by the 

polymeric character of PANI and the assemblage of the 

chain in suspension. This is characteristic of conductive 

polymer suspended in aqueous medium and indicative 

of the existence of polymer domains interconnected 

instead of free nanoparticles [56]. 

 On the contrary, Ag-PANI nanocomposite  has a 

relatively smaller and shifted size distribution with the 

major peak at around 500 - 600 nm. The decreasing size 

in hydrodynamics suggests that the dispersion stability 
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of the Ag nanoparticles incorporated into the PANI 

matrix is enhanced and unwanted aggregation in the 

solution is prevented. This tendency indicates the 

presence of close interfacial interactions between Ag 

and PANI, which result in smaller and more stable 

compound entities in suspension. 

 The zeta potential values of Figure 6(b) also 

imply this. The zeta potentials of the Ag nanoparticles, 

pristine PANI and Ag-PANI nanocomposite  are around 

+21, +18, and +22 mV respectively. The higher positive 

zeta potential of Ag-PANI nanocomposite  indicates 

better colloidal stability of the particle in relation to the 

components, which can be attributed to the reversal of 

the surface charge of the Ag nanoparticles and 

protonated PANI chains. The quantitative parameter of 

this change in the magnitude of zeta potential of the 

nanocomposite, is more strength of electrostatic 

repulsion in the interaction of the particles and 

consequently reduces aggregation and increases the 

stability of the suspension [57]. 

 The measured zeta potential value of +22 mV 

indicates moderate colloidal stability of the Ag-PANI 

nanocomposite dispersion. Although values above ±30 

mV are generally considered highly stable, values 

within the range of ±20 - 30 mV still suggest reasonable 

electrostatic stabilization of nanoparticles in suspension. 

 In general, the analysis of the DLS, and zeta 

potential indicates that Ag-PANI nanocomposite  has 

better dispersion features and an increased colloidal 

stability in aqueous conditions than the pure Ag 

nanoparticles and PANI. This improved stability is an 

essential consideration to biological applications, which 

enables easier interface with cells and bacteria and leads 

to predictable anticancer and antibacterial behavior 

 The positive surface charge observed for Ag, 

PANI, and the Ag-PANI nanocomposite can be 

attributed to protonated amine groups (–NH₃⁺) present 

in the polyaniline chains under acidic conditions, which 

contribute to the overall positive zeta potential of the 

system. 

 The larger particle size obtained from DLS 

measurements compared with FESEM observations can 

be attributed to the hydrodynamic diameter measured in 

solution. DLS analysis reflects the effective size of 

nanoparticles including the surrounding polymer layer, 

possible particle aggregation, and the solvation shell in 

the liquid medium, whereas FESEM provides the 

physical size of the dried nanoparticles. Therefore, the 

larger size range (500 - 700 nm) obtained from DLS is 

expected and consistent with the nanoscale particle size 

observed in FESEM images. 

 

 

 

Figure 6 (a) Hydrodynamic particle size distribution obtained by dynamic light scattering (DLS) and (b) zeta potential 

measurements of Ag nanoparticles, pristine PANI, and the Ag-PANI nanocomposite. 

 

 In vitro anticancer activity (MTT assay) 

 The anticancer activity of the green-synthesized 

Ag-PANI nanocomposite was evaluated against MCF-7 

human breast cancer cells using the MTT assay after 24 

h of incubation. Cell viability was determined by 

measuring the absorbance using a microplate reader and 

normalizing the values relative to untreated control 

cells. Figure 7 illustrates the effect of nanocomposite 

concentration on cell viability, while Table 1 

(a) (b) 
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summarizes the corresponding statistical parameters 

obtained from the experiment [58]. 

 As Figure 7 indicates, Ag-PANI nanocomposite 

has a distinct concentration-dependent cytotoxic effect. 

The cells had a high viability at low concentrations (7.25 

and 13.5 µg/mL) suggesting that cytotoxic stress was 

minimal. Nevertheless, cell viability was gradually 

diminished with increase in concentration of the 

nanocomposite and stronger cytotoxic outcomes were 

recorded at higher concentrations (60 and 100 µg/mL). 

 Table 1 contains the quantitative data, that is, the 

mean optical density (O.D.), the standard deviation and 

the outcomes of the multiple range test that were 

conducted by Duncan. The gradual reduction of the 

O.D. values as the concentration of nanocomposite is 

increasing indicates the inhibition of the cellular 

metabolic activity. Duncan test of statistical analysis 

showed significant difference between the experimental 

concentrations (p < 0.05). Table 1 shows that various 

letters reflect statistically significant differences 

between treatments as per the multiple range test as 

proposed by Duncan (p < 0.05), though treatments with 

the same letter do not significantly differ [59]. 

 Based on the dose–response trend, the half-

maximal inhibitory concentration (IC₅₀) of the Ag-PANI 

nanocomposite was estimated graphically to be 

approximately 45 µg/mL, indicating a moderate 

cytotoxic effect against MCF-7 breast cancer cells. In 

comparison, the reference anticancer drug cisplatin 

exhibited lower O.D. values, indicating stronger 

cytotoxic potency. Statistical comparison further 

confirmed significant differences (p < 0.05) between the 

cytotoxic activity of cisplatin and the Ag-PANI 

nanocomposite at comparable concentrations. 

 The cytotoxic effect observed could be due to the 

synergistic effect between the silver nanoparticles and 

the polyaniline matrix that could trigger oxidative stress, 

mitochondrial disturbance and perturbations in the 

cellular metabolic pathways. Additionally, the 

conductive property of polyaniline can be useful in 

electron-transfer mechanisms at the nano- bio interface 

that encourages redox imbalance and oxidative stress 

amplification in cancer cells. It is also possible that the 

contact between the Ag-PANI nanocomposite  and 

cancer cell membranes is increased by the increased 

colloidal stability and positive surface charge which 

results in cellular uptake and cytotoxic activity. 

 Overall, the results presented in Figure 7 and 

Table 1 confirm that the Ag-PANI nanocomposite 

exhibits significant in vitro anticancer activity against 

MCF-7 cells in a concentration-dependent manner. 

However, further investigations involving normal cell 

lines are required to evaluate the selectivity and 

biosafety of the nanocomposite for potential biomedical 

applications. 

 

 

Figure 7 Effect of Ag-PANI nanocomposite concentration on the viability of MCF-7 breast cancer cells determined by 

the MTT assay after 24 h of incubation. 
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Table 1 MTT assay-based anticancer activity of Ag-PANI nanocomposite against breast cancer cells. 
Concentration (µg/mL) 

 
N Mean O. D. Std. Deviation Duncan Test 

7.25 3 0.897 0.018 D 

13.5 3 0.716 0.022 C 

30 3 0.637 0.019 BC 

60 3 0.289 0.015 B 

100 3 0.218 0.014 A 

Cisplatin (control) 3 0.190 0.012 A 

  

 
 

 Antioxidant activity of Ag-PANI 

nanocomposite 

 Different free radical scavenging tests, including 

DPPH, hydrogen peroxide (H2O2), hydroxyl radical 

(•OH) and superoxide anion (–O2) were used to 

determine the antioxidant activity of the Ag-PANI 

nanocomposite, using vitamin C as a reference 

antioxidant. The relative scavenging efficiencies are in 

Figure 8. 

 It is indicated in Figure 8 that the Ag-PANI 

nanocomposite has significant free radical scavenging 

ability, which highly depends on the radical type. The 

nanocomposite has a scavenging activity of 30.7 ± 1.4%  

in the DPPH assay that is somewhat higher than that of 

vitamin C (26.2 ± 1.1%), which means that the 

nanocomposite has an effective ability to donate 

electrons or hydrogen atoms to stabilize the DPPH 

radical [60]. 

 The Ag-PANI nanocomposite has a scavenging 

activity of 47.9 ± 1.6 in the hydrogen peroxide (H₂O₂) 

scavenging assay, compared to a scavenging assay of 

66.8 ± 1.3 of the vitamin C. This fact may be explained 

by the rapid electron-donating property of vitamin C in 

aqueous solution that increases its reaction with H₂O₂ 

over the nanocomposite. 

 To determine the scavenging of hydroxyl radical 

(•OH), the Ag-PANI nanocomposite  is better than 

vitamin C with a scavenging capacity of 21.4 ± 1.0% 

versus 12.6 ± 0.8% of vitamin C. The high surface 

reactivity of the nanocomposite could be related to the 

high performance of this catalyst. Conversely, Ag-PANI 

nanocomposite has a low activity in scavenging 

superoxide anion (O₂⁻) (9.2 ± 0.7%) than vitamin C 

(33.5 ± 1.2%), which is evidence of greater affinity of 

the vitamin C to this radical species [61]. 

 It is possible to attribute the antioxidant activity 

that is observed of the Ag-PANI  nanocomposite to its 

nanoscale dimensions, large surface area, and the 

existence of bioactive functional groups that are because 

of the green synthesis pathway. These characteristics 

improve the processes of electron transfer and offer 

numerous active sites of radical stabilization. In general, 

the findings of Figure 8 suggest that Ag-PANI 

nanocomposite  has significant antioxidant properties 

and can be considered as a promising nano-antioxidant 

with radical scavenging ability depending on the 

concentration [62]. 

 The variation in scavenging efficiency observed 

for different radicals can be attributed to the distinct 

reaction mechanisms involved in each assay. Radicals 

such as DPPH and H₂O₂ are more accessible to electron 

or hydrogen donation processes occurring on the surface 

of the nanocomposite, whereas highly reactive radicals 

such as hydroxyl (•OH) and superoxide (O₂⁻•) may 

interact differently depending on their reactivity and 

diffusion behavior in the reaction medium. The surface-

active silver nanoparticles and the functional groups in 

the PANI matrix are involved in Ag-PANI system, 

which achieves the radical scavenging process via 

electron transfer and surface adsorption. All these 

effects are what accounted to the differences in the 

antioxidant effectiveness of the radical systems that 

were tested. 

 These 2 activities of Ag-PANI nanocomposite as 

a pro-oxidant and antioxidant can be attributed to the 

difference in physicochemical environments where 

these activities take place. The nanocomposite can be 

used in chemical antioxidant assays, in which the 

nanocomposite is able to donate electrons or hydrogen 

atoms to neutralize free radicals and this leads to 

quantifiable radical scavenging activity of the 
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nanocomposite. Conversely, in a biological context, e.g. 

cancer cells, Ag nanoparticles can facilitate the 

production of intracellular reactive oxygen species 

(ROS) via cellular interactions and connections in 

mitochondria. This excess production of ROS is capable 

of causing oxidative stress and consequent damage of 

cancer cells. Thus, the visible pro-oxidant and 

antioxidant actions are explained by various 

environments of reactions and mechanisms. 

 

 

Figure 8 Antioxidant activity of the Ag–PANI nanocomposite evaluated using different radical scavenging assays 

(DPPH, H₂O₂, hydroxyl, and superoxide radicals) compared with vitamin C as a reference antioxidant. 

 

 Antibacterial activity of Ag-PANI 

nanocomposite 

 Figure 9 presents the antibacterial activity of the 

Ag-PANI nanocomposite against Escherichia coli 

(Gram-negative) and Staphylococcus aureus (Gram-

positive) at different nanocomposite concentrations 

ranging from 250 to 1,250 µg/mL. The inhibition zones 

correspond to the wells labeled from B to F, while region 

A represents the control sample and was therefore not 

included in the quantitative analysis [63]. 

 In the case of E. coli, the smallest inhibition zone 

was observed at 250 µg/mL (region B), with a diameter 

of 5.0 ± 0.07 mm, indicating weak antibacterial activity 

at low concentration. As the nanocomposite 

concentration increased, the inhibition zones gradually 

expanded to 11.0 ± 0.87 mm at 500 µg/mL (region C) 

and 14.0 ± 0.54 mm at 750 µg/mL (region D). A further 

increase was observed at 1,000 µg/mL (region E), while 

the maximum antibacterial activity was recorded at 

1,250 µg/mL (region F), where the inhibition zone 

reached 24.0 ± 0.91 mm. 

Similarly, a concentration-dependent antibacterial 

response was observed for Staphylococcus aureus, 

although the inhibition zones were slightly smaller 

compared with those of E. coli. The inhibition zone 

diameter increased from 5.0 ± 0.03 mm at 250 µg/mL 

(region B) to 9.0 ± 0.43 mm at 500 µg/mL (region C) 

and 12.0 ± 0.68 mm at 750 µg/mL (region D). At 1,000 

µg/mL (region E), the inhibition zone reached 15.0 mm, 

while the highest antibacterial activity was observed at 

1,250 µg/mL (region F), with an inhibition zone of 21.0 

± 0.73 mm. 

 The differences in the antibacterial activity 

between the E. coli and the S. aureus can be explained 

by differences in the cell wall structures of these 

bacteria. Gram-negative bacteria like E. coli have a 

thinner layer of peptidoglycan hence they tend to 

interact and penetrate the Ag-PANI nanocomposite 

better. Gram-positive bacteria including S. aureus, on 

the contrary, possess a thicker peptidoglycan structure 

and can serve as a more effective barrier to nanoparticles 

diffusion. 
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 This may be explained by the fact that the 

improved antibacterial activity at higher concentrations 

could be a result of the synergistic effect between silver 

nanoparticles and the PANI matrix. It is probable that 

this effect is a combination of several different 

processes, which are release of Ag+ ions, interference 

with the cell membranes of bacteria, inhibition of 

different enzymes, and increased electrostatic 

interaction between positively-charged nanoparticles 

and negatively-charged bacterial cell membranes. 

 The Ag-PANI nanocomposite was also compared 

with a standard antibiotic that was used as a positive 

control on the antibacterial activity. Even though the 

size of the inhibition zones formed by the 

nanocomposite tended to be smaller than the size of the 

inhibition zone formed by antibiotic, the findings 

indicate that the Ag-PANI composite has a high 

potential of being used as a substitute antimicrobial 

material. 

 

 

 

 

Figure 9 Antibacterial activity of the Ag-PANI nanocomposite against Escherichia coli and Staphylococcus aureus 

determined by the agar diffusion method at different nanocomposite concentrations. 

 

 The Ag-PANI nanocomposite  that was prepared in 

the current study has competitive biological 

performance because of the interaction between the 

silver nanoparticles and the conductive polymer matrix 

in a synergistic manner that is reported to have not been 

previously reported in Ag-based nanocomposites. As 

has already been demonstrated in the previous studies, 

Ag-based polymer nanocomposites tend to have better 

biological activity than pure Ag nanoparticles due to the 

fact that the polymer matrix allows to better disperse, 

stabilize and contact the nanoparticles with the 

biological systems. As an example, Ag-PANI 

nanostructures have been also suggested to have high 

antibacterial properties and a better stability than pure 

Ag nanoparticles because Ag is stabilized on the 

polymer network [64]. On the same note, Ag-polymer 

nanocomposites have displayed enhanced antimicrobial 

and cytotoxic properties due to controlled release of Ag 

ions as well as decreased aggregation of nanoparticles in 

the polymer matrix [65]. In the current article, porous 
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PANI has been used to provide high porosity and 

conductive environment, which enables electron 

transfer and stabilization of Ag nanoparticles, which in 

combination with the above, promotes anticancer, 

antioxidant, and antibacterial effect. Such structural and 

physicochemical properties help to point out the 

possible benefits of the Ag-PANI  nanocomposite as 

opposed to most traditional Ag nanomaterials. 

 

Conclusions 

 The Ag-PANI multifunctional nanocomposite was 

successfully synthesized via a green and 

environmentally friendly route using Hibiscus 

sabdariffa extract. Structural characterization using 

XRD and FTIR confirmed the successful formation of 

crystalline Ag nanoparticles and their incorporation into 

the polyaniline matrix, while FESEM and EDX analyses 

revealed homogeneous dispersion of Ag nanoparticles 

within the porous PANI framework and confirmed the 

elemental composition of the composite. In addition, 

zeta potential analysis demonstrated good colloidal 

stability of the nanocomposite, which is advantageous 

for biological applications. 

 The anticancer activity tested based on the MTT 

assay exhibited a definite concentration-lengthy 

cytotoxic impact on the breast cancer cells. With a 

higher concentration of Ag-PANI nanocomposite, cell 

viability was reduced progressively. It was 

approximated that the half-maximal inhibitory 

concentration (IC₅₀) was 45 µg/mL  which fact revealed 

a moderate cytotoxic effect. The cell viability at higher 

concentrations was reduced to less than 30%, which 

shows a strong inhibitory property of the nanocomposite 

on the proliferation of cancer cells. 

 The antioxidant assessment also established the 

fact that the Ag-PANI nanocomposite has the radical-

scavenging property. Scavenging efficiencies values 

were found to be 30.7%  in DPPH, 47.9% in H₂O₂, 

21.4%  in hydroxyl radicals, and 9.2%  in superoxide 

radicals, which implies the capability of the composite 

to counteract reactive oxygen species. Such findings can 

be explained by active surface sites and functional 

groups of both polymer matrix and the synthesis process 

that are mediated by plants. 

 The antibacterial activity of the Ag-PANI 

nanocomposite was confirmed against both Escherichia 

coli and Staphylococcus aureus. The inhibition zones 

increased with increasing nanocomposite concentration, 

reaching maximum values of 24.0 ± 0.91 mm for E. coli 

and 21.0 ± 0.73 mm for S. aureus at 1250 µg/mL, 

demonstrating strong antibacterial performance. 

 In general, the synergistic effect between the 

polyaniline matrix and the silver nanoparticles can be 

considered as the reason of the improved biological 

performance of the Ag-PANI nanocomposite. As Ag 

nanoparticles are important in cytotoxic and 

antibacterial activity, PANI matrix enhances 

nanoparticle stability, dispersal and contact with 

biological systems. Hence, the green-synthesized Ag-

PANI nanocomposite is a prospective multifunctional 

nanomaterial that can be used in biomedical 

applications, but more studies on selectivity to normal 

cells and in vivo functionality are yet to be carried out. 
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