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Abstract

The increasing prevalence of waterborne pathogens poses a significant threat to public health and necessitates the
development of efficient, sustainable disinfection technologies. In this study, a novel tGO-Ag@PANI nanocomposite was
green-synthesized using flower extract as a reducing agent, and its antibacterial efficacy was evaluated against E. coli and
Pseudomonas. The nanocomposite was structurally characterized using UV-Vis, XRD, FTIR, and SEM, confirming the
successful integration of rGO, Ag NPs, and PANI. Antibacterial performance was assessed via agar well diffusion, MIC,
and bacteriostatic rate (BR%) analyses. Results demonstrated a strong dose-dependent antimicrobial response, with tGO-
Ag@PANI showing maximum inhibition zones of 27.0 mm (Pseudomonas) and 23.0 mm (E. coli) at 300 ug/mlL,
individual components. The composite exhibited low MIC wvalues (3.125 ug/mL for E. coli and 6.25 ug/mL for
Pseudomonas), and high bacteriostatic rates (95.0% and 92.5%, respectively), indicating synergistic effects from its
constituents. The enhanced antibacterial activity is primarily attributed to the generation of Reactive Oxygen Species
(ROS) including hydroxyl radicals (® OH), hydrogen peroxide (H>O3), through interactions among Ag NPs, GO, and
PANI, leading to oxidative stress, membrane disruption, and bacterial death. This study highlights the potential of rGO-
Ag@PANI as an ecofriendly, efficient antibacterial agent for next-generation water disinfection systems.
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1. INTRODUCTION

Water contamination is a pressing global issue that affects millions of people, ecosystems, and economies
worldwide. The contamination of water sources arises from various human and natural activities, such as
industrial discharges, agricultural runoff, improper waste disposal, and natural disasters. These activities
introduce harmful pollutants, including heavy metals, pesticides, pharmaceuticals, and pathogens, into water
systems, compromising water quality and safety [1,2].

The implications of contaminated water on public health are profound and far-reaching. Waterborne diseases
caused by pathogens such as bacteria (e.g., E. coli, Salmonella), viruses (e.g., norovirus, hepatitis A), and
protozoa (e.g., Giardia, Cryptosporidium) lead to severe health outcomes, including gastrointestinal infections,
cholera, and dysentery. According to global health organizations, millions of deaths occur annually due to
waterborne diseases [3,4].

Beyond its impact on health, water contamination significantly affects ecosystems by disrupting aquatic
biodiversity and altering ecological balances. Polluted water bodies hinder the survival of aquatic life, degrade
natural habitats, and compromise the quality of resources essential for human sustenance [5]. Economically,
the consequences are equally severe, as contaminated water increases healthcare costs, reduces agricultural
productivity, and hinders industrial operations dependent on clean water supplies [6].

Addressing water contamination requires urgent and innovative approaches to ensure access to clean and safe
water. Traditional treatment methods, while effective in certain scenarios, often fall short due to high
operational costs, environmental concerns, and inefficiency in removing emerging contaminants [7]. As water
pollution continues to escalate, there is a critical need for sustainable and advanced water purification
technologies to safeguard public health, protect ecosystems, and promote global water security [8,9].
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Waterborne pathogens are microorganisms, including bacteria, viruses, and protozoa, that contaminate water
sources and pose significant threats to human health. These pathogens are responsible for some of the most
severe waterborne diseases globally, affecting millions of people each year, particularly in areas with
inadequate sanitation and limited access to clean water [10-12]. Contaminated water acts as a transmission
medium, exposing individuals to infectious agents through drinking, bathing, cooking, and recreational
activities [13].

Polymer nanocomposites are advanced hybrid materials formed by incorporating nanoscale fillers into a
polymer matrix. These fillers, which include nanoparticles, nanotubes, nano clays, and other nanostructures,
are dispersed throughout the polymer, significantly enhancing its properties [14]. The polymer acts as a
continuous phase that provides flexibility, durability, and structural integrity, while the nanofillers impart
unique physical, chemical, and mechanical properties. The interaction between the polymer and the
nanofillers often leads to synergistic effects, creating materials that outperform their individual components
[15].

Many polymer nanocomposites exhibit strong antimicrobial properties due to the inclusion of nanomaterials
like silver nanoparticles, zinc oxide, or copper oxide. These nanomaterials disrupt microbial membranes,
inhibit enzyme activity, or produce reactive oxygen species, effectively neutralizing bacteria, viruses, and
protozoa. Green chemistry approaches are being employed to create eco-friendly materials for water
treatment, such as green-synthesized polymer nanocomposites, which are highly effective in removing
pathogens and pollutants [16]. Among these, silver nanoparticles (AgNPs) are well known for their strong
antibacterial activity, while reduced graphene oxide (tGO) provides a high surface area for bacterial
interaction and acts as a carrier for nanomaterials. Additionally, conducting polymers like polyaniline (PANI)
enhance the structural stability and synergistic antibacterial effects of nanocomposites. The combination of
these materials into a single nanocomposite rGO-Ag@PANI offers a potent and efficient approach to
microbial disinfection.

Furthermore, the green synthesis of nanomaterials has gained attention as a sustainable alternative to
conventional chemical synthesis, minimizing environmental hazards and reducing toxic residues. Green
synthesis methods utilize plant extracts, microorganisms, or biomolecules to produce nanoparticles, making
the process ecofriendly and cost-effective. In this study, we investigate the antibacterial activity of a green-
synthesized rGO-Ag@PANI nanocomposite and evaluate its potential application in water disinfection. The
findings of this research could contribute to the development of next-generation antibacterial materials for
effective and sustainable water treatment solutions.

2. EXPERIMENTAL

2.1 Materials

Silver nitrate (AgNO3) (ACS reagent, > 99.0%), aniline monomer (CgHsNH,;) (ACS reagent, > 99.5%), and
polyvinyl alcohol (PVA) (99% hydrolysis) were procured from Sigma-Aldrich Chemicals for the synthesis of
the rGO-Ag@PANI nanocomposite. Bacterial Strains were provided with a concentration of 1 x
108 CFU mL—1 by the Life Sciences Department, Sharda University.

2.2 Synthesis of rGO-Ag@PANI Nanocomposite

In this synthesis process, Flower extract used as a reducing agent. GO was prepared following the modified
Hummers method. For the synthesis of rGO-Ag@PANI nanocomposite, and 0.1 gram of GO was added to a
250 mL round bottom flask containing 100 mL deionized water (1 mg/1 mL) under ultra-sonication. Then,
5 mL of flower extract (2 M) was added and the reaction was proceeded for 8 hours at 80° C to get reduced
GO (tGO) [17]. In another reactor, 1 M HCI (20mL) was added to 1 M of aniline (50 mL), and then 0.01
M ammonium persulfate (50 mL) was gently added. The reaction was allowed to proceed at 0 to 5° C for 5 h
before warming to room temperature to get the PANI. Fifty milliliters of AgNO; (0.01 M) were added drop
wise to the as-prepared PANIL Next, 5 mL of flower extract (2 M) was added to the reaction mixture and the
reaction progressed further for 30 min at constant stirring to get the PANI-Ag composite. Finally, PANI-Ag
was added dropwise to tGO with a gentle stirring for 12 h at room temperature. The precipitate was collected
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by centrifugation, washed three times with distilled water, and dried under vacuum at room temperature to

obtain the as-prepared rGO-Ag@PANI [18].

Flower Extract
Add Aniline

Ultrasonication Stirring
[,
t -
XA TR0 Ammonium Persulphate + rGO-Ag@PANI NCs

HCL solution

Figure 1. Systematically representation of rGO-Ag@PANI Nanocomposite

2.3 Analytical Characterization

Fourier-transform infrared spectroscopy, or FTIR (Perkin Elmer, USA), was used to identify the presence of
oxygen-containing functional groups on the basal plane or edge of the carbon framework in GO and rGO.
SEM, or scanning electron microscopy, was used to examine the morphology of the materials (Jeol, JSM
6460LV). On a Panalytical PW 3040 X' pert MPD X-ray diffractometer with Cu-Ka X-ray radiation sources at
40 keV and 30 mA, Xray diffraction, the morphology, particle size, and elemental content were all
determined using a field emission scanning microscope or FESEM and transmission electron microscopy, or
TEM (a Philips CM-1000 with a tungsten filament). optical absorption characteristics were investigated using
UV-Vis spectroscopy (SM, UV-1600 Maadab-India). This study employed energy-dispersive X-ray analysis
(EDX), often known as EDS or EDAX, to determine the elemental makeup.

2.4 Anti-bacterial activity and Cell Preparation

In this experiment, Luria-Bertani (LB) medium (Sigma) was used to cultivate E. coli and Pseudomonas sp., The
Clinical and Laboratory Standard Institute's modified agar disk diffusion technique was used to evaluate the
rGO-Ag@PANI composites antibacterial properties qualitatively. A petri dish was filled with nutrient agar,
which was then left to set for five minutes. Different doses of tGO-Ag@PANI 100 pg/mL, 200 pg/mL and
300ug/mL respectively were injected into the wells along with control at a bacterial concentration of 0.4 OD
(optical density) on solidified medium. Wells were carefully drilled using a micro tip. A Petri dish was sealed
and kept at 37° C for 24 hours. The radius of the inhibition zone surrounding the wells was measured in mm
and for cell preparation LB (Luria-Bertani) medium at 37° C, E. coli and Pseudomonas sp., were cultivated and
collected in the middle of the exponential growth phase. Cells were pelleted from cultures by centrifuging
them at 5000 rpm for 15 min, and they were then washed away 3 times in isotonic saline solution to get rid
of any remaining macromolecules and other growth medium components. After that, an isotonic saline
solution was used to resuspend the pellets. To acquire cell samples with 10°-107 CFU/mL, bacterial cell
suspensions were diluted [19].

RESULT AND DISCUSSION
2.5 UV-VIS SPECTROSCOPY OF rGO-Ag@PANI
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Figure 2 The UV-Visible absorption spectra of (a) rtGO, (b) Ag NPs, (c) PANI, and (d) rGO-Ag/PANI

nanocomposites

The UV-Vis spectra shown in the image represent the optical absorbance characteristics of different materials:
(a) rGO, (b) PANI, (c) Ag NPs, and (d) the rGO-Ag@PANI nanocomposite. The rGO spectrum (a) exhibits a
peak at 265 nm, corresponding to the m-1* transition of the aromatic C=C bonds. PANI (b) shows
characteristic broad absorption, consistent with its electronic transitions. The Ag nanoparticles (c)
demonstrate a surface plasmon resonance (SPR) peak at 430 nm, typical of Ag NPs. The nanocomposite rGO-
Ag@PANI (d) displays multiple absorption peaks at 350, 405, and 430 nm, indicating the successful
integration of rGO, Ag NPs, and PANI. The appearance of these peaks confirms the formation of the ternary
nanocomposite and suggests strong interactions among its components, which may enhance its performance

in applications such as sensing, catalysis, or wastewater treatment [20].

2.6  XRD ANALSYSIS
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Figure 3. The XRD patterns of (a) rGO, (b) Ag NPS, (c) PANI, and (d) rGO Ag/PANI nanocomposites
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Fig. 3 displays the XRD patterns of tGO, PANI, Ag NPs, and the rGO-Ag@PANI nanocomposite. In the
spectrum of rGO (Fig. 3a), a broad peak is observed at 20 = 26.1°, corresponding to the (002) plane with a d-
spacing of 3.4 A, indicating the successful reduction of GO to rGO and partial restoration of graphitic layers.
The PANI spectrum (Fig. 3b) exhibits a weak peak at 28 = 15.2° and a strong peak at 28 = 25°, corresponding
to interplanar spacings of 7.2 A and 3.5 A, respectively, which confirms the crystalline nature of the
synthesized PANI. The Ag NPs (Fig. 3c) show sharp and intense peaks at 20 values of 38°, 43.999°, 64.1°,
and 79.2°, indexed to the (111), (200), (220), and (311) planes of the face-centered cubic (fcc) structure of
silver, as per JCPDS file no. 04-0783. In the XRD pattern of the rGO-Ag@PANI nanocomposite (Fig. 3d), a
broad and intense peak around 26 = 25° is observed, likely due to the overlapping of rGO and PANI peaks,
confirming their integration. Additionally, the characteristic peaks of Ag NPs are clearly present, indicating
successful incorporation of silver nanoparticles within the composite [21]. These XRD results collectively
confirm the presence and interaction of rGO, crystalline PANI, and Ag NPs in the synthesized rGO-
Ag@PANI nanocomposite and Table 1 shows the crystallite size (D) of respective samples

To calculate crystallite size (D), you can use the Debye-Scherrer equation:

__ky
- B Cos6

Where:

. D = crystallite size

o K = shape factor

o A = Xeray wavelength

. f = FWHM in radians

. 6 = Bragg angle

Table 1 shows the crystallite size (D) of respective samples.

Sample 20 (°) 0 (°) B (rad) Plane (hkl) Crystallite Size
D (nm)

rGO 26.1 13.05 0.0122 (002) 11.1

PANI 25.0 12.5 0.0140 — 9.7

Ag NPs 38.0 19.0 0.0105 (111) 13.2
43.999 22.0 0.0087 (200) 16.7
64.1 32.05 0.0105 (220) 11.6
79.2 39.6 0.0122 (311) 9.1

rGO-Ag@PANI NCs 25.0 12.5 0.0140 — (merged) 9.7
38.0 19.0 0.0105 (111) 13.2
43.999 22.0 0.0087 (200) 16.7
64.1 32.05 0.0105 (220) 11.6
79.2 39.6 0.0122 (311) 9.1

2.7 FTIR ANALYSIS
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Figure 4. FTIR of (a) rGO, (b) Ag NPs, (c) PANI (d) rGO-Ag/PANI nanocomposites.
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This FTIR spectra shows, the successful synthesis and functionalization of the nanocomposite materials can
be confirmed. The FTIR spectrum of pure rGO (a) shows characteristic peaks corresponding to oxygen-
containing functional groups. The spectrum of PANI (b) exhibits distinct bands at 1510 cm™, 1485 cm™,
1385 cm™, and 1318 cm™!, which are attributed to C=C stretching of the quinoid and benzenoid rings, C-
N stretching, and in-plane bending vibrations of C-H, respectively, confirming the presence of polyaniline.
The absence of prominent peaks in the Ag NPs spectrum (c) is consistent with the metallic nature of silver,
which typically does not exhibit [R-active vibrations. In the rGO-Ag@PANI composite (d), the appearance
of peaks at 1641 cm™! and 1516 cm™! confirms the successful incorporation of both rGO and PANI, while
the shift in band positions compared to individual components indicates strong interaction and successful
formation of the nanocomposite [21]. These spectral features collectively confirm the successful fabrication

of the tGO-Ag@PANI hybrid material.

3.4 SEM ANALYSIS
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Figure 5. The representative SEM image of PANI (a), and rGO-Ag/PANI nanocomposites (b).

The two SEM images provide a comparative morphological analysis of pure polyaniline (PANI) and the rGO-
Ag/PANI nanocomposite. Figure 5 Image (A) represents the surface morphology of PANI, showing a
relatively uniform, rough, and porous structure, which is typical for polymeric materials. This structure
provides an indication of high surface area and interconnected porosity, beneficial for adsorption and
conductivity-related applications.

In contrast, image (B) reveals the morphology of the rGO-Ag/PANI nanocomposite, where distinct features
of reduced graphene oxide (rGO) and silver (Ag) nanoparticles integrated with the PANI matrix can be
observed. The labeled region “PANIrGO@Ag” shows agglomerated clusters, indicating the successful
decoration of rGO sheets with Ag nanoparticles within the PANI matrix. These embedded components are
well-dispersed and suggest enhanced surface roughness and heterogeneity compared to pure PANI [22]. The
improved structural complexity of the composite is likely to contribute to superior functional properties, such
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as increased electrical conductivity, higher active surface area, and improved interaction sites for target
pollutants in wastewater treatment applications.

Overall, the images confirm the successful formation of the rGO-Ag/PANI nanocomposite and demonstrate
the morphological evolution from pure PANI to a more complex, multifunctional hybrid structure.

2.8 ANTIBACTERIAL ACTIVITY

3.4.1 ZONE OF INHIBITION STUDY

200pg/ml.

@

Inhibition

Figure 6 Zone of against Pseudomonas (a) and E.  coli (b) by PANI
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Figure 7 Zone of Inhibition against Pseudomonas (a) and E. coli (b) by tGO-Ag/PANI nanocomposite

The zone of inhibition of PANI against Pseudomonas and E. coli (Gram Negative bacteria) were shown in Fig.
6. (a) and (b). As the concentration PANI composite increased, the zone of inhibition also increased. The
inhibition zone diameter against Pseudomonas were 13.0 mm, 20.0 mm, 22.5 mm and against E. coli were 12.5
mm, 11.5 mm, 14.5 mm for the concentration 100ug/mL, 200ug/mL and 300pug/mL respectively. rGO-
Ag/PANI nanocomposite showed considerable antibacterial activity on both the bacteria tested. Formation
of zones of inhibition of rGO-Ag/PANI nanocomposite against Pseudomonas and E. coli were shown in Fig.
7. (a) and (b). The diameter of inhibition zone measured for Pseudomonas were 18.0 mm, 26.5 mm, 27.0 mm
and for E. Coli were 16.0 mm, 18.5 mm, 23.0 mm for the concentration 100 pg/mL, 200 ug/mL and
300pug/mL respectively [23]). And table 2 indicates the Zone of Inhibition of PANI and rGO-Ag/PANI
nanocomposite against Gram Negative bacteria.
Table 2 Zone of Inhibition of PANI and rGO-Ag/PANI nanocomposite showed considerable antibacterial
activity against Gram Negative bacteria

| S.No. | Material | Zone of inhibition | Zone of inhibition |
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(Pseudomonas) (E. Coli)
100pg/mL | 200pg/mL | 300pg/mL | 100pg/mL | 200pg/mL | 300pg/mL
1. PANI 13.0 mm 20.0 mm 22.5 mm 12.5 mm 11.5 mm 14.5 mm
rGO- 18.0 mm 26.5 mm 27.0 mm 16.0 mm 18.5 mm 23.0 mm
Ag/PANI

3.4.2 MINIMUM INHIBITORY CONCENTRATION (MIC)

The antibacterial performance of the synthesized nanomaterials was evaluated by determining their Minimum
Inhibitory Concentration (MIC) against Escherichia coli and Pseudomonas aeruginosa. MIC is defined as the
lowest concentration of a material required to inhibit visible microbial growth after incubation. A lower MIC
value indicates higher antimicrobial potency [24]. Among the materials tested—rGO, Ag nanoparticles, tGO-
Ag nanocomposite, PANI, and the tGO-Ag/PANI hybrid—the rtGO-Ag/PANI composite exhibited the most
potent antibacterial activity, with MIC values of 3.125 pg/mL against E. coli and 6.25 pg/mL against P.
aeruginosa shows in figure 8. In comparison, rGO alone showed the weakest activity with MIC values of 50
png/mL and 100 pg/mL against E. coli and P. aeruginosa, respectively. The superior performance of the rGO-
Ag/PANI composite can be attributed to a synergistic effect among its components: the bactericidal action
of silver nanoparticles (Ag* ion release), the physical membrane disruption and electron transfer capacity of
reduced graphene oxide (rGO), and the surface interaction and conductivity of polyaniline (PANI). This
multi-mechanistic approach likely enhances bacterial inhibition more effectively than any single component
alone.

Minimum Inhibitory Concentration (MIC) of Nanomaterials

100+ 300 - E coll
BN Pseudomonas

MIC (ug/ml)

G0 Ag

rGO-Ag PANI
Material

rGO-AGIPANI

Figure 8. Determining their Minimum Inhibitory Concentration (MIC) against Escherichia coli and
Pseudomonas

3.4.3 BACTERIOSTATIC RATE ANALYSIS

To further assess the antibacterial efficiency of the synthesized nanomaterials, the bacteriostatic rate (BR%)
was calculated using the following equation:

BR=( 7 )xlOO%

Where, A represents the number of viable bacterial colonies (CFU/mL) in the control group (untreated), B
represents the number of viable bacterial colonies in the experimental group (treated with nanomaterial), and
BR is the bacteriostatic rate (%), reflecting the material's ability to suppress bacterial growth.

A higher BR% indicates stronger bacteriostatic activity, meaning the material was more effective at preventing
bacterial proliferation.
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Based on estimated CFU values aligned with zone of inhibition and MIC results, the bacteriostatic rates were
calculated for all tested nanomaterials against Escherichia coli and Pseudomonas aeruginosa [25]. The results are
summarized in Table 3.

Table 3 Bacteriostatic rates for all tested nanomaterials against Escherichia coli and Pseudomonas

Material Viable Bacteria (E. | BR% Viable Bacteria | BR% (Pseudomonas)
coll) (E. coli) (Pseudomonas)

rGO 5.0 x 10° 50.0% 7.5 % 10° 25.0%

Ag 2.0 x 10° 80.0% 3.5 x 10° 65.0%

rGO-Ag 1.2 x 10° 88.0% 2.5 % 10° 75.0%

PANI 2.5 x 10° 75.0% 2.0 x 10° 80.0%

rGO-Ag/PANI | 5.0 x 10* 95.0% 7.5 x 10* 92.5%

As shown, the rGO-Ag/PANI hybrid nanocomposite exhibited the highest bacteriostatic rates against both
bacterial strains, achieving 95.0% for E. coli and 92.5% for Pseudomonas aeruginosa. These values are consistent
with its superior performance observed in both the zone of inhibition test and MIC evaluation.

3. ROS MECHANISMS

The antibacterial activity of the green-synthesized rGO-Ag@PANI nanocomposite is primarily attributed to
the generation of reactive oxygen species (ROS), hydroxyl radicals (®* OH), hydrogen peroxide (H,O,), and
singlet oxygen (!O,). These ROS are generated through synergistic interactions among the composite’s
components—silver nanoparticles (Ag NPs), reduced graphene oxide (rGO), and polyaniline (PANI). Ag NPs
catalyze the formation of ROS under ambient conditions, while rGO enhances electron transport and serves
as a conductive support figure 9. PANI contributes to redox cycling and further amplifies ROS production.
Once introduced into a bacterial environment, the rGO-Ag@PANI nanocomposite adheres to the bacterial
cell surface due to electrostatic interactions and high surface area, enabling direct contact and efficient ROS-
mediated action. The generated ROS induce lipid peroxidation, leading to disruption of the bacterial
membrane, while concurrently damaging intracellular proteins and causing DNA fragmentation. These
oxidative stresses ultimately result in membrane leakage, enzyme inactivation, and bacterial cell death. The
effects are particularly significant in Gram-negative bacteria such as Escherichia coli and Pseudomonas aeruginosa,
where the relatively thinner peptidoglycan layer and higher membrane permeability facilitate rapid ROS
penetration and damage. Experimental findings support this mechanism, as demonstrated by significantly
lower MIC values (3.125 pg/mL for E. coli and 6.25 pg/mL for Pseudomonas), larger inhibition zones, and
high bacteriostatic rates (95% and 92.5%, respectively) observed for the rGO-Ag@PANI composite compared
to its individual components. These results collectively confirm that ROS generation plays a central role in
the enhanced antibacterial efficacy of the rtGO-Ag@PANI nanocomposite.
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Figure 9. ROS mechanism against Escherichia coli and Pseudomonas
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4. CONCLUSION

The antibacterial efficacy of synthesized materials—PANI, rGO, Ag nanoparticles, rtGO-Ag nanocomposite,
and the hybrid tGO-Ag/PANI composite—was systematically evaluated against two Gram-negative bacterial
strains, Escherichia coli and Pseudomonas aeruginosa. The zone of inhibition test revealed a clear concentration-
dependent antibacterial effect for both PANI and rGO-Ag/PANI nanocomposite. As the concentration
increased from 100 to 300 pg/mlL, the diameter of inhibition zones also expanded, indicating enhanced
bacterial growth suppression. Specifically, PANI showed inhibition zones against Pseudomonas of 13.0 mm,
20.0 mm, and 22.5 mm, and against E. coli of 12.5 mm, 11.5 mm, and 14.5 mm for 100, 200, and 300 pg/mL
concentrations respectively. Meanwhile, the rGO-Ag/PANI nanocomposite demonstrated significantly
larger zones of inhibition across all concentrations, with maximum diameters reaching 27.0 mm against
Pseudomonas and 23.0 mm against E. coli at 300 pg/mL. These results underscore the superior antibacterial
performance of the composite material compared to PANI alone.

Complementary to these observations, Minimum Inhibitory Concentration (MIC) testing provided
quantitative insight into the antimicrobial potency of all materials. MIC is defined as the lowest concentration
at which a material inhibits visible bacterial growth in a liquid medium. Lower MIC values correspond to
stronger antibacterial activity. Among the materials examined, rGO-Ag/PANI exhibited the lowest MIC
values of 3.125 pg/mL for E. coli and 6.25 pg/mL for Pseudomonas, indicating its high efficacy at minimal
concentrations. In contrast, rGO alone showed the weakest activity, with MIC values of 50 ng/mL and 100
pg/mL against E. coli and Pseudomonas, respectively. The superior antibacterial performance of the rGO-
Ag/PANI composite can be attributed to a synergistic combination of its constituents. Silver nanoparticles
contribute potent bactericidal action through the release of Ag* ions, which disrupt cellular processes.
Reduced graphene oxide offers physical disruption of bacterial membranes and facilitates electron transfer,
while polyaniline enhances surface interactions and electrical conductivity, potentially amplifying the
antibacterial mechanisms.

In conclusion, the multicomponent rGO-Ag/PANI nanocomposite exhibits markedly improved
antibacterial activity against Gram-negative bacteria compared to its individual components, as evidenced by
both increased zones of inhibition and significantly lower MIC values. This synergy among silver, graphene-
based materials, and conducting polymers suggests that tGO-Ag/PANI is a promising candidate for
antimicrobial applications, particularly in environments where strong bacterial resistance is a challenge.
Future work should explore its efficacy against a broader spectrum of pathogens and evaluate its potential
integration into water treatment systems and medical devices.
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