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30 April 2025 This study presents the green synthesis of silver nanoparticle-incorporated kaolinite
Revised (K-AgNP-Kaol) using Persicaria odorata leaf extract as a natural reducing and capping
10 May 2025 agent. The biosynthesis was optimized by adjusting extract volume and reaction
Accepted temperature, with optimal AgNP formation achieved at 0.6 mL of extract and 80°C, as
26 May 2025 indicated by a surface plasmon resonance (SPR) peak at 431 nm. Structural and
Published online morphological characterizations were conducted using Fourier Transform Infrared
31 May 2025 Spectroscopy (FTIR), Field Emission Scanning Electron Microscopy (FESEM),

Transmission Electron Microscopy (TEM), and Energy Dispersive X-ray Spectroscopy
(EDX), confirming the successful incorporation of AgNPs into the kaolinite matrix without
compromising its structural integrity. Antibacterial activity was evaluated against
Escherichia coli (Gram-negative), Staphylococcus aureus, and Cutibacterium acnes (both
Gram-positive) through disc diffusion, minimum inhibitory concentration (MIC), and
minimum bactericidal concentration (MBC) assays. The K-AgNP-Kaol composite exhibited
inhibitory effects against all tested strains, with enhanced efficacy in deionized water
compared to saline, likely due to reduced silver ions in the solution because of silver
chloride (AgCl) formation in the saline solution. These findings highlight K-AgNP-Kaol as a
promising, eco-friendly antibacterial material suitable for broad-spectrum applications.
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1.0 INTRODUCTION

Nanobiotechnology has garnered significant attention due to its wide-ranging applications in areas such as cancer drug
delivery, molecular imaging, and antimicrobial therapy. At the core of this field are nanoparticles, which are materials with
dimensions typically between 1 and 100 nm, can be classified into organic, inorganic, and ceramic categories (ljaz et al.,
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2020). Among them, silver nanoparticles (AgNPs), a type of inorganic metal nanoparticle, have been extensively explored for
their distinctive physicochemical and biological properties. Notably, AgNPs exhibit strong surface plasmon resonance (SPR)
phenomena, which give rise to unique optical and electronic characteristics (Asraf et al., 2024). The exceptional properties of
nanoparticles arise from their high surface area-to-volume ratio, nanoscale size, surface charge, porosity, and morphology.
These features, along with their crystalline or amorphous structures and varied shapes (e.g., spherical, rod-like, hexagonal),
influence their reactivity and functional performance. Additionally, environmental factors such as light, humidity, and
temperature can further modulate nanoparticle behaviour (ljaz et al., 2020).

Nanoparticle synthesis techniques are generally categorized into top-down and bottom-up approaches. Top-down
methods, including mechanical milling and lithography, often rely on physical processes, while bottom-up techniques
encompass chemical vapour deposition, pyrolysis, and biological synthesis. However, many physical and chemical methods
involve toxic reagents or harsh conditions, limiting their use in biomedical applications (Li et al., 2011). In response, green
synthesis, particularly via biological routes, has emerged as an environmentally friendly and safer alternative, utilizing natural
resources like plant extracts to mediate nanoparticle formation (Asraf et al., 2024).

Among various metallic nanoparticles, green-synthesized AgNPs have shown potent antimicrobial activity and are of
growing interest in biomedical and environmental applications (Asraf et al., 2022; Dakal et al., 2016; Din et al., 2022). The use
of plant-based reducing and stabilizing agents offers a sustainable pathway for AQNP production, with minimal ecological
impact. Persicaria odorata, a Southeast Asian herb, has recently been reported as an effective biogenic agent, enhancing
AgNP synthesis while imparting desirable antibacterial, cytocompatibility, and wound healing properties (Lubis et al., 2022).
Despite its promise, the potential of P. odorata as a dual-function reducing and capping agent remains underexplored.

Notably, AgNPs are prone to aggregation, which can reduce their surface area and compromise their antimicrobial
efficacy. To overcome this limitation, a stable carrier system such as kaolinite is required to support uniform dispersion and
enhance the stability of AgNPs. Kaolinite, a naturally abundant clay mineral composed of tetrahedral silica and octahedral
alumina sheets (Al,Si,O5(OH),), is known for its high cation exchange capacity and biocompatibility (Chi, 1999). Its layered
structure enables effective incorporation of bioactive agents. Previous applications have demonstrated its efficacy in loading
antibacterial compounds, such as chlorhexidine (Isah et al., 2020), and pesticides, like amitrole (Tan et al., 2015). Building on
this foundation, the paper presents a study on kaolinite-based nanocomposites embedded with biosynthesized AgNPs using
P. odorata extract and evaluates its antibacterial efficacy against Gram-positive and Gram-negative bacterial strains.

2.0 EXPERIMENTAL
2.1 Materials

Kaolinite KM40 was obtained from Kaolin (M) Sdn. Bhd., Perak, Malaysia. Silver nitrate (AgNO3) was purchased from
Sigma-Aldrich. Fresh P. odorata leaves were sourced from a local market. All microbiological media and broths, including
Reinforced Clostridium Medium (RCM), bacterial agar, and Luria-Bertani (LB) broth, were supplied by Oxoid.

2.2 Preparation of Materials

The aqueous extract of P. odorata was prepared by first separating the fresh leaves from stems, followed by drying in an oven
at 60°C for 48 hours. The dried leaves were ground into fine powder using a laboratory grinder. A total of 2 g of the powdered
leaves was added to 100 mL of deionized water and heated with continuous stirring at 100°C for 30 minutes. The mixture was
filtered using Whatman No. 1 filter paper, and the extract was stored at 4 °C until further use.

The synthesis of silver nanoparticle-loaded kaolinite (K-AgNP-Kaol) was carried out via an in-situ method.

Specifically, 2 g of kaolinite was added to 50 mL of 1 mM AgNO3 solution and stirred continuously for 24 hours. Following this,
the optimized volume of P. odorata extract was added to the suspension and stirred for another 24 hours (Asraf et al., 2024).
The resulting mixture was filtered using Whatman No. 1 filter paper and subsequently dried in an oven at 40°C overnight. The
dried composite was stored in dark conditions prior to characterization. Control samples were also prepared with slight
modifications to the procedure. For the Kesum-Kaol sample, kaolinite was mixed only with P. odorata extract, excluding
AgNO;. Conversely, the Ag-Kaol sample was prepared by combining kaolinite with AgNO; solution only, omitting the plant
extract. A biosynthesized AgNP sample was also prepared without kaolinite. The resulting materials were designated as
kaolinite (Kaol), silver-kaolinite (Ag-Kaol), silver nanoparticle-loaded kaolinite (K-AgNP-Kaol), and biosynthesized silver
nanoparticles (AgNP).

2.3 Characterization of Materials

Characterization of the synthesized materials was performed using various analytical techniques. Attenuated Total
Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR) was conducted using a Nicolet iS50 instrument over the
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range of 400—4000cm™ to identify functional groups. Field Emission Scanning Electron Microscopy (FESEM, MAIA3 LMH)
and Transmission Electron Microscopy (TEM, ThermoFisher Scientific Talos L120C G2, 120 kV) were employed to observe
surface morphology and particle distribution. Prior to imaging, samples were coated with platinum using a sputter coater.
Additionally, Energy Dispersive X-ray Spectroscopy (EDX) was used to determine the elemental composition and confirm the
presence of silver in the nanocomposites.

2.4 Antimicrobial Assay
2.4.1 Disc Diffusion Technique

The antibacterial activity of the synthesized samples was initially assessed using the disc diffusion technique (DDT) against
Escherichia coli, Staphylococcus aureus, and Cutibacterium acnes. Since the samples were in powdered form, they were
compressed into pellets using a mechanical press. For the assay, three to four colonies of E. coli and S. aureus were
inoculated into the nutrient broth and their turbidity was adjusted to 0.5 McFarland standard. The suspensions were then
streaked evenly on Mueller-Hinton Agar (MHA) plates. The prepared pellets were placed on the agar surface and incubated
overnight at 37°C in an inverted position. A similar procedure was used for C. acnes, which was incubated in an anaerobic
environment using a sealed tank system. Inhibition zones around the pellets were observed and measured to determine
antibacterial effectiveness.

2.4.2 Minimum Inhibition Concentration

The Minimum Inhibitory Concentration (MIC) assay was conducted to determine the lowest concentration of the sample
required to inhibit bacterial growth. Bacterial suspensions were prepared and centrifuged at 4000 rpm for 15 minutes, followed
by washing with distilled water. The bacterial pellets were then resuspended in either deionized water or 0.9% saline. Each
sample namely kaolinite, K-AgNP-Kaol, AgNP, Kesum-Kaol, and Ag-Kaol was tested at concentrations of 0.01, 0.03, 0.06,
0.09, and 0.12 g. To each 10 mL bacterial suspension, the respective sample was added and incubated at 37°C for 30 minutes
with agitation at 100 rpm. The mixtures were then allowed to stand for 5 minutes. Subsequently, 10 pl from each tube was
plated onto nutrient agar (NA) and incubated overnight at 37°C. Bacterial growth was examined and recorded the following
day.

2.4.3 Minimum Bactericidal Concentration

The Minimum Bactericidal Concentration (MBC) was determined by plating samples from the MIC assay that had
concentrations above the MIC value. A 10 pL aliquot from each suspension was inoculated onto MHA and incubated under
the same conditions: overnight at 37°C for E. coli and S. aureus, and for 4 to 7 days under anaerobic conditions for C. acnes.
The MBC was defined as the lowest concentration of the sample that resulted in complete inhibition of bacterial growth. In
cases where partial inhibition was observed, the samples were serially diluted to determine the endpoint concentration
required to achieve bactericidal activity.

3.0 RESULTS AND DISCUSSION

3.1 Biosynthesis of Silver Nanoparticles Incorporated Kaolinite

The synthesis of AgNPs using P. odorata extract was optimized by evaluating two key parameters: the volume of plant extract
and the reaction temperature. The synthesis conditions were fixed with a silver nitrate concentration of 1 mM in a 10 mL
solution, and the P. odorata extract was used at a concentration of 2% (w/v). The formation of AgQNPs was monitored using
UV-Visible spectroscopy, which enabled the detection of surface plasmon resonance (SPR), a characteristic phenomenon of
metal nanoparticles, resulting from the collective oscillation of conduction electrons in response to incident light (Elemike et
al., 2016). The UV-Vis spectra confirmed AgNP formation with a distinct SPR absorption peak centered around 431 nm. Figure
1(a) shows the SPR response for different volumes of P. odorata extract, while Figure 1(b) illustrates the SPR shifts observed
under varying reaction temperatures. A visible color change from translucent to dark brown further indicated the successful
reduction of Ag* ions to AgNPs, as illustrated in Figure 2.

As shown in Figure 1(a), the use of 0.6 mL of P. odorata extract at 27°C produced the highest SPR intensity at
431 nm, indicating this volume as optimal for AQNP formation. Therefore, 0.6 mL was selected for further analysis involving
different reaction temperatures. Figure 1(b) presents the SPR spectra recorded at various temperatures, with the highest
intensity observed at 80°C. The increase in SPR intensity at this temperature is attributed to enhanced reaction kinetics
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facilitated by thermal energy, which accelerates the reduction of Ag* ions and promotes nanoparticle nucleation. The SPR
peak at 80°C was sharp and narrow, suggesting that the biosynthesized AgNPs were relatively uniform in size and
well-dispersed (Elemike et al., 2016). In contrast, the SPR intensity at 50°C was lower than at 27°C, possibly due to
inadequate thermal input to drive efficient reduction. Moreover, red-shifted SPR peaks were observed at 50°C and 27°C,
indicating particle agglomeration and increased size distribution. This observation is consistent with the findings of Agustina et
al. (2021), who reported a similar red shift due to AgNP clustering. Based on these results, the optimal conditions for the
green synthesis of AQNPs using P. odorata extract were determined to be 0.6 mL of extract at a reaction temperature of 8 °C.
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Figure 1 UV-Visible spectra showing (a) the effect of different volumes of P. odorata extract on AQNP formation and (b) the
influence of reaction temperature on SPR intensity during AgQNPs synthesis.
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Figure 2 Visual observation of color change before and after the addition of P. odorata extract to silver nitrate solution,
indicating the formation of AgNPs.

3.2 Samples Characterization

3.2.1 Fourier-Transform Infrared spectroscopy
The synthesized samples (K-AgNP-Kaol, Kesum-Kaol, and Ag-Kaol) were characterized using FTIR spectroscopy to identify
the functional groups present in the composites. Figure 3 presents the FTIR spectra of the samples in a stacked format for
comparison. The spectral profiles revealed similar absorption patterns between 400 and 1300 cm™, corresponding to the
fingerprint region of kaolinite. A prominent peak observed around 1000 cm™ is assigned to the stretching vibrations of Si—O-Si
and Si—-O-Al bonds, indicating the structural stability of the aluminosilicate framework of kaolinite. All three samples also
exhibited broad absorption bands between 3500 and 3700 cm™, attributed to O—H stretching vibrations, and weak peaks near
2000 and 1619 cm™, which are associated with C—H bending vibrations of aromatic compounds derived from the plant extract

(Asraf et al., 2024).

Importantly, the FTIR spectra of the modified samples did not show significant changes in the characteristic bands of
kaolinite, suggesting that the incorporation of AQNPs and P. odorata extract did not alter the fundamental structure of the
kaolinite. Since FTIR detects molecular vibrations that involve dipole moments, the metallic bonding characteristic of AgNPs is
not observable in the spectra. As a result, the direct detection of AgNPs in K-AgNP-Kaol by FTIR was not possible. Therefore,

additional characterization techniques were employed to confirm the successful incorporation of AQNPs into the kaolinite

matrix.



73 Ismail et al. / J. Mater. Life Sci. 4:1 (2025) 69-78

68T 2000 519

' 3618 K—AgNT’—KﬂDl i .

Kesum Kaol
Sw
F 4
= it
= T )
’é i Ag-Kaol
z gt
= ’W—’"
[—1

......... T

4000 3000 2000 1000

Wavelength (cm™)

Figure 3 FTIR spectra for K-AgNp-Kaol, Kesum Kaol, and Ag-Kaol
3.2.2 Field Emission Scanning Electron Microscopy and Transmission Electron Microscopy analysis

Figure 4 presents the FESEM images of Ag-Kaol and K-AgNP-Kaol. Both samples display the characteristic plate-like,
multilayered morphology typical of kaolinite, consistent with previous reports (Isah et al., 2025). The addition of AgNPs
appears to occur via intercalation between the kaolinite layers. Notably, no significant morphological changes were observed
in the kaolinite structure after modification, indicating the structural integrity of the clay was preserved, as supported by FTIR
analysis. In the Ag-Kaol sample, silver particles were not visibly detected, likely due to the ion-exchange interaction between
Ag* ions and oxygen atoms within the kaolinite framework, which results in silver being embedded within the layers (Asraf et
al.,, 2024). In contrast, the FESEM image of K-AgNP-Kaol reveals distinct spherical clusters situated between the kaolinite
layers, which are attributed to the formation of AgNPs. This provides visual confirmation of successful AgQNP incorporation into
the kaolinite matrix.

TEM analysis, shown in Figure 5, further confirms the distribution of AgNPs within the K-AgNP-Kaol sample. The
nanoparticles were observed on the kaolinite surface, supporting the FESEM findings. The AgNPs exhibited a predominantly
spherical shape with diameters ranging from approximately 10 to 60 nm. According to Isah et al. (2025), the adsorption of
silver onto kaolinite is facilitated by the net negative charge present on the mineral’s basal surfaces and fractured edges. The
kaolinite structure consists of multilayered sheets comprising tetrahedral silicon—oxygen (Si—O) and octahedral
aluminum-hydroxyl (Al-OH) units, held together by hydrogen bonding (Wang et al., 2024). The Si-O-Si linkages contribute to
a negative surface charge, while exposed Al-OH groups at broken edges further enhance this charge, promoting electrostatic
attraction and binding of silver species. These results collectively indicate that AgNPs were successfully deposited without
compromising the structural framework of kaolinite.

3.2.3 Energy Dispersive X-Ray Analysis

EDX analysis was performed on the surface of the modified kaolinite samples to confirm the elemental composition and
ensure the successful incorporation of AgNPs. Measurements were taken at randomly selected points to provide a
representative overview of the material. The EDX spectrum of the K-AgNP-Kaol sample, shown in Figure 6, displays the
characteristic elemental peaks of kaolinite, including oxygen (O), aluminum (Al), and silicon (Si). Importantly, a distinct peak
corresponding to silver (Ag) was also detected, confirming the presence of AgNPs within the kaolinite matrix. Additionally,
carbon (C) was identified in the spectrum, which is attributed to organic compounds and functional groups originating from the
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P. odorata extract used in the biosynthesis process (Isah et al., 2025). Quantitative analysis revealed a silver content of
approximately 0.9 wt%, further validating the successful integration of AgNPs into the kaolinite structure.

K-AgNP-Kaol
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Figure 4 FESEM images of Ag-Kaol and K-AgNP-Kaol.
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Figure 5 TEM image of K-AgNP-Kaol
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Figure 6 EDX spectrum of K-AgNP-Kaol
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3.3 Antimicrobial Activity
3.3.1 Disc Diffusion Technique

Figure 7 presents the top-down view of the inhibition zones obtained from the disc diffusion test (DDT) conducted to evaluate
the antibacterial activity of various samples. In addition, 2% P. odorata leaf extract (PE) and standard antibiotics, which are
Cefoxitin (CF) and Ampicillin (AMP), were included as reference controls.

a) Escherichia coli ATCC 11229

b)

Kesum-Kao

Figure 7 Images of the DDT

As shown in Figure 7(a), no inhibition zones were observed for E. coli with any of the tested samples, including
kaolinite (Kaol), Kesum-Kaol, Ag-Kaol, and K-AgNP-Kaol. In contrast, the positive control Cefoxitin (CF) exhibited a clear
inhibition zone, confirming its effectiveness and validating the assay. The lack of observable antibacterial activity in the test
samples suggests that E. coli exhibits a high level of resistance to both the silver-based and plant-derived treatments under
the tested conditions.

In the case of S. aureus, both Ag-Kaol and K-AgNP-Kaol demonstrated inhibitory effects, with Ag-Kaol producing a
more pronounced inhibition zone than K-AgNP-Kaol. Other samples, including Kaol, Kesum-Kaol, colloidal AgNP, and P.
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odorata extract, did not show measurable zones of inhibition, indicating minimal or no activity against S. aureus.

For C. acnes, inhibition zones were observed for several samples, including Kesum-Kaol, Ag-Kaol, K-AgNP-Kaol,
and P. odorata extract. Among these, Kesum-Kaol exhibited the most distinct inhibition zone, highlighting the potential
antibacterial efficacy of the plant extract against C. acnes. The presence of inhibition zones for both Ag-Kaol and
K-AgNP-Kaol further supports the antimicrobial contribution of silver. However, the zone formed by K-AgNP-Kaol was notably
less prominent, suggesting a weaker antibacterial effect compared to Ag-Kaol. This difference may be attributed to the slower
release profile of AQNPs compared to ionic silver.

The control samples, namely kaolinite and P. odorata extract, did not exhibit antibacterial activity against E. coli or S.
aureus, but showed limited efficacy against C. acnes. As shown in Figure 7, C. acnes displayed susceptibility to the P. odorata
extract, with a measurable inhibition zone of approximately 0.3cm. Similarly, the Kesum-Kaol sample demonstrated
antibacterial activity against C. acnes, which is likely attributed to the presence of phytochemical compounds in the plant
extract. This observation is supported by previous findings that reported the antimicrobial properties of P. odorata (Ridzuan et
al., 2013).

Among all tested samples, Ag-Kaol exhibited the most prominent antibacterial activity, producing inhibition zones of
0.5cm and 0.2 cm against S. aureus and C. acnes, respectively. This high activity is primarily due to the rapid release of Ag*
ions from the Ag-Kaol composite, which facilitates immediate interaction with bacterial membranes. In comparison,
K-AgNP-Kaol also displayed antibacterial effects against the same bacterial strains, although with smaller inhibition zones.
This reduced efficacy is likely due to the slower, sustained release of silver from AgNPs embedded in the kaolinite matrix,
resulting in a less immediate antimicrobial response (Asraf et al., 2024). No inhibition zones were observed for E. coli in any of
the silver or plant-treated samples, indicating a high level of resistance in this Gram-negative strain, with only the positive
control (Cefoxitin) showing a significant inhibitory effect.

The antibacterial mechanism of the AgNP-based composites is attributed to the oxidative dissolution of AgNPs,
releasing Ag* ions that play a central role in disrupting bacterial cell functions. These ions interact with the negatively charged
bacterial membrane through electrostatic attraction and ligand-binding interactions (Dutta & Wang, 2019). In addition, the
nanoscale size of AgQNPs enables them to penetrate bacterial membranes and interfere with channel proteins, leading to cell
wall disruption, membrane rupture, and impairment of cellular respiration (Vila Dominguez et al., 2020). AgNPs are also
known to generate reactive oxygen species (ROS), further inducing oxidative stress and cytotoxicity within bacterial cells
(Wang et al., 2023). Overall, the combined action of Ag* ions and AgNPs effectively compromises bacterial membrane
integrity and biofilm formation, ultimately leading to cell death.

3.3.2 Minimum Inhibition Concentration

The antimicrobial activity of all tested samples was assessed by determining their MIC against both Gram-negative and
Gram-positive bacteria in 0.9% saline solution and distilled water, as shown in Table 1. The results indicate that the presence
of electrolytes, particularly in saline solution, reduced the effectiveness of the antimicrobial agents. This suggests that the ionic

environment plays a significant role in modulating the antibacterial activity of the silver-containing samples.

Table 1 MIC/MBC againts Gram negative and Gram positive bacteria

Concentration (g/L)

4] Sample dH:0 0.9% saline solution
;g':l 02 04 06 08 10 30 60 90 120 02 04 06 08 10 30 60 90 120
B0 Ac-Kaol ] & * & * * * * * f / I} f
= _
<Kemkol! [N ' /' &/ / IR ' @ 0/
K-AgNP-Kaol » . /
Concentration (g/L)
L2 Sample dH20 0.9% saline solution
g0 02 04 06 08 10 30 60 90 120 02 04 06 08 1.0 3.0 60 90 120
v B Ag -Kaol ! / * * * * * /
¢ Kemkeo [N 0 [
K-AgNP-Kaol / * *
Concentration (g/L)
o Sample dH:0 0.9% saline solution
§§ 02 04 06 08 10 30 60 90 120 02 04 06 08 1.0 3.0 60 90 120
@) E Ag-Kaol * 1
K-AgNP-Kaol ¥ # * * *

Notes: (*) Absolute inhibition (/) presence of colonies (blank section) Blank cells (shaded in black and grey) indicate that no test was conducted for the corresponding

concentration. This was due to the absence of any antibacterial activity at higher concentrations, suggesting that further testing at lower concentrations would be redundant.

Table 1 shows that neither Kaolinite nor Kesum-Kaol exhibited any inhibitory effect against the tested bacterial strains
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across all concentrations. In contrast, Ag-Kaol demonstrated notable antibacterial activity. For E. coli, inhibition was observed
at a relatively low concentration of 0.4 g/L in distilled water, whereas no inhibition occurred in 0.9% saline solution. Similarly,
for S. aureus and C. acnes, bacterial growth was inhibited in distilled water at concentrations of 1.0g/L and 12g/L,
respectively, but no inhibitory effect was detected in saline. The absence of activity in saline is attributed to the interaction
between Ag* ions and CI~ ions, which results in the formation of silver chloride (AgCl), an insoluble compound that passivates
Ag" ions and reduces their antimicrobial availability (Stankovi¢ et al., 2024).

MIC and MBC analysis for S. aureus further confirmed the efficacy of Ag-Kaol, with both values recorded at the
lowest tested concentration of 1 g/L. In distilled water, K-AgNP-Kaol also demonstrated antibacterial activity, albeit at a higher
concentration of 9 g/L. No inhibition was observed for this sample in saline. Interestingly, C. acnes displayed some
susceptibility to K-AgNP-Kaol in saline, with MIC and MBC values starting at 6 g/L and 9 g/L, respectively. These findings
emphasize the significant impact of the surrounding medium on the antimicrobial performance of silver-based materials. In
saline, the presence of chloride ions promotes AgCl formation, which diminishes the release and bioavailability of Ag* and
AgNPs. In contrast, distilled water, lacking such competing ions, allows silver species to remain bioavailable, thereby
enhancing antimicrobial efficacy, a trend consistent with previous findings by Isah et al. (2025).

4.0 CONCLUSION

This study demonstrated the successful green synthesis of silver nanoparticle-incorporated kaolinite (K-AgNP-Kaol) using P.
odorata leaf extract as a natural reducing agent. Characterization confirmed effective AgNP integration without disrupting the
kaolinite structure. Antibacterial testing showed selective activity against S. aureus and C. acnes, while E. coli remained
resistant. MIC and MBC results highlighted the enhanced efficacy in distilled water due to reduced Ag* ion passivation.
Overall, K-AgNP-Kaol shows promise as a sustainable antibacterial material, particularly for Gram-positive bacteria. Further
studies are recommended to optimize nanoparticle loading, assess long-term stability, and evaluate biocompatibility for
biomedical and environmental use.
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