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Microbial contamination poses a significant challenge to the management of water resources and biomedical 
applications. In this study, the development of a biogenic antimicrobial filtration system has been successfully 
achieved. This system utilizes a plant extract-mediated synthesis approach for in situ formation of silver 
nanoparticles (AgNPs) within a porous sponge matrix. The fabrication process involved the immersion of a 
commercial sponge in an aqueous solution of AgNO3 and plant extract, followed by a thermal treatment. The 
structural and chemical properties of the Ag@Sponge were then confirmed via a range of analytical methods, 
including scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction 
(XRD), and X-ray photoelectron spectroscopy (XPS). These results indicated the successful incorporation of 
AgNPs within the sponge, with a predominant spherical morphology and an average size of 54 ± 14 nm. 
Antimicrobial activity tests demonstrated that Ag@Sponge exhibited significant bacterial and fungal 
inactivation, achieving >99.99999% microbial reduction against Escherichia coli (E. coli), Staphylococcus aureus 
(S. aureus), and Candida albicans (C. albicans) (R > 7). Furthermore, the results of filtration experiments 
demonstrated that microbial removal efficiency increased progressively over six cycles, reaching final reductions 
of 6.2–6.4 log CFU/mL for E. coli, S. aureus, and C. albicans. Mechanical durability tests confirmed that 
Ag@Sponge retained >6 log CFU/mL reduction after 5000 cm abrasion (down to 6.6 ± 0.5) and 400 bending 
cycles (down to 6.1 ± 1.2), indicating strong mechanical resilience and in situ nanoparticle stability. These 
findings highlight the potential of Ag@Sponge as a sustainable and efficient antimicrobial filtration material for 
practical applications in water purification and medical decontamination. 
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Introduction 
 

Microbial contamination continues to pose a 
significant challenge to the sustainable management of 
water resources and biomedical applications [1]. Hospital-
based liquid waste, in particular, poses considerable risks 
to both the environment and public health due to its high 
levels of pathogenic microorganisms, antibiotic residues, 
and pharmaceutical components [2,3]. Inadequate 
treatment of such waste accelerates the spread of 
antibiotic resistance and causes irreversible damage to 
ecosystems [1]. The World Health Organization (WHO) 
reports that approximately 1.5 million people die each 
year from complications related to diseases originating 
from unsafe water sources, and that antibiotic resistance 
further exacerbates this situation [4]. In response, the 
United Nations (UN) has emphasized the importance of 
safe water resource management and pathogen load 
reduction through Sustainable Development Goal 6 (Clean 
Water and Sanitation) and Sustainable Development Goal 
3 (Good Health and Well-being) within the broader 
framework of the Sustainable Development Goals (SDGs) 
[5,6]. In this context, the development of low-cost and 
sustainable disinfection technologies that do not leave 
antibiotic residues has become a global necessity [7]. 

A review of the extant literature reveals a plethora of 
methodologies for liquid disinfection, including 
chlorination, ozonation and UV radiation, which are 
notable for their strong oxidation effects [8–10]. However, 
a significant disadvantage of these methods is that by-
products formed during disinfection (e.g., chlorinated 
organic compounds) can cause secondary pollution, 
resulting in environmental toxicity and health risks [8,9]. 
This situation highlights the necessity for the development 
of alternative strategies [8]. In recent years, the 
integration of antimicrobial materials into disinfection 
systems has emerged as an innovative approach [11,12], 
but certain disadvantages persist, including the risk of 
antibiotic or chemical residues in the liquid and the limited 
effectiveness against diverse microorganisms [13]. An 
alternative and more sustainable approach involves the 
incorporation of metallic nanoparticles, known for their 
broad-spectrum antimicrobial properties, into filtration 
systems [14]. Metal nanoparticles have been shown to 
exhibit high activity against microorganisms and to 
enhance the performance of disinfection systems through 
mechanisms such as the production of reactive oxygen 
species and the disruption of cell membranes [15–17]. 
AgNPs in particular have a proven track record of 
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effectiveness and reliability over time [15]. In contrast to 
essential metals such as copper, silver is not required for 
bacterial physiology and therefore lacks associated 
homeostatic regulation [15]. As a result, Ag+ ions 
irreversibly bind to critical thiol-containing biomolecules, 
including cysteine residues in enzymes and membrane 
proteins, leading to irreversible enzyme inactivation and 
disruption of respiratory electron transport chains [15]. 
Furthermore, the catalytic generation of reactive oxygen 
species (ROS), particularly H₂O₂, contributes to oxidative 
stress and further compromises bacterial viability [15,17]. 
The synergy of these characteristics results in AgNPs 
demonstrating exceptional potency at low 
concentrations, while concurrently minimizing the risk of 
resistance development. This positions silver as one of the 
most efficient and reliable antimicrobial agents among 
metallic nanoparticles.  

Nonetheless, a number of fundamental issues 
inherent in systems developed with metal nanoparticles 
have yet to be resolved. Chief among these is the 
propensity of nanoparticles to readily detach from the 
carrier surface [18], a phenomenon that precipitates a 
swift decline in the efficiency of the filtration system [19]. 
Moreover, the utilization of chemical reagents in 
nanoparticle production has the potential to engender 
environmental toxicity and escalate production costs [20–
22]. Consequently, there is a compelling imperative to 
explore the development of cost-effective, sustainable, 
and high-performance materials that are synthesized in an 
environmentally friendly manner [23]. 

The present study set out to cultivate AgNPs directly 

on the surface of a sponge by means of an eco-friendly 

method that utilized plant extracts. Almond shell extracts 

were employed as a means to reduce Ag ions and stabilize 

nanoparticles, a process that is environmentally friendly 

and reduces reliance on chemical reagents. It is well 

established that such plant-based reductants contain 

polyphenols, flavonoids and organic acids, which facilitate 

the reduction of metal ions and provide surface functional 

groups for stabilization [21]. In the preceding literature, a 

number of plant sources, including tea leaves, citrus peels 

and other agricultural residues, have been documented 

for analogous purposes [16,21]. However, the present 

study elected to utilize almond shells on the basis of their 

elevated phenolic content, local availability and potential 

for valorization as a waste-derived material [24].  The 

sponge was used as a carrier matrix for nanoparticles due 

to its high surface area and durability. This approach 

resulted in the development of a low-cost, sustainable and 

durable filtration system. The Ag@Sponge material was 

thoroughly characterized using a range of analytical 

techniques, including scanning electron microscopy 

(SEM), X-ray diffraction (XRD), and X-ray photoelectron 

spectroscopy (XPS). Furthermore, the material's 

effectiveness in reducing microbial load in liquid waste 

and its long-term performance was comprehensively 

investigated. 

Materials and Methods  
 

Fabrication of Ag@Sponge 
The Ag@Sponge platform was synthesized through a 

strategy of in situ growth of Ag nanostructures on the 
sponge surface. The synthesis process involved a biogenic 
reduction method that was used in an environmentally 
friendly manner, with almond shell extract serving as the 
reducing agent of choice. 

To prepare the almond shell extract, 10 g of washed 
and dried almond shell at 40 °C was kept in 100 mL of 
double distilled water at 80 °C for 6 hours. The resulting 
solution was then filtered using a filter paper (M&Nagel 
MN 640 m, pore size 4–12 µm, medium flow rate) to 
remove solid content, thereby yielding the aqueous 
almond shell extract. The prepared almond shell extract 
was then utilized for the reduction of Ag ions and the 
formation of Ag@Sponge. To this end, a 1.5 mM AgNO3 
aqueous solution was prepared and 20 mL of AgNO3 
solution and 10 mL of almond extract were added to a 50 
mL Falcon tube, resulting in a final solution concentration 
of 1 mM. Thereafter, the sponge sample was placed in the 
solution and gently shaken to ensure homogeneous 
distribution. In situ AgNPs growth was then performed by 
keeping the tube in a water bath at 90 °C for 1 hour. 
Subsequent to the completion of the process, the sponge 
sample was removed from the solution and dried in an 
oven at 50 °C, resulting in the formation of a platform that 
was designated Ag@Sponge.  

 

Characterization of Ag@Sponge 
Morphological analysis of the produced 

nanostructured Ag@Sponge and the control surface was 
performed using a scanning electron microscope (SEM, 
Zeiss EVO LS10, 25 kV). In order to determine the 
composition of the surface, elemental analysis was 
performed with energy dispersive X-ray spectroscopy 
(EDX, XFlash 6110, Bruker) integrated into the SEM 
system. The size distribution of the particles on the 
surface was calculated using ImageJ software from the 
obtained SEM images. The chemical composition and 
bonding structure of the produced surfaces were analyzed 
using X-ray photoelectron spectroscopy (XPS, K-alpha, 
Thermo Scientific) equipped with a monochromatic Al Kα 
(1486.7 eV) X-ray source. X-ray diffraction (XRD) analysis 
was performed to examine the crystal structure, and the 
measurements were performed with the Panalytical 
Empyrean XRD system at 45 kV and 40 mA operating 
conditions, using Cu K-α1 (λ = 1.5406 Å) X-ray source. The 
XRD data were processed using OriginPro (OriginLab 
Corp., USA), with a 100-point Savitzky-Golay smoothing 
algorithm applied in order to reduce noise and enhance 
peak clarity without distorting peak shape.  The average 
size of the crystallites was calculated from the XRD data 
using the Debye–Scherrer equation (Eq. 1).  
 

𝐷 =
𝐾 ∗ 𝜆

𝛽 ∗ 𝑐𝑜𝑠𝜃
 (1) 
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In this calculation, the Bragg angle (θ), X-ray 
wavelength (λ) and full width at half maximum (FWHM) 
peak width (β) parameters were used. The degree of 
crystallinity (CI) was calculated by taking the ratio of the 
crystalline peak areas within the total area under the 
diffraction curve (Eq. 2). 
 

𝐶𝐼 =
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑙𝑙 𝑡ℎ𝑒 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑝𝑒𝑎𝑘𝑠

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑙𝑙 𝑡ℎ𝑒 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑎𝑛𝑑 𝑎𝑚𝑜𝑟ℎ𝑝𝑜𝑢𝑠 𝑝𝑒𝑎𝑘𝑠
 (2) 

 
Antimicrobial Assay 
Antimicrobial, antibacterial and antifungal activity 

were evaluated by following the AATCC test protocol with 
slight modifications. Bactericidal activity was investigated 
on Gram-negative E. coli (ATCC 25922) and Gram-positive 
S. aureus (ATCC 25923) bacteria, while fungicidal activity 
was tested on C. albicans. Mueller-Hinton liquid (broth) 
and solid (agar) media were utilized for bacterial strains, 
while Sabouraud Dextrose Broth and Sabouraud Dextrose 
Agar were employed for fungal strains. 100 μL each of 
fungal and bacterial suspension at 0.5 McFarland turbidity 
was taken and inoculated onto Ag@Sponge and control 
surfaces of approximately 1 × 1 cm² in size. Untreated 
sponge was used as the control surface. After 24 hours of 
incubation at 37 °C, the surfaces were placed in 10 mL of 
PBS and 5 minutes of sonication and 5 minutes of 
vortexing were applied to transfer the microorganisms on 
the surfaces to the PBS medium. A volume of 100 μL of the 
resulting suspension was then inoculated onto solid 
media, after which the number of colonies on agar plates 
was enumerated following a 24-hour incubation period at 
37 °C. The antimicrobial activity was then calculated 
according to equation 3. 
 
𝐴𝑛𝑡𝑖𝑚𝑖𝑐𝑟𝑜𝑏𝑖𝑎𝑙 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑅)  

=  𝑙𝑜𝑔(𝑈𝑡)  −  𝑙𝑜𝑔(𝐴𝑡) 
(3) 

 
In this equation, At represents the average number of 

colonies surviving on the developed Ag@Sponge 
platform, while Ut represents the average number of 
colonies surviving on the untreated sponge. 

 

Microbial Retention and Inactivation 
Performance Test 

In order to evaluate the performance of microbial 
filtration of the Ag@Sponge platform, the microorganism 
E. coli, S. aureus and C. albicans were utilized. The 
microorganism suspensions were prepared in sterile 
phosphate-buffered saline (PBS) by adjusting to 1 
McFarland turbidity standard. A total of 20 mL of PBS 
solution was used for each microorganism. 

The prepared PBS-microorganism suspension was 
then passed through sponge samples that had been 
prepared in advance at a flow rate of 2 mL/min. The liquid 
that had been filtered was collected in a sterile beaker, 
and the sponge was left for one hour to ensure that the 
liquid absorbed by the sponge was completely released. 
At the conclusion of this period, the final liquid retained 
by the sponge, which did not drip freely, was added to the 

filtrate collected in the beaker by gently compressing the 
sponge. 100 µL of the waste liquid accumulated in the 
beaker after filtration was taken and inoculated on solid 
medium and incubated at 37 °C for 24 hours. The 
microorganism retention and inactivation performance 
were then evaluated by taking wastewater and restarting 
the filtration process. This procedure was repeated six 
times. After each filtration cycle, the colonies formed on 
the solid media were counted and the number of 
microorganisms removed was compared to the initial 
microorganism load using Equation 3. 

 

Antimicrobial Robustness Test 
In order to evaluate the durability of the produced 

samples in the context of antimicrobial activity under 
mechanical stress, a series of abrasion and bending tests 
were conducted. The abrasion test involved subjecting the 
samples to friction against an aluminum foil surface over 
specific distances, with a weight of approximately 200 g 
applied. The samples were shifted by 500 cm, 1000 cm, 
2500 cm and 5000 cm to assess the impact of surface 
abrasion and material erosion on their antimicrobial 
activity. The bending test involved subjecting the samples 
to repeated bending cycles, with the number of cycles 
ranging from 50 to 400, to simulate the durability of the 
sponges under mechanical loads such as tension and 
flexion. Following each test stage, the samples were 
subjected to antimicrobial tests, as outlined in section 2.3, 
to evaluate the effect of mechanical stresses on 
microorganism inhibition capacity. 

 

Results and Discussion 
 
A biogenic antimicrobial filtration system was 

developed through a plant extract-mediated synthesis 
approach for the in situ formation of AgNPs within a 
porous sponge matrix (Figure 1A). The fabrication process 
involved the immersion of a commercial sponge in an 
aqueous solution of AgNO₃ and plant extract, followed by 
a thermal treatment at 90°C for 60 minutes. The color 
change from pale yellow to dark brown indicated the 
successful reduction of Ag⁺ ions and in situ formation of 
AgNPs. To evaluate the potential application of 
Ag@Sponge in microbial filtration, a conceptual schematic 
is presented in Figure 1B. Contaminated liquid waste 
passes through the Ag@Sponge, where microbial 
retention and inactivation occur due to the antimicrobial 
properties of AgNPs, resulting in a disinfected liquid 
effluent. 

The morphological characteristics of the pristine 
sponge and Ag@Sponge were examined using scanning 
electron microscopy (SEM) (Figure 1C). While the 
unmodified sponge exhibited a clean and uniform porous 
structure, the Ag@Sponge showed embedded 
nanoparticles throughout the surface, as highlighted in 
the magnified regions. SEM images revealed that the 
nanoparticles on the surface were predominantly 
spherical; however, spiky structures were also observed in 
certain regions (e.g. area marked yellow). The distribution 
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of the particles was found to be nonuniform, with partial 
aggregations evident as surface clusters. This morphology 
is attributed to the spontaneous and progressive 
reduction of metal ions directly on the substrate, where 
nucleation occurs randomly and continues over time, 
which is typically observed in similar in situ formation 
processes [16,25]. Consequently, the newly formed 
nanoparticles have the capacity to emerge on top of 
existing ones, thus giving rise to the formation of layered 
or aggregated structures. The particle size distribution, 
based on distinguishable spherical domains within these 
aggregates, revealed an average diameter of 54 ± 14 nm 
(Figure 1D). The presence of Ag in the modified sponge 

was further confirmed by EDX analysis (Figure 1E). A 
comparison of the spectrum of the pristine sponge, 
primarily composed of carbon and oxygen [26], with that 
of the Ag@Sponge revealed the presence of additional 
peaks corresponding to Ag (15.6 wt%), along with minor 
contributions from Na, K, and Cl, which may have 
originated from the almond shell extract [24]. The 
findings, when considered collectively, indicate the 
successful synthesis of Ag@Sponge via a green chemistry 
approach, with its structural and chemical properties 
supporting its potential use in antimicrobial liquid 
filtration applications.

 

 

Figure 1. Schematic representation of the process of in situ formation of AgNPs on the sponge (A) and the disinfection 
of contaminated liquid waste using the developed Ag@Sponge (B). SEM images (C), particle size distribution graph 
(D), and EDX results (E) of the sponge and Ag@Sponge. 
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EDX results confirmed exclusively the presence of Ag; 
however, they did not provide any information regarding 
its chemical state or crystalline form. Therefore, XRD and 
XPS analyses were conducted to elucidate the structural 
and chemical characteristics of Ag within the sponge 
matrix. 

In order to investigate the crystalline structure of the 
AgNPs incorporated into the sponge matrix, XRD analysis 
was performed. As demonstrated in Figure 2A, 
characteristic diffraction peaks were identified at 2θ = 
38.1°, 44.2°, 64.8°, 77.3°, and 81.2°, which correspond to 
the (111), (200), (220), (311), and (222) planes of face-
centered cubic (fcc) metallic silver (Ag0) (JCPDS #No. 04-
0783) [27]. The presence of these peaks confirmed the 
successful formation of metallic Ag within the porous 
sponge structure. The average crystallite size of the AgNPs 
was determined using the Debye–Scherrer equation, 
based on the full width at half maximum (FWHM) of the 
peaks, yielding average crystallite sizes of 6.5 nm (111), 
5.1 nm (200), 5.1 nm (220), 5.4 nm (311), and 4 nm (222) 
for the respective diffraction peaks. A comparison of these 
values with those of previously reported monometallic 
AgNPs synthesized via green chemistry approaches 
suggests that the former exhibit a relatively smaller crystal 
size distribution [27,28]. This reduction in crystallite size 
can be attributed to the specific synthesis conditions, 
including the interaction of silver precursors with the 

sponge matrix. It is hypothesized that this interaction may 
have influenced the nucleation rate and inhibited the 
growth of larger crystallites [29]. The selection of the 
matrix and the growth environment is likely to have 
played a crucial role in limiting the crystal size [29], 
resulting in a higher surface-to-volume ratio that is often 
desirable for applications such as catalysis and 
antimicrobial activity [30]. Furthermore, the crystallinity 
index (CI) was calculated as 25.24%. CI values exceeding 
40% have been reported for certain bimetallic and 
trimetallic nanoparticle systems [16]. Nevertheless, direct 
comparison is constrained by the disparities in substrate 
materials and synthesis conditions.  

To further confirm the chemical state of Ag in the 
synthesized Ag@Sponge, high-resolution XPS analysis was 
conducted; the Ag 3d spectrum (Figure 2B) exhibiting two 
prominent peaks at binding energies of 368.3 eV and 
374.3 eV, corresponding to Ag 3d5/2 and Ag 3d3/2, 
respectively. The observed spin-orbit splitting of 6.0 eV 
was in good agreement with literature reports for metallic 
silver (Ag⁰) [27,31], confirming that the silver present in 
the sponge was in its reduced, elemental form rather than 
in an oxidized state. These XPS results are consistent with 
the XRD findings, reinforcing the conclusion that AgNPs 
were successfully synthesized and incorporated into the 
sponge matrix through the plant extract-mediated 
reduction of Ag+ ions. 

 

 

Figure 2. Chemical characterization of the Ag@Sponge platform. A) XRD patterns of Ag@Sponge. B) High-resolution 
XPS spectra of Ag 3d in Ag@Sponge. 

 
 
The antimicrobial activity of Ag@Sponge was 

evaluated against a range of common pathogenic 
microorganisms, including the Gram-positive bacteria S. 
aureus, the Gram-negative bacteria E. coli, and the fungal 
pathogen C. albicans. According to the test results, 
Ag@Sponge effectively inactivated nearly all inoculated 
microorganisms. In comparison with the untreated 
sponge material, Ag@Sponge demonstrated logarithmic 
reductions (R) of 7.2 ± 0.2, 7.6 ± 0.3, and 7.5 ± 0.2 against 
E. coli, S. aureus, and C. albicans, respectively. The R value, 

which is indicative of antimicrobial efficacy, significantly 
exceeded the critical threshold of 2 [32], indicating an 
inactivation rate of >99.99999%. It is noteworthy that 
Ag@Sponge exhibited higher antibacterial efficacy against 
Gram-positive bacteria compared to Gram-negative 
bacteria. This phenomenon can be attributed to the 
structural differences in their cell walls. Gram-positive 
bacteria possess a thick peptidoglycan layer, whereas 
Gram-negative bacteria have an additional outer 
membrane composed of phospholipids and 
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polysaccharides that surrounds the peptidoglycan layer 
[33], This outer membrane may act as a barrier, limiting 
the penetration of metallic nanoparticles into the 
bacterial cell, thereby reducing bactericidal efficacy. In 
addition, inorganic oxide nanoparticles exhibit a 
heightened adsorption affinity for distinctive components 
within the cell wall of Gram-positive bacteria, including 
teichoic acids, predominantly via π-π interactions [34]. 
Differences in the isoelectric points of their membranes 
result in Gram-negative E. coli having a less negative 
surface charge compared to Gram-positive S. aureus [35], 
which may contribute to the enhanced inhibitory activity 
of metallic nanoparticles against Gram-positive bacteria 
[16]. However, it is important to note that the calculated 
R values are relative to the control surface, and variations 
in microbial growth on the control samples could 
influence the final antimicrobial efficacy values. 

Beyond its antibacterial effects, Ag@Sponge also 
exhibited excellent antifungal activity against C. albicans, 
a leading cause of nosocomial infections. One possible 
mechanism underlying this strong antimicrobial activity is 
the ability of AgNPs to enhance reactive oxygen species 
(ROS) generation, leading to oxidative stress-induced 
apoptosis [35]. The generation of ROS by metallic 

nanoparticles is known to cause oxidative damage to 
microbial cells through mechanisms such as DNA/RNA 
strand breakage, protein oxidation, membrane 
disruption, and lipid peroxidation, ultimately leading to 
cell death [25,35]. Additionally, Ag ions released from the 
nanoparticles have the capacity to penetrate cells via ion 
channels and/or purines, bind to lipopolysaccharides, 
peptidoglycans, and carboxyl groups, and alter the 
electrochemical potential of intracellular and extracellular 
components [36]. This can result in membrane 
depolarization and instability, leading to nuclear 
membrane deformation, cytoplasmic leakage, and 
damage to essential cellular processes, including DNA 
replication and transcription [17,36]. Furthermore, the 
nanoscale spherical morphology of the AgNPs likely 
enhanced the antimicrobial effect due to their high 
surface area-to-volume ratio, which promotes greater 
interaction with microbial cells [37]. In summary, the 
potent antimicrobial activity observed in Ag@Sponge is 
most likely a consequence of nano/micro-scale metallic 
particles encountering pathogens, disrupting cell 
membranes, penetrating microbial cells, and interfering 
with critical biomolecular structures such as proteins and 
DNA. 

 

 

Figure 3. (A) Antimicrobial activity of Ag@Sponge against E. coli, S. aureus, and C. albicans. (B) Photographs 
demonstrating the comparative microbial growth on untreated sponge (control) and Ag@Sponge surfaces. 

 
The microbial removal performance of the developed 

Ag@Sponge material was evaluated using a simple 
filtration setup (Figure 1B and 4). The results demonstrate 
that microbial removal gradually increases with the 
filtration process, with a significant removal observed for 
all microorganism species in the first filtration stage, 
resulting in a decrease of approximately >4 log CFU/mL in 
all microbial strains. As the number of filtrations 
increased, the removal rate continued to increase, 
although at a rate that was lower compared to the first 
filtration. 

This phenomenon can be attributed to the combined 
impact of multiple factors during the filtration process. 

Initially, microorganisms interact with the Ag@Sponge 
surface, resulting in a rapid removal due to the high 
surface activity of AgNPs [38]. Additionally, the initial 
stage of filtration facilitates the retention of free and large 
microorganism clusters in the suspension, contributing to 
an enhanced filtration efficiency. However, as the 
filtration progresses, the removal rate becomes more 
limited due to a decrease in the concentration of 
microorganisms remaining in the system. Furthermore, 
the accumulation of microbial residues and biological 
materials on the surface may partially reduce the binding 
areas of new microorganisms [38]. Additionally, due to the 
controlled release of silver ions (Ag+), the more intense 
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effect of free ions in the initial stages may cause this 
interaction to gradually balance in the subsequent cycles 
[39]. 

In the final filtration stage, microbial removal was 
achieved at approximately 6-7 log CFU/mL levels in the 
6th cycle, and it was revealed that the Ag@Sponge 

material offers high and stable antimicrobial activity. 
These results show that the developed sponge-based filter 
material exhibits effective performance in multi-stage 
filtrations and offers a strong alternative for the removal 
of microbial contamination.

 

 

Figure 4. Filtration performance of the developed Ag@Sponge material on A) E. coli, B) S. aureus and C) C. albicans 
microorganisms. Microbial removal concentration (log CFU/mL) was investigated throughout the filtration cycle. 
The shaded red area in the figure represents the safe limit zone required for microbial filtration. 

 
The long-term effectiveness of materials utilized in 

filtration processes is contingent not only on their 
antimicrobial performance but also on their mechanical 
strength and structural stability. In this context, the 
antimicrobial activity preservation performance of the 
developed Ag@Sponge material was evaluated following 
abrasion and bending tests (Figure 5). 

As demonstrated in Figure 5A, the R value exhibited 
minimal decline against E. coli, S. aureus, and C. albicans 
microorganisms across the range of abrasion distances 
from 500 cm to 5000 cm. The material's initial high 
antimicrobial activity was retained, suggesting that the 
AgNPs on the Ag@Sponge surface maintained strong 
bonding against mechanical effects and did not readily 
separate from the material surface. The bending strength 
test results, presented in Figure 5B, demonstrate that 

after 50 to 400 bending cycles, the antimicrobial activity 
against all microorganisms was significantly preserved. 
Notably, even after 400 bending cycles, the decrease in 
the R value was minimal, and it was observed that the 
flexibility properties of the material did not have a 
negative impact on the antimicrobial activity. This 
outcome demonstrates that the Ag@Sponge material 
possesses a flexible and durable structure, capable of 
retaining its functionality under mechanical stresses. In 
general, the results of the abrasion and bending tests 
demonstrate that the developed Ag@Sponge material 
exhibits a level of robustness (mechanical durability) that 
renders it suitable for long-term use. This feature confirms 
that the material can provide sustainable antimicrobial 
activity in real-life applications and can demonstrate 
stable performance in repeated filtration processes [40]. 
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Figure 5. Preservation performance of antimicrobial activity under mechanical strength of the developed Ag@Sponge 
material. (A) Antimicrobial activity (R value) against E. coli, S. aureus and C. albicans microorganisms after different 
abrasion distances (500–5000 cm). (B) Evaluation of antimicrobial activity after different bending cycles (50–400 
times).  

Conclusion 
 

In this study, a biogenic antimicrobial filtration system, 

Ag@Sponge, was successfully synthesized via a green 

chemistry approach utilizing plant extract-mediated 

formation of AgNPs. The utilization of almond shell extract 

facilitated the in situ formation of AgNPs within a porous 

sponge matrix, thereby obviating the requirement for 

hazardous chemical reagents and ensuring a sustainable 

fabrication process. Structural analysis confirmed the 

effective incorporation of AgNPs into the porous sponge 

matrix, while antimicrobial tests demonstrated 

exceptional efficacy against bacterial and fungal 

pathogens, achieving microbial inactivation rates 

exceeding 99.99%. The filtration experiments further 

validated the system's effectiveness, demonstrating 

significant microbial removal across multiple filtration 

cycles (R>6). Additionally, mechanical durability 

assessments confirmed that Ag@Sponge retained its 

antimicrobial properties even after extensive abrasion 

and bending tests. The material's sustained antimicrobial 

activity and structural robustness position it as a 

promising candidate for real-world water purification and 

biomedical applications. The findings highlight the 

potential of Ag@Sponge as a cost-effective and 

environmentally friendly solution for microbial 

contamination in liquid waste treatment systems. Future 

studies may focus on optimizing the material's scalability, 

regeneration capabilities, and real-world performance 

under complex environmental conditions. 
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