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1 Introduction

Synergistic antimicrobial nanofiber membranes
based on metal incorporated silica nanoparticles as
advanced antimicrobial layers+

Piumika Yapa,@a Imalka Munaweera, & *2 Manjula M. Weerasekera ©°
and Laksiri Weerasinghe@a

In this post-new-normal era, the public prioritizes preventive measures over curing, which is a constructive
approach to staying healthy. In this study, an innovative antimicrobial membrane material has been
developed, showcasing the promising potential for various applications. The metal-doped silica
nanoparticles (Ag, Cu, and Co) were incorporated into a cellulose acetate (CA) polymer-based nanofiber
membrane using the electrospinning technique. The metal nanoparticles were doped into a silanol
network of silica nanoparticles. The fabricated membranes underwent detailed characterization using
a wide range of techniques including PXRD, FTIR, Raman, SEM, TEM, TGA, and tensile testing. These
analyses provided compelling evidence confirming the successful incorporation of metal-doped silica
nanoparticles (Ag, Cu, and Co) into cellulose-based nanofibers. The band gap energies of the fabricated
CA mats lie below 3.00 eV, confirming that they are visible light active. The trimetallic silica nanohybrid
exhibited the lowest band gap energy of 2.84 eV, proving the self-sterilizing ability of the CA mats. The
DPPH assay further confirmed the best radical scavenging activity by the trimetallic silica nanohybrid
incorporated nanofiber mat (91.77 + 0.88%). The antimicrobial activity was assessed by using the
bacterial ATCC strains of Staphylococcus aureus, Streptococcus pneumoniae, MRSA (Methicillin-resistant
Staphylococcus aureus), Escherichia coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa and
fungal strains; quality control samples of Trichophyton rubrum, Microsporum gypsium, and Aspergillus
niger, as well as the ATCC strain of Candida albicans. The trimetallic silica nanohybrid-incorporated CA
membranes demonstrated the most significant inhibition zones. The reported findings substantiate the
self-sterilizing mat's viability, affordability, efficacy against a broad spectrum of microbial strains, cost-
effectiveness, and biodegradability. Furthermore, the mat serves as a dual-purpose physical and
biological barrier against microbes, affirming its potential impact.

nonexistent measures to prevent infections are in place, public
places have additionally been identified as a significant source

The World Health Organization estimates that each year, 4
million individuals across the European Union contract
a medical care-related infection.' Despite the fact that certain
microorganisms pose no danger to people with good immune
systems, proper precautions must be implemented. Hospitals
contain a variety of immunocompetent as well as immuno-
suppressed patients, including patients with immunosup-
pressors, those who have had infections in the past, and
geriatric and pediatric patients.>® Because insufficient or
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of infectious disease epidemics. Although the rapid growth of
microorganisms as well as the ensuing spread of infections is
a major global concern, there are currently very few laws or
regulations in place to restrict the spread of infections in public
areas.””

Nevertheless, it is crucial to take preventive measures
without wasting time implementing policies and relevant
guidelines on this matter. Self-sterilizing materials have the
special ability to reduce the number of pathogenic microbes
that are brought into contact with them by causing redox stress
and destroying the microbial cells by photothermally, photo-
catalytically, or chemical reactions.*” These materials show
significant promise in the fight against the spreading of
numerous infections, especially those produced by aerosolized
droplets that are infected and spread from an individual to
nearby counterparts. The goal of covering inanimate objects
with antimicrobial compounds that possess a self-sterilizing
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ability is to hinder the microbes from spreading by shortening
their life span, destroying them structurally, or interfering with
their physiology, which restricts the microbes from multiplying,
growing, and spreading. When coated on interfaces as thin
films, self-cleaning materials show bactericidal and fungicidal
effectiveness by inducing oxidative stress, which ultimately kills
the microbial cells.?®

Sustainable polymeric matrices with antimicrobial capabil-
ities as self-sterilizing materials are presently highly sought
after for applications in medicine, including personal protective
equipment (PPE), medical robes, bed linens, and other medical
apparel used in healthcare settings'®** as well as daily use by
healthy individuals, in order to sustain the highest possible
standards of public health. This effort obeys the concept that
“prevention is better than cure”.'> However, with the unprece-
dented demands of PPE in these infectious environments, the
supply of PPE has become inadequate all over the world due to
the inefficient supply, high prices, and expensive and sophis-
ticated technologies that are used to fabricate PPE."*'* Personal
hygiene products such as women's sanitary napkins, baby dia-
pers, and adult diapers play a significant role, as does PPE when
focusing on public health.”® Microbial infections and several
dermal problems arising from the microbes are the predomi-
nant issues with these personal hygiene products.’**® The
World Health Organization (WHO) highlights the importance of
menstrual health among women and the good quality of geri-
atric life through promising protection against microbes when
using hygiene products.” Therefore, simple, efficient, and
affordable personal hygiene products with promising microbial
action should be available to fulfill the demands and expecta-
tions for personal hygiene products among the global
public.?*** The most recent suggestions include surfaces with
anti-adhesive qualities, antibacterial chemicals integrated into
the surface, or surfaces modified with biologically active
metals.>*>¢

Recently, “nanoantibiotics”—nanostructures with particle
sizes between 1 and 100 nanometers—have emerged as new
antibacterial agents. Several investigations have demonstrated
that nanomaterials have stronger antibacterial effects against
both Gram-positive and Gram-negative bacteria. The WHO also
accepted this concept as a solution for Multi-Drug Resistance
(MDR) of microbes because metal nanoparticles have a well-
proven antimicrobial action against a broad spectrum of
microbes.”” Its nanoscale dimension enables it to have better
features, which have helped it reach several important mile-
stones in applications in biology and medicine.?*>*

A new phase in medicine was ushered in by the discovery of
metallic nanoparticles along with their prospects for thera-
peutic applications.*® The strong antimicrobial properties they
have exhibited against a range of microbes have taken scientists
from all around the world by astonishment.>**® By combining
two or more metallic nanoparticles, synergistic strategies
deliver greater efficacy than any of the individual components
might. It is preferable to follow synergistic strategies to span an
extensive range of bacteria as well as others.*** The doping of
metallic nanoparticles into a cargo loading agent such as silica
offers many benefits, such as the synergistic activity of the
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overall system of nanohybrids, the precisely controlled instal-
lation of various metals resulting in a homogeneous distribu-
tion, and the stabilization of particular metals within the
structures that avoid accumulation during consumption.®***

In this study, we have developed and characterized multi-
metallic silica nanohybrids loaded polymer-based membranes
that are associated with antimicrobial activity. It has the
potential to be readily used as an antimicrobial functional layer
in personal protection equipment, and personal hygiene prod-
ucts. The antimicrobial functional layer is fabricated with the
novel technology “electrospinning” by using biodegradable,
eco-friendly, apparently nontoxic polymer. On the contrary,
synthetic polymer membranes lead to several issues, including
high cost, irritability, non-biodegradability, etc. Due to the
multifaceted porous framework, extremely efficient surface
area, and flexibility during use, electrospun nanofiber was
originally thought to be the most suitable option for immobi-
lizing these nanohybrids on a suitable solid inert substrate with
the desired morphological configuration.*> Electrospinning is
a straightforward, recently developed method for generating
ultrathin fibers with nanoscale dimensions by using electro-
static forces. Compared to other methods, electrospinning
yields membranes with a higher surface area-to-volume ratio.
Additionally, the electrospun nanofiber membrane guarantees
the reusable nature of the integrated antimicrobial agents
because of their fibrous arrangement, making it difficult to
separate the powdered nanohybrids from the fibrous network.*

In this study, the non-woven cellulose acetate electrospun
membrane consists of nanofibers and acts as a matrix for the
incorporated silver (Ag), copper (Cu), and cobalt (Co)-doped
mesoporous silica nanohybrids. In our prior research, we
thoroughly examined the combined antimicrobial effects of
a metallic silica nanohybrid against an extensive array of
microorganisms, revealing its potential to combat a wide
spectrum of microbial threats.**** This study serves as a vital
extension of our prior research, significantly enabling the
practical application of multi-metallic silica nanohybrids
loaded electrospun polymer-based membranes as active anti-
bacterials layers. Fig. 1 shows a graphical illustration of the
research approach.

When considering recent research publications, Abdelgawad
et al* reported the feasibility of generating nanofibrous
chitosan/polyvinyl alcohol (PVOH) fibers with the inclusion of
AgNPs. According to the results of the antibacterial evaluation,
these fibers exhibited adequate resistance against E. coli, and
bacterial mortality decreased as the chitosan content increased.
Abrigo et al.*” have also reported an advanced biomedical device
with two layers made of electrospun chitosan/TiO, fibers.
Because of the synergistic interaction between chitosan and
TiO,, these intriguing materials demonstrated a relatively small
amount of bacterial penetration (E. coli and S. aureus). Accord-
ing to our knowledge, this study will be the first research that
proves an antimicrobial activity against an extensive spectrum
of microbes. Therefore, this product would establish the avail-
ability of universal and equitable access to an antimicrobial
functional layer against tested pathogens.**"°

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A graphical illustration of the research approach.

Personal Protection Equipment (PPE) and personal hygiene
products can be reinforced with conventional antibiotics to
diminish infectious diseases; however, antibiotic resistance,
affordability, and availability are some questionable areas.
Therefore, this invented multimetallic silica based nano-
hybrids, which is readily incorporated into the cellulose acetate
membranes, ensures availability, affordability, activity against
resistant strains and a broad spectrum of microbes, cost-effec-
tiveness, and acts as both a physical and biological barrier.
Additionally, this invented antimicrobial electrospun
membrane is apparently nontoxic, and it is biodegradable with
minimum hazards to the environment.

2 Materials and methods
2.1 Materials

Analytical-grade 2,2 diphenyl-1-picrylhydrazyl (DPPH), meth-
anol, ascorbic acid, acetone, dimethylformamide, cellulose
acetate, barium chloride (BaCl,), and sulfuric acid (H,SO,) were
purchased from Sigma-Aldrich in the United States. HiMedia in
India provided the analytical-grade chemicals, media, and other
materials needed for microbiology research, including nutri-
tional agar, Muller Hinton agar, bacteriological agar, Sabouraud
dextrose agar, blood agar, and antibiotic discs.

For microbiology studies, the bacterial strains (ATCC
cultures and clinical isolates) of Staphylococcus aureus (ATCC
25923), Streptococcus pneumonia (ATCC 49619), MRSA
(Methicillin-resistant Staphylococcus aureus), Escherichia coli
(ATCC 25922), Klebsiella pneumonia (ATCC BAA 1706), and
Pseudomonas aeruginosa (ATCC 27853) and fungal strains;
quality control samples of Trichophyton rubrum, Microsporum
gypsium, and Aspergillus niger, as well as the ATCC strain of
Candida albicans (ATCC 10231), the clinical isolates of these

© 2024 The Author(s). Published by the Royal Society of Chemistry

fungi were obtained from the Department of Microbiology at
the University of Sri Jayewardenepura in Sri Lanka.

2.2 Methodology

2.2.1 Fabrication of heterometallic silica nanohybrids
incorporated polymer-based electrospun nanofiber
membranes. Trimetallic silica nanohybrids were synthesized in
accordance with the methodology outlined in our previous
work.**** Cellulose acetate (CA), with a molecular weight of 100
kDa, was used as the polymer to fabricate the electrospun
membrane by incorporating the synthesized metallic silica
nanohybrids. In this study, five types of electrospun membranes
were fabricated, including the CA-only mat (CA-mat), CA-mat
loaded with 50% (w/w) of Ag-doped silica nanohybrid (Ag-Si-
CA), CA-mat loaded with 50% (w/w) of Cu-doped silica nano-
hybrid (Cu-Si-CA), CA-mat loaded with 50% (w/w) of Co-doped
silica nanohybrid (Co-Si-CA), and finally CA-mat loaded with
50% (w/w) trimetallic silica nanohybrid (Ag-doped silica nano-
hybrid + Cu-doped silica nanohybrid + Co-doped silica nano-
hybrid) (Ag-Si + Cu-Si + Co-Si-CA). These membranes were
denoted as CA-mat, Ag-Si-CA-mat, Cu-Si-CA-mat, Co-Si-CA-mat,
and Ag-Si + Cu-Si + Co-Si-CA-mat respectively hereafter.

To obtain the CA-mat, 600 mg of cellulose acetate (100 kDa)
was added to a solvent mixture of acetone and DMF (2: 1 v/v).
The resulting solution was subsequently introduced into
a syringe with a blunt-ended needle. Then, a layer of aluminium
foil was laid out over the ground collector plate to capture the
fibers. The solution involved electrospinning using a static
collector plate along with an SKE EF100 electrospinning system
under ambient room temperature and humidity, using a voltage
of 16 kV, a tip-to-collector distance of 13 cm, and a rate of flow of
1.5mLh %
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In the case of fabricating the metallic silica nanohybrids
incorporated CA-mats, the polymer solution was prepared as
before, and 600 mg of the respective metallic silica nanohybrid
was incorporated into the prepared CA polymer solution. Then
the solution was sonicated for 5 hours at room temperature.
The resulting solution was subjected to electrospinning as
described previously by applying the same parameters.>>

2.2.2 Characterization of metallic silica nanohybrids
incorporated electrospun CA mats. The CA-mat and the nano-
hybrids incorporated CA-mats have been examined using
Raman spectroscopy (Model-Thermo Scientific DXR with fine
power of laser, the range —500-2500 cm™ ' as well as Fourier
transform infrared (FTIR) analysis - ATR mode (Bruker Vertex
80 instrument) across the range of 400 cm™" to 4000 cm ™' to
analyze the functional groups of the materials. Utilizing the
software entitled SmartLab Studio II, the crystal phase of the
heterometallic silica nanohybrid have been studied using X-ray
diffraction (XRD) analysis (Rigaku smart lab, 3 kW sealed X-ray
tube) in the range of 5-85, two theta degree range.*

Employing transmission electron microscopy (TEM), model
-JEOL JEM-2100, that is operated at a voltage of 20 kV as well as
scanning electron microscopy (SEM), model - ZEISS model,
method of secondary electron, using an accelerated voltage of
10 kv, the morphological features of metallic silica nanohybrids
incorporated electrospun nanofiber mats were examined. The
fiber diameter and the distribution of the fiber diameter of the
fabricated mats have been calculated using Image J software
(Image J 1.51). The composition of each metallic nanohybrids
and the homogenous distribution in the fabricated nanofiber
mats were confirmed via atomic absorption spectrometry (AAS)
analysis (Thermo Scientific iCE 3000 model).*>**** Before per-
forming the AAS analysis, metallic silica nanohybrids incorpo-
rated nanofiber mats were digested according to the method
described by Uddin et al.>®

2.2.3 Evaluating the band gap energies of the fabricated
nanofiber mats. The optical band gap energies (E;) of the silica
nanohybrid incorporated CA-mats were determined using UV-
vis diffuse reflectance spectrometry. The band gaps of each
CA-mat were determined by extrapolating the linear portion of
the plot to (F(R)hv)* = 0.5

From the fabricated Ag-Si + Cu-Si + Co-Si-CA-mat which
holds an area of 121 em* (11 x 11 em), samples were taken at
five different places. Then these samples were tested for their
band gap energies. The evaluated band gap energies were
compared to confirm the homogeneity of the band gap energies
of the materials at any place of the Ag-Si + Cu-Si + Co-Si-CA-mat.

2.2.4 Digestion of metallic silica nanohybrids incorporated
nanofiber mats to determine the composition of each metal in
a unit area. To confirm the homogenous distribution of each
metal throughout the metallic silica nanohybrids incorporated
nanofiber mat (121 cm® (11 cm x 11 cm)), an atomic absorption
spectroscopy investigation was conducted. The following
process was used to manually digest the samples of electrospun
nanofiber mats before their analysis. In a distinct boiling tube, 1
cm? of each sample was treated with a 10 mL mixture of HCl and
HNO; acids (3 : 1). The resulting mixture was heated at 90 °C for
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4 hours,> allowed to cool to an ambient temperature, filtered,
and then the AAS analysis was performed.

2.2.5 AAS analysis of metallic silica nanohybrids incorpo-
rated nanofiber mats to confirm the homogeneity of the metal
distribution. From each of the fabricated nanofiber mats, with
an area of 1 cm?, samples were taken at five different places.
These samples were digested manually, as described in Section
2.2.4. Then the digested samples were subjected to AAS analysis,
to determine the composition of each metal at the respective
places of the mat. Each composition was compared, to confirm
the distribution and the homogeneity of each metal in the
respective area in the nanofiber mat statistically. The test was
triplicated for statistical validity.*®

2.2.6 DPPH assay for evaluating the radical scavenging
activity of metallic silica nanohybrids incorporated nanofiber
mats. The radical-scavenging potential associated with the
metallic silica nanohybrids incorporated nanofiber mats has
been assessed by employing DPPH as a free radical material.
The UV-vis spectra were obtained using UV-VIS spectroscopy,
model - PerkinElmer, LAMBDA 365+ double beam in accor-
dance with a method described by Sanna et al.*®* Methanol and
DPPH were used in the UV-VIS tests. After 30 minutes of
magnetic stirring in the dark, the 0.1 mM DPPH solution was
ready to be used in the DPPH assay. A test tube has been filled
with a 0.5 cm? section of membrane, 1 mL of distilled water,
along with 1 mL of 0.1 mM of prepared DPPH solution. After
shaking the entire mixture well, the absorbance at a wavelength
of 517 nm was measured after 30 minutes. The following
formula was used in order to determine the percentage that
represents DPPH degradation. Employing distinct sections of
the fiber membranes, the study was performed three times for
each mat.

DPPH scavenging activity = % x 100%
0

where A, and A, represent the respective absorbance of each
sample of nanofiber mat without and with exposure to DPPH.*

2.2.7 Evaluation of the antimicrobial activity of the
metallic silica nanohybrids incorporated nanofiber mats. As the
minimum inhibitory concentration (MIC), minimum bacteri-
cidal concentration (MBC), and minimum fungicidal concen-
tration (MFC) of the incorporated metallic silica nanohybrids
were previously reported in our previous detailed study,**** the
disc diffusion method was carried out to investigate the anti-
microbial activity of the metallic silica nanohybrids incorpo-
rated nanofiber mats. Ag-Si-CA-mat, Cu-Si-CA-mat, Co-Si-CA-
mat, and Ag-Si + Cu-Si + Co-Si-CA-mat were tested against the
ATCC cultures of Gram-positive bacteria; Staphylococcus aureus
(ATCC 25923), Streptococcus pneumoniae (ATCC 49619),
methicillin-resistant Staphylococcus aureus (MRSA); Gram-
negative bacteria; Escherichia coli (ATCC 25922), Klebsiella
pneumoniae (ATCC BAA 1706), and Pseudomonas aeruginosa
(ATCC 27853) and fungi; quality control samples of Trichophy-
ton rubrum, Microsporum gypsium, and Aspergillus niger, as well
as the ATCC strain of Candida albicans (ATCC 10231). Erythro-
mycin (15 pg) was used as the positive control for Gram-positive
bacteria. Gentamycin (15 pg) was used for P. aureginosa, K.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pneumoniae, and E. coli. Fluconazole (15 pg) was used as the
positive control for fungi. A disc of CA-mat was used as the
negative control.

The disposable micropipette tips as well as the media were
autoclaved for 15 minutes at 121 °C and 15 bar of pressure.
Other equipment made of glass was sterilized for two hours at
160 °C in a hot air furnace. Each expendable Petri plate was
filled with 25 mL of agar medium (MHA for bacteria and SDA for
fungi), which was then left to solidify. Subsequently, 3 mL of the
microbial suspensions, standardized to 0.5 McFarland's stan-
dard (10® CFU mL "), were applied over the agar medium's
surface. The previously described microbial strains were used
for producing microbial suspensions. The surplus solution was
eliminated once the suspension had been evenly applied
throughout the agar surface. Then the prepared discs were
placed on the agar surface by using sterile forceps. Each plate
was incubated at 37 °C for 24 hours. Next, using a Netillin Zone
Reader (USA), the zone of inhibition over every disc was calcu-
lated.*® Every technique was carried out in triplicate in
compliance with CLSI recommendations,” M 27 guidelines®
for yeast - C. albicans.

Although there are numerous studies that have been pub-
lished in high-impacted journals using disc diffusion assays
over filamentous fungi including A. niger, M. gypseum, and T.
rubrum, the assay is typically not advised as a regular procedure
for these kinds of fungi. Therefore, for the purpose of verifying
the antifungal activity of the fabricated nanofiber mats, we also
performed a disc diffusion assay for the chosen filamentous
fungus in this case.®** The previously indicated process was
further carried out for the clinical isolates of all the microbial
strains. For each microbial strain, five clinical isolates (N = 5)
were evaluated.*®

2.2.8 Scanning electron microscopy (SEM) analysis of
microbial cultures after treating with the trimetallic silica
nanohybrid incorporated CA nanofiber mats. To examine the
structural alterations of microbes when exposed to the fabri-
cated metallic silica nanohybrids incorporated in nanofiber
mats, SEM examination was performed. After the well diffusion
assay was performed as described in Section 2.2.7, the discs of
CA only mat (negative control) and the disc of the trimetallic
silica nanohybrid incorporated nanofiber mat were taken out
and subjected to the SEM imaging. This imaging was carried
out for all the selected ATCC strains of bacteria including
Staphylococcus  aureus, Streptococcus pneumoniae, MRSA
(Methicillin-resistant Staphylococcus aureus), Escherichia coli,
Klebsiella pneumoniae, and Pseudomonas aeruginosa and fungal
strains; quality control samples of Trichophyton rubrum, Micro-
sporum gypsium, and Aspergillus niger, as well as the ATCC strain
of Candida albicans.**

2.2.9 Thermal and mechanical properties of electrospun
CA-mat and trimetallic silica nanohybrids incorpertaed CA-
mat. The thermal and mechanochemical stability of fibers plays
a pivotal role in acting as a reinforcing agent, particularly
considering the processing temperatures they encounter. The
thermal decomposition behavior of the cellulose acetate mat
and trimetallic silica nanohybrid incorporated cellulose acetate
mat were investigated using TGA and the first derivative curve

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(DTGA), (TGA SDT 650-discovery series) in the temperature
range of 27-320 °C by using the Ramp 1 °C min~'.%*% The
tensile strength of the electrospun mats was determined by the
tensile strength tester, Instron 3365 model, and the software
Bluehill lite, version 2.32. The load cell that was used for the
tensile strength test was 100 N. The thickness of the CA mats
was determined by the thickness meter - Wallace test
equipment.®”*®

2.2.10 Leach-out experiment of the trimetallic silica
nanohybrid incorporated CA-mat. The leaching-out experiment
was carried out for the fabricated Ag-Si + Cu-Si + Co-Si-CA-mat
that exhibits the best antimicrobial potential to confirm that
there is no leaching-out effect of incorporated metallic silica
nanohybrids. The experiment was carried out for Ag-Si + Cu-Si +
Co-Si-CA-mat. Firstly, nutrient broth agar media was prepared,
and 5 mL of the prepared media was poured into sterile
centrifuge tubes. Then 1 mL of freshly prepared microbial
culture of S. aureus, which was compared with Mcfarland
standard, was introduced to each centrifuge tube separately. An
area of 25 cm? (5 cm x 5 cm) from the trimetallic silica nano-
hybrid incorporated CA-mat was taken and immersed in the
prepared samples. Then the samples were incubated for
a defined incubation period (24 hours). Then the solution was
subjected to IC-PMS analysis at the detection level of 1 ppb to
investigate the metal (Ag, Cu, and Co) concentrations in the
solution and to confirm whether there is any leach out of
metallic nanoparticles from the CA-nanofibers.

2.2.11 Electrospinning trimetallic silica nanohybrid incor-
porated CA nanofiber on the surface of a commercially available
diaper as a practical implementation. After comparing the
antimicrobial activity of monometallic silica nanohybrid
incorporated nanofiber mats and the trimetallic silica nano-
hybrid incorporated nanofiber mat, the best-performing nano-
fiber mat was chosen for this purpose. The polymer solution of
the best-performing nanofiber mat was prepared and subjected
to electrospinning on the surface of a diaper using the same
parameters described in Section 2.2.1. The resulting
membrane, along with the diaper, was analyzed by using SEM
imaging to investigate the morphological characteristics.

2.2.12 Evaluation of the antimicrobial activity of the elec-
trospun nanofiber mat on the surface of the diaper. The disc
diffusion assay was performed to assess the antimicrobial
activity of the electrospun nanofiber mat on the surface of the
diaper. A disc of the commercially available diaper was used as
the negative control. The positive control was a standard anti-
biotic that was selected according to the strain of the microor-
ganism, as in 2.2.7. Six other discs from the electrospun
nanofiber mat on the surface of the diaper were used. These
discs, excluding the positive control, were prepared by soaking
the discs in artificial urine that was prepared according to the
method.®® The discs were taken out from the prepared solution
of artificial urine in different time durations; 2, 4, 8, 16, and 24
hours (proper side of the exposed mat), and 24 hours (upside
down side of the exposed mat) and placed on the agar surface of
the prepared Petri dishes with selected strains of microbes.
These discs were investigated for their antimicrobial activity

RSC Adv, 2024, 14, 33919-33940 | 33923
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against the previously selected strains of microbes as decribes
in 2.2.7.

2.2.13 Statistical analysis. A one-way analysis of variance
(ANOVA) was used to assess the significance difference amongst
the means following the calculation of the incorporated
compositions of each metal into the nanofiber mat, with
a significance level of P < 0.05. The Tukey pairwise comparison
analysis followed next. After a comprehensive statistical study
confirmed that there is no substantial difference between the
composition of each metal at the selected places, representing
the whole area of the nanofiber mat where the antimicrobial
assays by disc diffusion were carried out. This was performed by
considering that the metal distribution is homogenous all over
the mat based on the above results.

The mean value of the zones of inhibition displayed by each
metallic silica nanohybrid incorporated nanofiber mat against
all the chosen microbial strains (both ATCC and clinical
isolates) was then statistically analyzed using a 2-sample t-test.
We employed a significance threshold of P < 0.05.

To confirm that the antimicrobial action of the electrospun
nanofiber mat on the diaper surface does not fluctuate with
time, a one-way analysis of variance (ANOVA) was performed.
This is to assess the significance difference amongst the means
of the zones of inhibition of each disc at different time dura-
tions (up to 24 hours).*

3 Results and discussion

An electrospun nanofiber mat with antibacterial properties was
developed in this research. As an antimicrobial functional layer,
it can be easily incorporated into various personal hygiene
products, such as baby and adult diapers, sanitary napkins, and
other PPE. A unique process called “electrospinning” is used to
create the antimicrobial functional layer using cellulose acetate
(CA). CA, a biodegradable and environmentally beneficial
polymer, and it is reportedly harmless. This non-woven
membrane consists of nanofibers that act as a matrix for the
incorporated Ag, Cu, and Co-silica nanohybrids. These metals
are well-proven for their antimicrobial properties when
employed separately. Here, a synergistic antimicrobial activity
was obtained by combining all these silica nanohybrids in
a common matrix and this product would establish the avail-
ability of universal and equitable access to an antimicrobial
functional layer against infectious diseases.*>**”® Although this
is a continuation of a previous study that discusses the anti-
bacterial and antifungal activity of multimetallic nanohybrids
by the same group of authors, here it is explained a novel
practical approach of incorporating the multimetallic nano-
hybrids into polymer matrices. The characterization and eval-
uation of the antimicrobial potential of the innovated polymer-
based nanofibrous mats will be discussed here.

3.1 Characterization of fabricated CA electrospun mats
containing metallic silica nanohybrids (50% w/w)

The nanofiber mats produced through electrospinning can be
easily separated from the aluminum foil collector and exhibit
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a uniform texture, appearing as a white mat. These nanofiber
mats were then characterized structurally and morphologically.
First, XRD analysis was conducted to confirm the successful
incorporation of metallic silica nanohybrids into the cellulose
acetate (CA) nanofiber mat during the process of electro-
spinning. Fig. 2(a) shows the X-ray diffractograms of CA-mats in
comparison with monometallic silica nanohybrids incorpo-
rated CA-mats and trimetallic silica nanohybrids incorporated
CA-mats. CA is a derivative of cellulose that is insoluble in water
as well as amorphous in nature. Consequently, the absence of
distinct and intense peaks associated with CA was noted. Broad
peaks were observed within the range of 15-30 theta degrees,
which are indicative of the presence of CA.”*””* These peaks were
depicted in a square in Fig. 2(a)(i-v). The low intensity of these
peaks can be attributed to the amorphous nature of the
material.

A comparison was made between the X-ray diffractogram of
CA and the fabricated nanofiber mats that were incorporated
with metallic silica nanohybrids. The X-ray diffractogram of the
Ag-Si-CA-mat, as shown in Fig. 2(a-ii), exhibits distinct peaks
that correspond to the Ag-O bond. The Miller indices 111, 200,
220, and 311 can be employed to distinguish face-centered
cubic (fec) silver based on the well-defined diffraction peaks
observed at 26 values within the 5-85° range. The presence of
these peaks confirms the crystalline structure of AgO. The
observed peaks correspond to the AgO crystalline structure as
reported in the JCPDS file with reference number 04-0783.4>%°"*
A broad peak between 25 and 30° that is quite faintly intense
indicates that amorphous silica is present in the sample. In
Fig. 2(a-iii), the X-ray diffractogram of Cu-Si-CA-mat depicts
peaks that govern for Cu-O. The miller indices —111, —112, 220,
and 311 can be used to index the well-resolved diffraction peaks
at 26 values in the range of 15-85° to cubic copper. These peaks
attest to CuO's crystalline structure. CuO crystalline structure is
allocated to JCPDS file no. 05-0661, whereby the resolved peaks
correspond well with the fabricated material.*>*"* This spec-
trum also shows the broad peak, which is relatively low in
intensity, between two theta 25-30. It attests to the amorphous
silica composition in the sample.

Fig. 2(a-iv) shows the X-ray diffractogram of the Co-Si-CA-mat
that depicts peaks that govern for Co-0.°® A number of well-
resolved diffraction peaks at 26 values in the range of 15-85°
can be indexed to cubic cobalt oxide (Co;0,4) with miller indices
220, 311, 400, 511, and 440. These peaks confirm the crystalline
structure of Coz0,4. The resolved peaks are well-matched with
JCPDS file no. 42-1467 (Co30,4), which is assigned to Cu-O
crystalline structures. Fig. 2(a-v) shows the X-ray diffractogram
of Ag-Si + Cu-Si + Co-Si-CA-mat that depicts peaks which govern
for Ag-O, Cu-O, and Co-O. However, all the peaks that were
associated with each metallic crystalline structure (Fig. 2(a)(ii-
iv)) cannot be clearly observed in the PXRD pattern Fig. 2(a-v)
due to the amorphous nature of the cellulose acetate electro-
spun membranes (Fig. 2(a-i)). The presence of crystalline
structures inside an amorphous polymer matrix composed of
CA may impede the detection of low-intensity peaks. However,
there were some well-resolved peaks that govern the three
metals and these peaks indicated the presence of the three

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mat, (v) Ag-Si + Cu-Si + Co-Si-CA-mat.

metallic silica nanohybrids in the CA-mat. As observed the
peaks with the miller indices 200 govern for Ag-O, —311 and
220 govern for Cu-O, and 400 govern for Co-O crystalline
structures.

Subsequently, to provide evidence of the creation and
modification of particular chemical interactions in the fabri-
cated nanofiber mats, FT-IR analysis was conducted using ATR
mode within the wavelength range of 500-4000 cm . The bond
vibrations and peak shifts were comprehensively examined by
obtaining the FT-IR spectra within the fingerprint region (950-
500 cm™ ).

Furthermore, a comparison was carried out to compare the
relevant peak positions that govern the bond vibrations between
the CA-mat and the metallic silica nanohybrid included CA-mat
(Fig. 2(b)). The bond vibrations of CA are governed by four
different peaks. These peaks are labeled as a-d in all FTIR
spectra. The peak that is labeled “a” at 904 cm ™" governs C-CH;
bending, the peak that is labeled “b” at 721 cm ™" governs =C-
H bending, the peak that is labeled “c” at 603 cm ™" governs ~C-
H; and the peak that is labeled “d” at 551 cm ™" governs C-H out
of plane vibrations. Fig. 2 (b-i) depicts the FTIR spectra of CA-
mat, Fig. 2(b-ii) depicts the FTIR spectra of Ag-Si-CA-mat,
Fig. 2(b-iii) depicts the FTIR spectra of Cu-Si-CA-mat, Fig. 2(b-
iv) depicts the FTIR spectra of Co-Si-CA-mat and Fig. 2(b-v)
depicts the FTIR spectra of Ag-Si + Cu-Si + Co-Si-CA-mat. The
presence of metallic silica nanohybrids in the CA polymer
matrix has caused the labeled peaks of a, b, ¢, and d in these
spectra to shift to the left and right due to the electrostatic
interactions.””¢ The relevant peak shifts in each spectrum are
displayed in Table 1.

Raman analysis was performed to further evaluate the bond
vibrations and peak shifts in these developed metal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) The XRD analysis, (b) the FT-IR analysis, and (c) the Raman analysis of; (i) CA-mat, (i) Ag-Si-CA-mat, (iii) Cu-Si-CA-mat, (iv) Co-Si-CA-

nanohybrids incorporated CA-mats. Fig. 2(c) depicts the Raman
spectra of all the fabricated CA-mats. In all the spectra, it can be
clearly observed that there is a cluster of peaks in the range of
1150-1900 cm™ ' (denoted within a dash lined square) that
govern bond vibrations in CA. These peaks have lowered their
intensity in a significant manner in all the spectra of metallic
silica nanohybrid incorporated CA-mats due to the incorpora-
tion of metallic silica nanohybrids into the CA-mat. Fig. 2(c-i)
shows the Raman spectra of the CA-mat, Fig. 2(c-ii) Ag-Si-CA-
mat. The peak at 819 cm™ ' governs Ag-O bond vibrations.
Fig. 2(c-iii) shows the Raman spectra of Cu-Si-CA-mat. The peak
at 308 cm ' governs Cu-O bond vibrations. Fig. 2(c-iv) shows
the Raman spectra of the Co-Si-CA-mat. The peaks at 483, 623,
and 692 cm ' govern for Co-O bond vibrations. Fig. 2(c-v)
shows the Raman spectra of Ag-Si + Cu-Si + Co-Si-CA-mat. The
peaks at 819 cm ™' and 308 cm™ " govern Ag-0O, and Cu-O bond
vibrations respectively. Peaks at 484 and 690 cm™ ' govern the
Co-O bond vibrations. These peaks clearly indicate the pres-
ence of metallic silica nanohybrids within the CA polymer
matrix. These four spectra did not show all the peaks govern for
all the bond vibrations that are responsible for metal-oxygen
bonds. The reason behind this can be the low-intensity peaks
may be hindered because these crystalline structures were
embedded in an amorphous polymer matrix made of CA.**7%77

After the structural characterization, the fabricated nano-
fiber mats were morphologically analyzed by SEM and TEM
imaging. As depicted in Fig. 3, it is well proven the successful
incorporation of metallic silica nanohybrids into the CA-
matrix.***

When analyzing these SEM and TEM images, it is evident
that the addition of metallic silica nanohybrids has decreased
fiber diameter. The total electrical charge of the electrospinning

RSC Adv, 2024, 14, 33919-33940 | 33925


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05052e

Open Access Article. Published on 25 October 2024. Downloaded on 1/14/2026 12:58:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table1l The peak positions and relevant bond vibrations of metallic silica nanohybrids incorporated electrospun membranes at the range 500 to

950 cm™*
CA-mat Ag-Si-CA-mat Cu-Si-CA-mat Co-Si-CA-mat Ag-Si + Cu-Si + Co-Si-CA-mat

Assigned to Bond vibration (em™) (em™) (em™) (em™) (em™)
a C-CHj; bending 904 906 906 904 902

b =C-H bending 721 742 719 721 725

c =C-H 603 597 601 662 604

d C-H out of plane 551 542 562 561 546
0-Si-0 0-Si-0 — 829 799 798 798

800

Ag-O Ag-O — 689 — — 688
Ag-O Ag-O — 571 — — 571
Cu-0O Cu-0O — — 562 — 562
Co-O Co-O — — — 645 644
Co-O Co-O0 — — — 595 596
Co-O Co-O — — — 582 582
Co-O Co-O — — — 561 563

jet surged dramatically with the incorporation of metallic silica
nanohybrids, which also caused a larger charge density to
accumulate on the outermost layer of the ejected jet within the
process.” Greater elongation forces that might surpass the self-
repulsion were transmitted down to the jet underneath the
electric field that formed as the jet's charges rose. As a result,
the diameter of the fibers shrank as the charge density rose.”

This will be advantageous because, when the fiber diameter
is decreased, the penetration ability of visible light to the
nanofiber mat is increased. Visible light governs the activation
and initiation of ROS from the metallic nanoparticles that give
rise to the antimicrobial potential.**®* The software Image J was
then used to determine the mean diameter of the fibers to gain
insight into the distribution of fiber diameter. The mean
diameters of the fibers were 119, 30, 41, 41, and 30 nm that
belong to CA-mat, Ag-Si-CA-mat, Cu-Si-CA-mat, Co-Si-CA-mat
and Ag-Si + Cu-Si + Co-Si-CA-mat respectively.

3.2 Evaluating the band gap energy, thermal and
mechanical properties of metallic silica nanohybrids
incorporated CA-mats

The optical band gap energy (E,) of the trimetallic silica nano-
hybrid incorporated cellulose acetate nanofiber mat (Fig. 4(a))
was determined using UV-vis diffuse reflectance spectrometry.
Monometallic silica nanohybrids incorporated nanofiber mats
include Ag-Si-CA-mat incorporated nanofiber mat, Cu-Si-CA-
mat, and Co-Si-CA-mat. Trimetallic silica nanohybrids incor-
porated nanofiber mats include Ag-Si + Cu-Si + Co-Si-CA-mat.
The band gaps of each sample were determined by extrapo-
lating the linear portion of the plot to the (F(R)Av)* = 0 axis.
Table 2 shows the respective band gap energy of each nanofiber
mat. ESI datat file 01 shows the band gap energies of mono-
metallic and trimetallic silica nanohybrids incorporated in
nanofiber mats.***”

According to the reported results, the band gap of all the
nanofiber mats lies in the range of 2.84-2.92 eV in the visible
light region enabling it to act as a visible light active photo-
catalytic material. The trimetallic silica nanohybrid incorpo-
rated CA-mat exhibited the lowest band gap energy 2.84 eV in

33926 | RSC Adv, 2024, 14, 33919-33940

the visible light region compared to the monometallic silica
nanohybrid incorporated nanofiber mats and exhibited good
photocatalytic activity under visible light. Owing to their semi-
conducting attributes, metallic nanoparticles are a widely used
class of nanomaterials in various industries. They are generated
in large quantities and are often employed as catalysts for redox
reactions in both artificial and natural settings.*” Not only
might metallic nanoparticles function as channels for the
transfer of electrons between aqueous reactants, although the
transfer of electrons is also contingent upon the energy states of
the nanomaterials alongside the redox-active aqueous materials
being identical. Considering the recorded results here, it is well
proven that all the fabricated electrospun membranes incor-
porated with metallic nanohybrids are active under visible light,
with the multimetallic silica nanohybrid demonstrating the
lowest band gap energy at 2.84 eV, affirming its self-sterilizing
capability. These results are in good agreement with the
recently published data as well. Tzevelekidis et al. have reported
nanohybrids comprised of Cu-doped and Ag-decorated TiO,,
that exhibit antibacterial activity against S. aureus and E. coli.*
Similarly, Matalkeh et al. have reported on an antimicrobial
activity of nanocrystalline silver (Ag), supported by tungsten
oxide (WOj3) against Gram-positive and Gram-negative bacteria
under visible light.**

Moreover, Burello and Worth® proposed a theoretical para-
digm that explains how some of these materials cause oxidative
stress and toxicity by relating the band gap of metallic nano-
particles to the cellular redox potential. Thus, permissive elec-
tron transfers may result in the generation of oxidizing or
reducing materials that lower the amount of antioxidants and/
or increase the generation of reactive oxygen species (ROS) and/
or oxidized biological components while the biological and
material energetic states are identical.

The generation of ROS is the main mechanism which
governs the antimicrobial activity of metallic nanoparticles.
According to the reported results for band gap energy and facts,
it is clearly evidenced that the trimetallic silica nanohybrid
incorporated CA-mat should be the best material that generates
ROS and exhibits the best antimicrobial activity. However, all

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05052e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 25 October 2024. Downloaded on 1/14/2026 12:58:30 AM.

(cc)

Paper

Fig. 3
imaging and (iii) distribution of the fiber diameter.

the calculated band gap energies were below 3.00 eV, therefore
it is confirmed that these fabricated CA-mats possess a visible
light active ROS generation that governs the self-sterilizing
ability of these nanofiber mats.?®

After confirming the lowest band gap energy by the fabri-
cated trimetallic silica nanohybrid incorporated nanofiber mat

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) CA-mat, (b) Ag-Si-CA-mat, (c) Cu-Si-CA-mat, (d) Co-Si-CA-mat, (e) Ag-Si + Cu-Si + Co-Si-CA-mat; (i) the SEM imaging, (ii) the TEM

which holds an area of 121 cm” (11 x 11 cm), five samples (each
1 cm x 1 cm) were taken at five different places. Then these
samples were evaluated for their band gap energy. Then the
evaluated band gap energies were compared to confirm the
homogeneity of the band gap energy at any place on the
nanofiber mat. The graphs of (F(R)hv)* versus hv for metal doped
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Fig. 4

(a) A digital photograph of a 50% w/w Ag-Si + Cu-Si + Co-Si-CA-mat; (b) and (c) the points where the samples were obtained to analyze

band gap energies and metal composition via AAS analysis to confirm the homogenous distribution of each metal throughout the nanofiber mat;
(d) TGA curve; (e) DTGA curve and (f) Tensile strength of (i) CA-mat, (ii) 50% w/w Ag-Si + Cu-Si + Co-Si-CA-mat.

Table 2 Reported band gap energies of metallic silica nanohybrid
incorporated cellulose acetate mat

Nanofiber mat Band gap energy (eV)

50% w/w Ag-Si-CA-mat 2.88
50% w/w Ag-Si-CA-mat 2.89
50% w/w Co-Si-CA-mat 2.92
50% w/w Ag-Si + Cu-Si + Co-Si-CA-mat 2.84

Table 3 Reported band gap energies at different places of 50% w/w
trimetallic silica nanohybrid incorporated cellulose acetate mat®

Place of the nanofiber mat Band gap energy (eV)

L1 2.84
L2 2.83
L3 2.84
L4 2.84
L5 2.84

“ Considering the aforementioned results, it is clearly evidenced the
homogeneity of the band gap energy at different places of the
trimetallic silica nanohybrid incorporated CA-mat. It was assumed
that these selected places represent the whole CA-mat.

SiNP and trimetallic silica nanohybrid incorporated cellulose
acetate mat were depicted in ESI dataf file 02. Table 3 shows the
respective band gap energy of each point (Fig. 4(b)).

In order to examine the quantities of metals that are incor-
porated into the electrospun membranes (Fig. 4(a)), the selected

33928 | RSC Adv, 2024, 14, 33919-33940

1 cm” areas a, b, and ¢ from each location (L1, L2, L3, L4 and L5)
(Fig. 4(b)) of the fabricated CA-mats were manually digested by
an appropriate combination of acids (HCI and conc. HNO; in
a ratio of 3:1) following their morphological and structural
characterization. It provided evidence that the electrospun
cellulose acetate mat's integrated metals, which are doped in
silica nanohybrids, were evenly dispersed throughout. The total
amount of metals in each sample per cm® area was then
assessed using AAS analysis. According to the AAS results,
Table 4 displays the mean value of the mass of each metal
content at each position.

The mean values of each metal content at each point in the
fabricated CA-mats were statistically analyzed in order to
confirm the homogenous distribution of each metal throughout
the fabricated nanofiber mat. A one-way ANOVA test was per-
formed at the significance level of (P) 0.05. Table 5 below shows
the p values of the ANOVA test. These p values confirmed that
there is no significant difference between the mean values of the
composition of each metal throughout the fabricated nanofiber
mats, which means the distribution of each metal throughout
the nanofiber mats is homogenous. After the confirmation of
the homogenous distribution of each metal, the fabricated
nanofiber mats were subjected to radical scavenging assays and
antimicrobial assays.

The thermal stability of natural fibers plays a pivotal role in
acting as a reinforcing agent, particularly considering the pro-
cessing temperatures they encounter. The thermal decomposi-
tion behavior of the cellulose acetate mat and trimetallic silica

nanohybrid incorporated cellulose acetate mat were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The mean value of the mass of each metal content per cm? area at each point in the fabricated CA-mats

Average mass of each metal in CA-mats (mg cm ™ ?)

50% wiw

Ag-Si-CA-mat  50% w/w Cu-Si-CA-mat 50% w/w Co-Si-CA-mat 50% w/w Ag-Si + Cu-Si + Co-Si-CA-mat

The point of the electrospun nanofiber

mat as depicted in Fig. 4 Ag Cu Co Ag Cu Co

L1 1.75 £ 0.01 1.72 £ 0.06 1.58 + 0.01 0.59 £ 0.01 0.58 £0.01 0.55 £ 0.01
L2 1.75 £ 0.06 1.73 £ 0.02 1.57 £ 0.01 0.60 £ 0.01 0.59 £ 0.02 0.55 £ 0.01
L3 1.76 £ 0.06 1.74 £ 0.06 1.59 &+ 0.06 0.60 = 0.01 0.57 +0.01 0.55 £ 0.02
L4 1.75 £ 0.01 1.76 £+ 0.01 1.58 + 0.01 0.61 £ 0.01 0.58 £0.02 0.54 £ 0.01
L5 1.74 + 0.06 1.75 £+ 0.06 1.57 +£ 0.06 0.60 £ 0.02 0.58 £0.01 0.57 £ 0.02

Table 5 p values for each comparison of mean values of metal
composition in nanofiber mats by one-way ANOVA test

Type of the nanofiber mat Type of the metal ~ p value
50% w/w Ag-Si-CA-mat Ag 0.62
50% w/w Cu-Si-CA-mat Cu 0.13
50% w/w Co-Si-CA-mat Co 0.58
50% w/w Ag-Si + Cu-Si + Co-Si-CA-mat  Ag 0.88
Cu 0.92
Co 0.71

investigated using TGA and the first derivative curve (DTGA), as
shown in Fig. 4(d) and (e) respectively. According to the litera-
ture, the TGA curve of the pure cellulose acetate exhibited two
main degradation areas, first one is approximately 10-15%
degradation loss between the temperature ranges of 100-300 ©
C. The second part of the decomposition takes place at the
temperature range of 300-385 °C which is approximately 80% of
its initial weight. According to the DTGA curves of the electro-
spun mats which are shown in Fig. 4(e), the thermal decom-
position can be observed well. The onset degradation
temperature was reported as 210.15 °C in pure CA mats whereas
the trimetallic silica nanohybrids incorporated CA mats were
reported as 263.38 °C and it liberated CO and CO, at the
temperature above 275 °C.%%¢

The electrospun trimetallic silica nanohybrids incorporated
CA mat is thermally stable up to 288 °C whereas the CA mat is
thermally stable up to 225 °C. Considering the DTGA data, it can
be revealed that the onset degradation temperature has
increased in trimetallic silica nanohybrids incorporated CA mat
when compared with pure CA mat (210.15 to 263.38 °C). Finally,
it can be concluded that the incorporation of silica nanohybrids

Table 6 The tensile strengths and tensile strains of electrospun CA
mats

Tensile
strain (%)

Tensile

Electrospun mat strength (MPa)

CA-mat
50% w/w Ag-Si + Cu-Si + Co-Si-CA-mat

2.78 £ 1.04
4.99 £ 089

1.59 £ 0.91
9.64 £ 3.73

© 2024 The Author(s). Published by the Royal Society of Chemistry

to the CA mat results in an enhancement of the thermal stability
of the product, which is advantageous in employing this
nanohybrids incorporated CA mat as a practical application in
high temperatures as well.*>%¢

Then the tensile strength of the CA-mat and 50% w/w Ag-Si +
Cu-Si + Co-Si-CA-mat was measured to further analyze the
mechanical properties of the electrospun mats. Table 6 shows
the evaluated tensile strengths of each mat.

According to the reported results, it was revealed that there is
a significant improvement in tensile strength and tensile strain
of the trimetallic silica nanohybrid incorporated CA mat when
compared with the CA mat. Much research have proved that the
tensile strength of electrospun CA fibers lies between 1-
2.5 MPa.**® Here, it has proved that the incorporation of
metallic silica nanohybrids into the CA mat strengthens the
fiber mat while giving a promise to be used this fabricated tri-
metallic silica nanohybrid incorporated CA mat as a mechan-
ically stable membrane in biomedical applications.

The mechanical properties of cellulose acetate-based elec-
trospun membranes were well studied by many researchers. It
was proven for its ideal mechanochemical stability to employ
for various purposes. Borges et al. have proven its recovery and
reutilization via straightforward mechanochemical treatment in
a solid basic media to perhaps hydrolyze acetate moieties and
lower particle size at the same time.*® Moreover, Shukla et al.
have studied a range of mechanical properties of cellulose
acetate membranes that accelerate the employment of cellulose
acetate-based polymer membranes in various applications.®”

Afterwards, ICP-MS analysis was performed in order to
analyze the leach out of metals; Ag, Cu, and Co from the tri-
metallic silica nanohybrid incorporated CA mat in culture
media. There was not any detection of Ag, Cu, or Co at the
detection level of 1 ppb in trimetallic silica nanohybrid incor-
porated CA mat incorporated culture media even after 24 hours.
Hence, it revealed that there is not a leach out of metals from
the trimetallic silica nanohybrid incorporated CA mat. There-
fore, it is advantageous as a biomedical application because
leaching out of metal nanoparticles to the medium causes some
nanotoxicity and deposition in biological tissues.***>5%8
Therefore the fabricated trimetallic silica nanohybrid incorpo-
rated CA mat is safe to use in personal protective devices as
a functional antimicrobial layer. As a result, it can be predicted
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that the generation of ROS can be the reason behind the anti-
microbial activity of silica nanohybrids incorporated in CA
mats. DPPH assay was performed to confirm it.

3.3 DPPH assay for evaluating the radical scavenging activity
of the fabricated metal nanohybrid incorporated nanofiber
mats

The DPPH radical scavenging assay was used to evaluate the
rationale for the antimicrobial synergy of multimetallic silica
nanohybrid-incorporated nanofiber mats vs. monometallic
silica nanohybrid-incorporated nanofiber mats. A variety of
pathways contribute to metal nanoparticles’ antimicrobial
activity.®®®® Reactive oxygen species (ROS) production is an
important component of radical scavenging activity. Various
inorganic metal nanoparticles used as antimicrobial agents
produce various ROS, hence the antibacterial mechanisms may
differ. Here, we assessed and compared the radical scavenging
activity of each monometallic silica nanohybrid incorporated
nanofiber mat, multimetallic silica nanohybrid incorporated
nanofiber mat, and CA-mat as shown in Fig. 5. The trimetallic
silica nanohybrid incorporated nanofiber mat has the highest
radical scavenging activity (91.77 £ 0.88%). When considering
the monometallic silica nanohybrids incorporated nanofiber
mats, Ag-Si-CA-mat shows the highest radical scavenging
activity (80.52 & 0.67%), whereas Co-Si-CA-mat shows the lowest
radical scavenging activity (56.74 + 1.23%). Cu-Si-CA-mat also
shows a comparable radical scavenging activity (71.35 £ 1.85%)
to Ag-Si-CA-mat.

Examining the results of the DPPH assay in greater context
reveals a connection to the well-known semiconductor-based
photocatalysis theorem. This theorem's mechanism has the
potential to be employed to explain precisely why nanohybrids
can scavenge free radicals in the presence of DPPH in a meth-
anolic solution. It consists of the valence band holes (h*), which
are generated upon bandgap photoexcitation, oxidized H,O into
the OH ions, and/or the terminal OH- groups existing on the
outermost layer of nanohybrids.** Molecular oxygen in the
surrounding atmosphere scavenged the generated electrons
(e7) in the conduction band at the same time, initiating a chain
reaction that ultimately produced additional hydroxyl radi-
cals.”® The hydroxyl surface groups clung to the holes,
producing OH radicals that accelerated the degradation of

Ag S O Sy G0 - S .

CA - mat
= Co-Si-CA-mat [
£
o z
2 Cu-si-CA-mat [
=
2
& Ag-Si-CA-mat |
4

CA-mat R

0 10 20 30 40 50 60 70 80 90 100

Radical scavenging activity (%)

Fig. 5 Radical scavenging activity of fabricated metal nanohybrid
incorporated CA-mats.
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organic dyes like DPPH. The unstable methanolic DPPH solu-
tion, which is purple in color, changed into a yellow color stable
DPPH protonated version throughout the DPPH free-radical
scavenging procedure, in agreement with the mechanism
described by Kedare et al. By transferring electrons from the O
atoms to the odd electrons in the N atoms, DPPH is changed
into DPPH free radicals, which produce stable DPPH mole-
cules.” Nonetheless, the DPPH assay offered convincing proof
to support the antimicrobial synergy of metallic silica nano-
hybrids incorporating nanofiber mats.

3.4 Disc diffusion assay for ATCC strains and clinical
isolates of selected microbial strains to evaluate the
synergistic antimicrobial activity of metal nanohybrid
incorporated CA-mats

After the IC-PMS analysis, a disc diffusion experiment was utilized
to determine the synergistic antimicrobial activity of multime-
tallic silica nanohybrids incorporating nanofiber matting. This
disc diffusion assay shows how well an antibiotic therapy works
against specific microbes. It is predicated on the inhibitory zones
surrounding the discs that were placed on the surface of the agar
plates. Here, we initially employed the disc diffusion assay to test
selected ATCC strains of microorganisms, including bacteria and
fungi. The inhibition zones of the several nanofiber mats against
the ATCC stains of test microbes are displayed in ESI dataf file 03
(figure and a table), which lists the inhibition zone values that
different nanofiber mats have displayed.

A statistical analysis was then performed by two sample ¢
tests to confirm that there is a significant difference between the
zones of inhibitions of monometallic silica nanohybrids
incorporated nanofiber mats (Ag-CA-mat, Cu-Si-CA-mat, and
Co-Si-CA-mat) and the trimetallic silica nanohybrid incorpo-
rated CA-mat (Ag-Si + Cu-Si + Co-Si-CA-mat) at the significance
level of 0.05. Fig. 6 shows the respective zones of inhibition and
evaluates significant differences. ESI dataf file 04 shows the p
values of the statistical tests. The reported p values are lower
than the employed significance level of 0.05. Hence, it can be
interpreted that there is a significant difference between the
mean values of inhibition zones of each monometallic silica
nanohybrids incorporated nanofiber mats and trimetallic silica
nanohybrid incorporated CA-mat (Ag-Si + Cu-Si + Co-Si-CA-mat)
at the significance level of 0.05, when equal variance is
assumed.*

The assays for clinical isolates of ATCC strains and quality
control strains of the examined microbes were conducted to
proceed with the disc diffusion assay. To determine the anti-
microbial synergy of metallic silica nanohybrids incorporated
CA-mats, antimicrobial experiments using solely ATCC strains
are sufficient. To gain a thorough understanding of the anti-
microbial synergy of the fabricated metallic silica nanohybrids
incorporated CA-mats, we thus conducted a disc-diffusion
evaluation using clinical isolates of previously evaluated ATCC
strains and quality control strains. The inhibitory zones of
several nanofiber mats versus clinical isolates of previously
evaluated ATCC strains of test microorganisms are displayed in
ESI dataf file 05 as a figure. It has also tabulated the inhibition

© 2024 The Author(s). Published by the Royal Society of Chemistry
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zone values that different nanofiber mats (ESI datat file 05-
tables). For each microbial strain, we used five clinical isolates
(N = 5) for each selected type of microbial strain in this
instance.*

It is evident that the findings of the analysis of the zones of
inhibition of fabricated nanofiber mats over clinical isolates
correlate well with the zones of inhibition towards ATCC
strains. Fig. 7 shows the mean values for zones of inhibition
displayed by nanofiber mats towards all five clinical strains for
each microbe including triplicates of them (N = 15 for each type
of fungi), of formerly evaluated ATCC strains. A statistical
analysis was performed in this instance also by two-sample ¢ test
to confirm that there is a significant difference between the
zones of inhibitions of monometallic silica nanohybrids
incorporated nanofiber mats (Ag-Si-CA-mat, Cu-Si-CA-mat, and
Co-Si-CA-mat) and the trimetallic silica nanohybrid incorpo-
rated CA-mat (Ag-Si + Cu-Si + Co-Si-CA-mat) at the significance
level of 0.05. ESI dataf file 06 shows the p values of the statistical
tests. The reported p-values are lower than the employed
significance level of 0.05.*°

Hence, it can be interpreted that there is a significant
difference between the mean values of inhibition zones of each
monometallic silica nanohybrids incorporated nanofiber mats
and trimetallic silica nanohybrid incorporated CA-mat (Ag-Si +
Cu-Si + Co-Si-CA-mat) at the significance level of 0.05, when
equal variance is assumed. These reported results are also in
good agreement with the results of the two-sample ¢-test that
was performed for ATCC strains of these organisms. Hence, it is
confirmed that the fabricated Ag-Si + Cu-Si + Co-Si-CA-mat
exhibits the best antimicrobial synergy against both ATCC
strains and clinical isolates of the tested microorganisms.

Considering the results, the highest antimicrobial activity of
monometallic silica nanohybrids incorporated CA-mat was
shown by Ag-Si-CA-mat. Co-Si-CA-mat exhibited the lowest zone
of inhibition against all the test strains of microbes. The tri-
metallic silica nanohybrid incorporated CA-mat showed the
highest zone of inhibition against all the test microorganisms.
Among Gram-positive bacteria, Staphylococcus aureus and
Streptococcus pneumoniae possess the highest values for zones of
inhibition. MRSA has lower values for the zone of inhibition;
this may be due to its widely known resistant mechanisms.***
However, the fabricated nanofiber mats are effective against
methicillin-resistant Staphylococcus aureus. When analyzing the
zones of inhibition of Gram-negative bacteria, E. coli possesses
the greatest values, while Pseudomonas aeruginosa and Klebsiella
pneumoniae possess lower values. These two-gram negative
bacteria are considered that show a high degree of antibiotic
resistance. Klebsiella pneumoniae and Pseudomonas aeruginosa
are also known as “superbugs”, which are also referred to as
microbes that show resistance to at least three antimicrobial
agents.”>** However, the fabricated nanofiber mats in this study
have also exhibited antibacterial activity against these bacteria.

Regarding the antifungal activity of the fabricated CA-mats,
they are also in good agreement with the results for bacteria.
The highest antifungal activity of monometallic silica nano-
hybrids incorporated CA-mat was shown by Ag-Si-CA-mat. Co-Si-
CA-mat exhibited the lowest zone of inhibition against all the
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test strains of fungi. The trimetallic silica nanohybrid incor-
porated CA-mat showed the highest zone of inhibition against
all the tested fungi. When comparing the zones of inhibition, it
is evident that C. albicans show higher zones of inhibition than
the filamentous fungi (T. rubrum, M. gypseum, A. niger). This is
an important finding as some skin rashes are mainly due to this
yeast, Candida albicans. Candida is a commensal that resides on
our skin and causes opportunistic infections such as Candida
skin infection and vaginal Candidiasis. Filamentous fungi are
a type of fungi that have a well-organized cell structure other
than yeast type of fungi. This may be the reason for the differ-
ences that were observed in the respective zones of
inhibition.®**

Considering the antibacterial activity and the antifungal
activity, it can be clearly observed that the trimetallic silica
nanohybrid incorporated CA-mat exhibits greater antibacterial
activity than antifungal activity except for resistant strains.
Fungal cells are eukaryotic cells which means they have a well-
organized cellular structure with a nucleus when compared
with bacterial cells because bacteria are prokaryotic cells. This
may be caused for the observations. However, according to the
reported results, this multimetallic silica nanohybrid incor-
porated CA-mat will be a potential new hope for the develop-
ment of emerging PPE and personal hygiene products against
a broad spectrum of microbes including Gram-positive and
Gram-negative bacteria, yeast-type fungi, and filamentous
fungi.45,62,63

3.5 SEM imaging of microbial cultures when exposing to the
fabricated multimetallic silica nanohybrid incorporated CA-
mat

As shown in the Fig. 8, finally a SEM analysis was carried out for
all the strains of tested microbes of Staphylococcus aureus,
Streptococcus pneumoniae, MRSA, Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Candida albicans, Tricho-
phyton rubrum, Microsporum gypseum, and Aspergillus niger in
order to investigate the structural deformations of these
microbial cells when introducing to the multimetallic silica
nanohybrid incorporated CA-mat that has already confirmed as
the antimicrobial nanofiber mat which exhibits the best anti-
microbial activity.

According to the observed results, it is clearly visible that the
trimetallic silica nanohybrid incorporated CA-mat possesses
a significant antimicrobial potential against all the tested
bacteria and fungi. When observing the untreated samples,
there is a massive amount of microbial cells over the trimetallic
silica nanohybrid incorporated CA-mat. In some images of
untreated samples, the surface of the CA-mat has been covered
by microorganisms causing it unable to observe nanofibers in
the mat. The amount of microbial cells in the treated samples
has been drastically decreased due to the antimicrobial mech-
anisms of the trimetallic silica nanohybrids. There are some
destroyed particles of microbial cells can be seen in these
images of treated samples. This SEM imaging further provides
clear evidence for the antimicrobial ability of the trimetallic
silica nanohybrids incorporated CA-mat.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8

(a-i) Untreated Staphylococcus aureus, (a-ii) treated Staphylococcus aureus, (b-i) untreated Streptococcus pneumonia, (b-ii) treated

Streptococcus pneumonia, (c-i) untreated MRSA, (c-ii) treated MRSA, (d-i) untreated Escherichia coli, (d-ii) treated Escherichia coli, (e-i)
untreated Klebsiella pneumonia, (e-ii) treated Klebsiella pneumonia. (f-i) Untreated Pseudomonas aeruginosa, (f-ii) treated Pseudomonas
aeruginosa, (g-i) untreated Candida albicans, (g-ii) treated Candida albicans, (h-i) untreated Aspergillus niger, (h-ii) treated Aspergillus niger, (i-i)
untreated Microsporum gypseum, (i-ii) treated Microsporum gypseum, (j-i) untreated Trichophyton rubrum and (j-ii) treated Trichophyton

rubrum.

3.6 Electrospinning of the CA polymer solution including
multimetallic silica nanohybrids on a diaper surface; as
a practical application

Based on the previous results described, the multimetallic silica
nanohybrid incorporated into the CA-mat was well-proven for
its synergistic best antimicrobial activity over monometallic
silica nanohybrids incorporated into the CA-mat. Therefore, we
have electrospun the respective polymer solution with multi-
metallic silica nanohybrids on the surface of a commercially
available diaper as proof of the practical application of this

nanofiber mat. For this purpose, a polymer solution of cellulose
acetate (10% w/v) in acetone: DMF mixture (2 : 1) was incorpo-
rated with trimetallic silica nanohybrids (50% w/w). The
mixture was stirred for 2 hours and sonicated for 4 hours. Then
it was electrospun on the surface of the commercially available
diaper. ESI dataf file 07 shows the electrospinning process and
the resulting surface coating of the diaper. Fig. 9 shows the SEM
images of the resulting surface coating of the diaper. The SEM
analysis of the resulting nanofiber mat on the surface of the
diaper was performed by freeze fracturing®® the resulting

Fig. 9

(a) SEM image of the 50% w/w multimetallic silica nanohybrid incorporated CA-mat on the diaper surface, (b) and (c) SEM image of a cross

section of 50% w/w multimetallic silica nanohybrid incorporated CA-mat on the diaper surface.
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composite material in order to investigate the morphological
characteristics of the material.

The SEM image of the surface clearly depicts the spherical
silica nanohybrids and the thin nanofibers on the diaper
surface. The SEM image of the cross section depicts the fibers of
the CA nanofiber membrane and the fibers of the diaper
material. In Fig. 9(c), the yellow arrows showed the fibers of the
diaper material, and the green arrows showed the nanofibers of
the CA-mat. In the CA-mat, there can be observed the incorpo-
rated silica nanohybrids as tiny black dots.

3.7 Antimicrobial assay for multimetallic silica nanohybrid
incorporated CA-mat on the diaper surface

The antimicrobial assay for the multimetallic silica nanohybrid
incorporated CA-mat on the diaper surface was carried out by
disc diffusion assay according to the method described in
Section 3.4. The discs of the electrospun membrane (diameter =
6 mm) were soaked in artificial urine (40 mL) for different time
durations; 2 h, 4 h, 8 h, 16 h, 24 h-upside, and 24 h downside.

View Article Online
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Artificial urine was made according to the method described by
Shmaefsky et al.*

ATCC strains of three Gram-positive organisms; Staphylo-
coccus aureus, MRSA, and Streptococcus pneumoniae, and three
Gram-negative bacteria Escherichia coli, Klebsiella pneumoniae,
and Pseudomonas aureginosa were used. The prepared media
and tips of the micropipette were sterilized in an autoclave at
121 °C for 1 hour. Other glassware was sterilized in an oven at
100 °C for 1 hour. The disks of polymer membranes were kept in
contact with UV light for 30 minutes for sterilization. A
commercial antimicrobial agent (Erythromycin 10 pg and
Gentamycin 15 pg) is used as the positive control. A disc from
the commercially available diaper was used as the negative
control. Disks are placed on the surface of the solidified agar by
using sterile forceps. The plates are then immediately inverted
and incubated at 37 °C for 24 hours. Then the zones of inhi-
bition are observed. Table 7 shows the inhibition zones of the
respective discs of electrospun nanofiber mats at different time
intervals. All the studies were triplicated. Fig. 10 shows the
inhibition zones of the respective disc.

Table 7 The inhibition zones of the respective discs of electrospun nanofiber mats at different time intervals

Metallic silica nanohybrids Zone of inhibition (mm)

incorporated electrospun membranes

on the diaper surface S. aureus S. pneumoniae MRSA E.coli K. pneuminiae S. aureus
Positive control 35.00 £+ 1.00 30.67 £ 0.58 35.00 £+ 1.00 32.33 £ 0.58 25.33 £ 0.58 25.00 £+ 1.00
Negative control — — — — — —

2h 32.33 £ 0.58 29.67 £ 0.58 32.33 £ 0.58 21.67 £ 0.58 15.67 £ 0.58 11.33 £ 0.58
4h 32.33 £ 0.58 30.33 £ 0.58 32.33 £ 0.58 21.33 £ 0.58 15.33 £ 0.58 11.67 £ 0.58
8h 32.67 £ 0.58 29.67 £ 0.58 32.33 £ 0.58 21.67 £ 0.58 15.33 £ 0.58 11.33 £ 0.58
16 h 32.00 £ 1.00 29.33 £ 0.58 32.33 £ 0.58 21.67 £ 0.58 15.67 £+ 0.58 11.67 £ 0.58
24h (U) 31.67 £ 0.58 29.67 £ 0.58 32.33 £ 0.58 21.67 £ 0.58 15.33 £ 0.58 11.67 £ 0.58
24 h (D) 31.67 £ 0.58 29.33 £ 0.58 32.67 £ 0.58 21.33 £ 0.58 15.67 £ 0.58 11.67 £ 0.58

Fig. 10 Zones of inhibition of (a) Gram positive bacteria; (i) Staphylococcus aureus, (ii) MRSA, (iii) Streptococcus pneumonia; (b) Gram negative
bacteria; (i) Escherichia coli, (i) Pseudomonas aeruginosa, (iii) Klebsiella pneumoniae; (+) Positive control, (—) negative control, the discs of
nanofiber mat on the diaper surface at; (1) 2 h, (2) 4 h, (3) 8 h, (4) 16 h, (5) 24 h — U and (6) 24 h — D.
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Fig. 11 The respective zones of inhibition at different time intervals against tested ATCC strains of microbes.

According to the reported results, it is evidenced that the
antimicrobial activity of CA-mat on the diaper surface did not
differ with time. Here we performed the experiment up to 24
hours of exposure to artificial urine. At 24 hours, there were two
discs were employed labeled as 24 h - upside and 24 h -
downside. It investigated the antimicrobial activity of both sides
of metallic silica nanohybrid incorporated CA-mat on the diaper
surface. The advantage here is this material can be employed as
an inner layer in diapers, PPE, or other personal hygiene
products without contacting the skin while the antimicrobial
activity remains constant. Fig. 11 shows the respective zones of
inhibition at different time intervals against tested ATCC
strains of microbes.

Afterward, A one-way ANOVA was performed to confirm that
there is no significant difference between the mean values of
inhibition zones at each time interval, which means the anti-
microbial activity of the multimetallic silica nanohybrid incor-
porated CA-mat on the diaper surface remains constant over
a period of 24 h. The significance level of (P) 0.05 was employed.
ESI dataf file 08 shows the p values of the one-way ANOVA test
performed. The calculated p values were greater than the Pvalue
of 0.05, which means there is no significant difference among
the mean values of the inhibition zones at different time
intervals (ESI datat file 08). This confirms that there is an
antimicrobial activity of multimetallic silica nanohybrid incor-
porated CA-mat which remains constant for up to 24 hours.*
With the proven antimicrobial results along with the well-
proven mechanical and thermal properties, this trimetallic
silica nanohybrid CA-mat can be developed as a self-sterilizing
antimicrobial for broad-spectrum of
microbes.***”

layer coverage

© 2024 The Author(s). Published by the Royal Society of Chemistry

4 Conclusion

According to our results, it is evidenced that the fabricated tri-
metallic silica nanohybrid incorporated CA-mat possesses
a promising antimicrobial potential against the tested
microbes. These microbes include Gram-positive bacteria,
Gram-negative bacteria, yeast-type fungi, and filamentous-type
fungi. Hence, it is significant for its broad-spectrum coverage of
microbes, which the conventional antimicrobial agents are
incapable of. The band gap energy of 2.84 eV trimetallic silica
nanohybrid incorporated CA-mat proved that it is activated
under visible light. Therefore, this fabricated CA-mat can be
developed as a self-sterilizing material to be employed as an
antimicrobial layer in many biomedical applications. The fiber
diameter of the nanofiber mat was also decreased with the
incorporation of metals giving rise to high penetrability to
visible light into the nanofibers. This ensures the activation of
ROS generating and initiating the antimicrobial activity. Finally,
it can be concluded that this trimetallic silica nanohybrid
incorporated CA-mat ensures the availability, affordability,
activity against a broad spectrum of microbes, cost-effective-
ness, and biodegradability which act as both a physical and
biological barrier for microbes.
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