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The study explored an eco-friendly method to synthesize Cu silicate and zinc silicate hanoparticles (NPs)
and characterize them using analytical instruments like transmission electron microscopy, DLS analysis,
Zeta potential, EDX elemental analysis, and scanning electron microscopy with mapping. We tested how
well Cu silicate and Zn silicate NPs can fight bacteria that cause wound infections and unicellular
pathogenic fungi by checking their antimicrobial properties, the smallest amount needed to stop growth
(minimum inhibitory concentration), and their ability to prevent biofilm formation. To investigate
a potential mechanism of antimicrobial behavior, we applied the membrane leakage experiment. The
generated Cu silicate and Zn silicate NPs have shown promising antimicrobial activity against all
investigated bacteria and unicellular fungi. The MIC was calculated at a concentration of 39.062 pg
mL~%, and Cu silicate NPs created ZOl at a 27.0 mm where S. aureus could not grow, additionally Cu
silicate NPs produced a 25.0 mm ZOlI against C. albicans and MIC was 19.53 pg mL™% and a 19.0 mm
ZOl against E. agglomerans and MIC was 19.53 ng mL™%. S. aureus is more affected by Zn silicate NPs,
showing a 41.0 mm ZOl and MIC was calculated at 19.53 pg mL™?, followed by C. albicans with
a 30.0 mm ZOl at 9.765 pg mL™%, E. agglomerans with a 29.0 mm ZOI and MIC at 39.062 ug mL™, and
S. epidermidis with a 28.0 mm ZOlI at 19.53 pg/mL MIC. However, the promising results were obtained
for K. pneumoniae (26.0 mm ZOl, 9.765 pg/mL MIC), P. aeruginosa (25.0 mm ZOlI, 9.765 ng/mL MIC),
and E. coli (21.0 mm ZOl, 19.53 pg/mL MIC). As a new era for combating some diseases' resistance in the
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Researchers have developed self-cleaning surfaces to prevent
hospital infections, prevalent hospital-associated illnesses, and

1 Introduction

Serious health problems have lately arisen as a result of path-
ogen (viruses, fungi, and bacteria) resistance to conventional
antimicrobial therapy.! Currently, the entire community is
fighting an invisible infectious agents to stop the spread of
illnesses and preserve lives.>?
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the growth of bacteria resistant to new therapies.* Long-term
antibacterial activity is a highly desirable feature that remains
appealing while ensuring cytocompatibility.®

The scientific field of nanotechnology has broad applications
across numerous fields. Because of their narrow particle size,
large surface area, and distinctive morphological characteris-
tics, nanoparticles (NPs) differ from conventional
substances.®'® Recent developments in the application of
nanotechnology have made it easier to synthesize nano-sized
particles with potential medical uses." Because nanoparticles
have natural antibacterial qualities, especially metal nano-
particles, many new antimicrobial materials have been devel-
oped using them.'*” The antibacterial properties of
nanoparticles, particularly metal nanoparticles, have led to the
creation of various nanomaterials based on NPs.*

The antibacterial effects of ZnO NPs, and CuO NPs have been
widely studied because they work better than traditional
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antimicrobial treatments. In addition to having a longer shelf
life, these nanoparticles are reusable, more stable over a wider
range of temperatures and pressures, and comparatively easy to
store and transport.” Numerous factors, such as size, shape,
strength, purity, structural flaws, and exposure level, have been
linked to the antibacterial potential of ZnO and CuO NPs."® To
function as antimicrobials, ZnO NPs, and CuO NPs must first
produce reactive oxygen species (ROS),"” then disrupt cell
membranes, be absorbed by cells, physically injure cells, and
release toxic levels of zinc ions.”*?*' Combining ZnO, and CuO
NPs with rare earth elements and transition metals (like Ag)
increased its antibacterial activity. Defects such as oxygen and
zinc vacancies that occurred in the treated ZnO NPs might have
caused this result.”**® The antioxidant and antibacterial quali-
ties of ZnO NPs loaded with Fe and Al have been studied by
Verma et al.**

Nanoparticles of zinc silicate and copper silicate have
attracted a lot of interest because of their potential uses in
various industries, such as electronics, coatings, and catalysis.
Mixing silicate with copper or zinc creates these nanoparticles,
resulting in materials with unique qualities. Zinc silicate NPs
can be synthesized via various techniques, such as the reaction
of zinc acetate with tetrabutylammonium hydroxide in the
presence of a glass wall, which produces willemite Zn,SiO,
microcrystals and films and hemimorphite Zn,Si,O,(OH),-
-nH,0.”® On the other hand, copper silicate nanoparticles can
be made by mixing sodium silicate and cuprous oxide, resulting
in a coating that helps prevent unwanted growth.>

There are several possible uses for copper silicate and zinc
silicate NPs.”” For example, because of their high surface area
and porous nature, zinc silicate NPs can be utilized as catalytic
supports.”® Because of their antifouling qualities, copper silicate
NPs can be used in coatings to stop marine organisms from
growing on surfaces.” Additionally, research has looked into
using copper oxide and zinc oxide NPs as pigments in paint that
can resist heat and corrosion, showing promising results in
enhancing how well the coatings work.*

By adding copper silicate and zinc silicate NPs, coating
properties can be significantly enhanced. For example, it has
been shown that incorporating ZnO NPs and CuO NPs into
silicon resin paints improves their ability to tolerate heat and
inhibit corrosion.**** The way these NPs are spread out in the
coating is important for achieving the best performance
because it affects how well the coating protects and lasts over
time.

Nanoparticles of zinc silicate and copper silicate show
promise and have prospective uses in several industries,
including as coatings and catalysis.** Their performance in
various applications is largely determined by their synthesis
techniques and properties. To fully investigate their potential
and maximize their application across a range of industries and
biomedical applications, more research is required.

Our research offers a simple, environmentally friendly
method to create new Zn silicate and Cu silicate NPs that can
enhance their stability and reactivity in biological applications.
Therefore, this combination opens new possibilities for their
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potential usage as antimicrobial agents against specific patho-
genic microbes.

2 Material and methods

2.1. Chemical and reagents

Oxoid and Difco provided the media components employed in
microbiological experimental investigations. Every chemical
and reagent employed in this investigation was of analytical
quality. The study's nanoparticle synthesis used gum Arabic,
copper sulphate, sodium silicate and zinc sulphate, which were
purchased from Sigma-Aldrich in the United Kingdom.

2.2. Synthesis of zinc silicate and copper silicate NPs

To create Cu silicate and Zn silicate NPs using the green
approach, 20 grams of gum Arabic were dissolved in 700
milliliters of distilled water. Ten grams of sodium silicate were
then added to the gum Arabic solution, stirred at 600 rpm, and
heated to 50 °C for approximately two hours. Following that, 11
grams of copper sulfate pentahydrate (CuSO,-5H,0) were dis-
solved in 200 milliliters of distilled water to create the solution
(A), and 12 grams of zinc sulphate heptahydrate (ZnSO,-7H,0)
were dissolved in 200 milliliters of distilled water to create the
solution (B). This solution (A, and B) was separately then added
drop-by-drop to the final gum Arabic-sodium silicate solution
while being stirred at 600 rpm and heated to 50 °C for around
an hour. After checking and adjusting the pH with an acetic acid
solution to about 6.5, the resultant solution was filled to
1000 mL and heated to 50 °C for approximately an hour. The
color shift indicated the generation of green Cu silicate and Zn
silicate NPs.

2.3. Characterization of zinc silicate and copper silicate NPs

A high-resolution transmission electron microscope (HR-TEM,
JEM2100, Jeol, Japan) was used to check the size and shape of
the Cu silicate and Zn silicate nanoparticles, while a scanning
electron microscope (SEM, ZEISS, EVO-MA10, Germany) was
used to look at the surface's shape and structure. A facility
located in St. Barbara, California, USA, utilized dynamic light
scattering with the DLS-PSS-NICOMP 380-ZLS equipment to
measure the average size of the generated Cu silicate and Zn
silicate nanoparticles. Finally, a zeta potential analyzer from
Malvern Device, UK, was used to randomly check the surface
charges of the created Cu silicate and Zn silicate nanoparticles
at the pH level they were made. The measurements were carried
out in triplicate (n = 3).

2.4. Antimicrobial activity of zinc silicate and copper silicate
NPs

Various harmful bacteria, such as Escherichia coli, Pseudomonas
aeruginosa, Klebsiella pneumoniae, Enterobacter agglomerans,
Staphylococcus epidermidis, Staphylococcus aureus, and the yeast
Candida albicans, were tested for assess the potential antimi-
crobial activity of the synthesized NPs using the agar well
diffusion method.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Bacterial suspensions that had been adjusted to 0.5 McFar-
land standards were inoculated overnight into plates that con-
tained nutrient agar medium. All plates were incubated
overnight at 37 °C following the use of nystatin as an antifungal
agent and streptomycin (S10 pg mL ") as a positive control
antibiotic (antibacterial agent). The inhibitory zones' diameter
was measured in millimeters after the plates were incubated.

2.5. Minimum inhibitory concentration (MIC)
determination

The Cu silicate and Zn silicate nanoparticles were tested to find
out the lowest amount needed to stop the growth of bacteria
using a method called serial dilution.** In these instances,
Mueller Hinton (MH) broth and the tested NPs (Cu silicate and
Zn silicate NPs) were included in a negative test, while MH and
the same microbe were included in a positive test. At 37.0 & 2 ©
C, the MIC was measured during the incubation period.
Bacterial inoculums were generated at 3-6 x 10” CFU mL ",
while unicellular fungi were maintained at 2-4 x 10’ CFU
mL ", The ELISA plate method was used to measure MIC at
600 nm.

2.6. Antibiofilm activity of the synthesized zinc silicate and
copper silicate NPs

We assessed the effectiveness of Cu silicate and Zn silicate NPs
(19.53 pg mL~*; MIC) in limiting the growth of sensitive bacteria
compared to the control sample by visually examining the bio-
film that formed at the tube's surface with and without these
NPs. This semi-qualitative evaluation of biofilm generation was
investigated in the Christensen et al. study.*® The bacteria and
Candida sp. under investigation were introduced to each tube
along with 5.0 mL of MH broth following a 0.5 McFarland
calibration. After the contents of the tubes were carefully
removed, the resultant solution was incubated for overnight at
37.0 = 2 °C. Following a ten-minute treatment with a 3.0%
sodium acetate solution, deionized water was used to rinse the
connected bacterial layers. The bacterial biofilms were then
colored using 0.1% crystal violet (CV). Using a UV-visible spec-
trometer setup to detect light at 570.0 nm, the percentage of
microbial biofilms was examined. Using eqn (1).

Inhibition biofilm percentage (%) = (O.D. of control sample
— O.D. of the treated sample)/
(O.D. of control sample) x 100 (1)

2.7. Growth curve assay

Following Huang et al.,*® we studied how Cu silicate and Zn
silicate NPs affect the growth of C. albicans, S. epidermidis, and
P. aeruginosa by using a growth curve experiment. We added 0.5
McFarland (1 x 10® CFU mL ) cultures of bacteria and yeast to
5.0 mL nutrient broth tubes and then added equal and different
amounts of Cu silicate and Zn silicate NPs to each tube we were
testing. It must be noted that, 0.5 McFarland (1 x 10® CFU
mL™") bacterial and yeast cultures were added to 5.0 mL

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nutrient broth tubes. Equal and different amounts of Cu silicate
and Zn silicate NPs were added to each tube under examination.
At intervals of 0.0, 2.0, 4.0, 6.0, 12.0, and 24 hours until 24 hours
after treatment, the absorbance of bacterial and yeast growth
was determined. A UV-visible spectrophotometer was used to
measure the samples' optical density at A = 600 nm. The typical
growth curve was created by comparing the average duplicate
data at hourly intervals.

2.8. The NPs' impact on microbial protein permeability

The Cu silicate and Zn silicate nanoparticles were combined
with 10 mL of nutrient broth after counting the test microor-
ganisms at 1 x 10® CFU mL™" for 18 hours. Solutions without
the NPs were given to the control group. The samples were spun
in a centrifuge for 10 minutes at 5000 rpm after being incubated
for 5 hours at 37 °C. Culture-mixed solutions without NPs were
administered to the control group. The samples were centri-
fuged for 10 minutes at 5000 rpm following a 5-hour incubation
period at 37 °C. The 100 pL of supernatant that was extracted
from the examined samples was combined with 1 mL of Brad-
ford reagent. Optical density was measured at 595 nm following
a 10-minute dark incubation period.*”

2.9. Statistical analysis

To determine the statistical analysis of the obtained results,
a one-way ANOVA (at P < 0.01) was performed and organized in
accordance with Duncan's multiple sequence analyses.*® SPSS
software, version 15, was utilized for data evaluation and
analysis.

3 Results and discussion

3.1. Characterization of the synthesized Cu silicate and Zn
silicate NPs

3.1.1. HRTEM and SEM-EDX mapping imaging. HRTEM
imaging analysis was conducted to show the size and form of
the produced Zn silicate and Cu silicate NPs. Fig. 1a shows that
the produced Cu silicate NPs has a round shape and is uniform
in size and possessed an average diameter of 74.23 + 1.0 nm
(Fig. 1b). The synthesized Zn silicate NPs had a round shape
(Fig. 1c) and an average diameter of 71.12 + 1.2 nm (Fig. 1d).

According to a review of common particle size and shape in
existing studies, Castro-Longoria et al.,*® used an extract from
a filamentous fungus to create silver, gold, and silver-gold
bimetallic materials, with a comparison in the NPs sized in
our study, the synthesized Zn silicate and Cu silicate NPs were
in the nanoscale and primarily spherical which increasing their
catalytic potential specially as a smart antimicrobial agents.
When the fungus was subjected to aqueous solutions of 107 M
of AgNO; and HAuCly, respectively, the NPs were observed to be
predominantly spherical in shape. It was found that the average
diameters of the NPs for silver and gold were 11.0 nm and
32.0 nm, respectively.

Although diverse morphologies may be observed due to the
artificial manner of the extract, the anisotropic shape had been
documented. The extracted NPs' shapes were generally round or
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Fig. 1 HRTEM imaging of the synthesized Cu silicate NPs (a and b), and Zn silicate NPs (c and d).

elliptical in all instances; thus, the forms created in that study,*
may vary. In our experiment, we used only one reduction and
capping agent (Gum Arabic), resulting in consistent shape.

Furthermore, we examined the shape and surface properties
of the generated silicate NPs using SEM. Fig. 2a displays the
generated Cu silicate NPs as a single, bright, rounded particle.
We investigate the surface shape and elemental composition of
Cu silicate NPs using EDX graphs and images from scanning
electron microscopy. The SEM image in Fig. 2a shows that the
Cu silicate NPs have a smooth, round shape, which is similar to
what was found in earlier studies.”” The Cu silicate NPs have
a complicated structure and are consistently sized. The EDX
mapping of the nanoparticles confirmed the creation of Cu
silicate NPs by showing that Cu, O, and Si are evenly spread out
(Fig. 2b).

The synthesized Zn silicate NPs are finally shown in Fig. 3a
as solitary, rounded, and brilliant particles. EDX graphs and
scanning electron microscopy pictures are used to analyze the
surface shape and elemental makeup of Zn silicate nano-
particles. Fig. 3a shows the SEM image of Zn silicate nano-
particles with a uniform, spherical surface, which is similar to
the shape seen in the published studies.*’ Zinc silicate NPs have
a complicated structure and are consistently sized. The EDX
mapping of the nanoparticles showed that Zn, O, and Si are

27432 | RSC Adv, 2025, 15, 27429-27440

evenly spread out, confirming that Zn silicate NPs have formed
(Fig. 3Db).

3.1.2. DLS analysis and zeta potential. According to Fig. 4,
the DLS method found that the particle size for Cu silicate and
Zn silicate nanoparticles made with gum Arabic was 219.4 + 2.0,
and 192.0 + 1.7 nm, respectively (Fig. 4a and b).

According to the International Standards Organizations
(ISOs), samples are considered monodispersed if the poly-
dispersity index (PDI) readings are less than 0.05. However, if
the PDI findings are greater than 0.7, it indicates that the
particles are of varying sizes. According to the International
Standards Organizations (ISOs), samples are deemed mono-
disperse if the polydispersity index (PDI) readings are less than
0.05. The particles have a diverse size distribution; nevertheless,
if the PDI findings are higher than 0.7. The samples are clas-
sified as monodisperse by the International Standards Organi-
zations (ISOs) if the polydispersity index (PDI) findings are less
than 0.05. However, we should produce particles with a varied
distribution when the PDI results are above 0.7.** According to
our findings, the PDI values of the Cu silicate and Zn silicate
NPs that were generated were 0.86 and 0.81, respectively.
According to the current results, the generated Cu silicate and
Zn silicate NPs displayed an acceptable range of poly-
morphism.** The findings showed that the average particle sizes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM mapping images (a), and EDX analysis (b) of the synthesized Cu silicate NPs.

determined by DLS analysis were larger than the particle sizes
determined by HR-TEM imaging. According to ref. 43, the
hydrodynamic radius of the generated Cu silicate and Zn sili-
cate NPs and the water surrounding their layers is responsible
for the remarkable diameters of the developed NPs.

The procedure can significantly affect the PSD results since
every measurement strategy has a unique set of principles and
sensitivities. Sieve method,** laser diffraction,* DLS,*® micros-
copy,”” and sedimentation*® are some significant methods by
which this may happen. Each strategy has pros and cons of its
own, and the method employed may have a significant effect on

Fig. 3 SEM mapping images (a), and EDX analysis (b) of the synthesized Zn silicate NPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Particle size distribution, and surface charge of the synthesized Cu silicate and Zn silicate NPs where (a) DLS analysis of Cu silicate NPs, (b)
DLS analysis of Zn silicate NPs, (c) zeta potential of Cu silicate NPs, and (d) zeta potential of Zn silicate NPs (they were performed in triplicate (n =

3).

the reported PSD levels. A variety of approaches are frequently
useful in order to fully comprehend the particle size
distribution.

As shown in Fig. 4c and d, the zeta potential of the Cu silicate
and Zn silicate nanoparticles was measured during their prep-
aration at a pH of 6.5. The current results indicate that the zeta
potential of the Cu silicate and Zn silicate NP interactions
remain negative at the substance's pH throughout testing. Also,
the zeta potential during the preparation at a normal pH of 6.5
was —41.9 £+ 1.9 and —49.0 & 2.5 mV (measured three times, n =
3) because gum Arabic possessed a negative charge, as shown in
Fig. 4c and d. The different sizes, distribution, and zeta
potential values of the made Cu and Zn silicate NPs are listed in
Table 1.

The reliable part of this study is that the NPs produced are
very stable over a long time because gum Arabic helps protect

Table 1 PSD, PDI, and zeta potential values of the synthesized Cu
silicate and Zn silicate NPs

Nanocomposite PSD (nm) PDI Zeta potential (mV)
Cu silicate NPs 219.4 £ 2.0 0.86 —-41.9+1.9
Zn silicate NPs 192.0 £ 1.7 0.81 —49.0 £ 2.5

27434 | RSC Adv,, 2025, 15, 27429-27440

them, improving them for possible long-term use in cosmetics,
medicine, biomedical fields, and plant protection.*~>*

According to the literature,® the FTIR results showed
absorption peaks at 3291 cm™" (caused by ~OH), 2985 cm ™"
(caused by symmetric and asymmetric -CH vibration),
1642 cm ' (caused by -COOH), 1462 cm ' (caused by the
symmetrical stretching of uronic acid by carboxylic groups),
1066 cm™ ' (perhaps caused by arabinogalactan), and
890.0 cm ™' (caused by galactose 1-4 linkage and mannose 1-6
linkage). The metal NP spectra show the same peaks, suggesting
that gum Arabic was effective at capping. In addition, the ara-
binogalactan peak lost its doublet, and the galactose/mannose
peak became less noticeable. Furthermore, a prominent peak
was seen at 715.25 cm ™', which might be the result of metal
nanoparticles reacting and joining forces with hydroxyl groups
to produce metal-O.>* According to the findings of El-Batal
et al.,”® the absence of noise and other unknown peaks
demonstrated the purity of the synthesized material. Further-
more, all of the peaks fell within the same wavenumbers,
indicating that the synthesized NPs were conjugated and
incorporated into the major functional groups of the stabilizer
gum Arabic in a comparable manner.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2. Antimicrobial activity of Cu silicate and Zn silicate NPs

Cu and Zn silicate nanoparticles were tested for their ability to
kill bacteria and Candida using an agar-disc diffusion method.
According to Table 2, and Fig. 5, the Cu silicate NPs created
a 27.0 mm ZOI against S. aureus with MIC of 39.062 ug mL*,
followed by a 25.0 mm ZOI against C. albicans with MIC of 19.53
pg mL ™" and a 19.0 mm ZOI against E. agglomerans with MIC of
19.53 ug mL . This value indicates the antibacterial efficacy of
the Cu silicate NPs.

On the other hand, Cu silicate NPs had an 18.0 mm activity
against P. aeruginosa and K. pneumonia. However, as shown in
Table 2, Zn silicate NPs work better against S. aureus (41.0 mm
ZOI, and 19.53 ug per mL MIC), then C. albicans (30.0 mm ZOI,
and 9.765 ug per mL MIC), E. agglomerans (29.0 mm ZOI, and
39.062 pg per mL MIC), and S. epidermidis (28.0 mm ZOI, and
19.53 pg per mL MIC). In contrast, K. pneumoniae, P. aeruginosa,
and E. coli were found to be 26.0 mm ZOI, and 9.765 ug per mL
MIC, 25.0 mm ZOI, and 9.765 pg per mL MIC, and 21.0 mm ZO],
and 19.53 pg per mL MIC, respectively.

The mechanism of action of Cu and Zn silicate NPs is elec-
trostatic interaction. Reactive oxygen species (ROS) and oxida-
tive stress are produced, which harm cell membranes, interfere
with proteins and enzymes, block signal transmission, damage
genes, and prevent proteins from keeping balance in the body
(disruption of the electronic transport chain).***¢

Zhang, Jiang, Ding, Povey, and York,*” say that the roughness
of the ZnO NPs' exterior surface may further contribute to their
efficiency by causing damage to the cell wall and allowing them
to enter the plasma membrane, where they kill bacteria. Inor-
ganic metal oxide NPs have several traits, such as a small size
and a high surface-to-volume ratio. When interacting with
certain infectious microorganisms, like bacteria, they can
exhibit unique and significant behaviors.*®

Inorganic NPs can be used in a variety of medical applica-
tions because of their special qualities. Furthermore, they
lessen the efficiency of conventional antibiotics and their
potential for use as treatments by making certain bacteria more
resistant to them.* They kept the right physical and chemical
traits, like a unique way of interacting, which helped them work
better against more harmful bacteria and yeast and boosted
their antibacterial activity, unlike most natural and synthetic
antimicrobials.®

Nevertheless, it is unclear how Cu silicate and Zn silicate NPs
work as an antibiotic. The pathogenic bacteria's combination of
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nano-silica and an alkaline inclination demonstrated how the
antibacterial activity operated.** Using incredibly intricate
processes, ROS such as superoxide anion; O,  were released.®
According to some theories, Cu and Zn silicate NPs may alter
the way that microorganisms form films, how quickly they can
cross membranes, and how oxidative stress genes function in
response to H,O, generation.*

3.3. Antibiofilm activity of the synthesized Cu silicate and Zn
silicate NPs

Certain pathogenic microorganisms have been found to
produce exopolysaccharide molecules that can form biofilms.*
The bacteria most vulnerable to Cu silicate NPs, C. albicans,
which are unicellular fungi, S. epidermidis, which is an example
of Gram-positive bacteria, and P. aeruginosa, which is an
example of Gram-negative bacteria, were grown using tube
techniques to evaluate the biofilm formation, as shown in
Fig. 6.

Using a UV-Vis spectrophotometer set to 570.0 nm, we
measured how much the microorganisms that create bacterial
biofilms were inhibited. To check how much the colored (CV)
bacterial biofilm could be dissolved in ethanol and to see how
much light it absorbed, we measured its optical density. Table 3
displays the percentage of inhibition of the three chosen
bacterial and yeast strains' capacity to form biofilms. The
highest level of inhibition, 89.94%, was seen in P. aeruginosa
when treated with 19.53 pg per mL Cu silicate NPs. Next in line
were C. albicans (86.75% inhibition) and S. epidermidis (73.78%)
with 39.062 ng per mL Cu silicate NPs.

In contrast, as shown in Fig. 7, the bacteria that were most
affected by Zn silicate NPs were tested using tube methods to
check how well they formed biofilms. The greatest reduction in
growth (88.15%) was noted in P. aeruginosa treated having 9.765
pg per mL Zn silicate NPs, followed by C. albicans (79.31%) also
treated with 9.765 pg per mL Zn silicate NPs, and S. epidermidis
(66.91%) treated with 19.53 pg per mL Zn silicate NPs, as shown
in Table 3.

By entering the film and destroying the microbial cells that
aid in the biofilm's growth, NPs can continue to have an impact
on the formed biofilm in the second stage. Therefore, we believe
that NP-based antibiofilm coatings could serve as probes for
biofilm removal, imaging, and treatment. Their low toxicity and
wide range of activity are additional benefits. Semiconductor

Table 2 Antimicrobial activity of Cu silicate and Zn silicate NPs (mm) and MIC (ng mL™?

ZOI of Cu silicate MIC of Cu silicate

ZOI of Zn silicate MIC of Zn silicate Standard antibiotics

Pathogenic microbes NPs (mm) NPs (ug mL ™) NPs (mm) NPs (ug mL ™) (streptomycin, and nystatin)
Klebsiella pneumoniae 18.0 £ 0.22 39.062 26.0 £ 0.18 9.765 Nil

Enterobacter agglomerans 19.0 + 0.18 78.125 29.0 £ 0.33 39.062 16.0 = 0.50

Escherichia coli 14.0 = 0.23 78.125 21.0 = 0.20 19.53 13.0 £ 0.22

Pseudomonas aeruginosa 18.0 + 0.20 19.53 25.0 + 0.22 9.765 9.0 £ 0.23

Staphylococcus epidermidis ~ 17.0 £ 0.22 39.062 28.0 £ 0.19 19.53 20.0 £ 0.20

Staphylococcus aureus 27.0 = 0.19 39.062 41.0 + 0.50 19.53 Nil

Candida albicans 25.0 = 0.50 19.53 30.0 = 0.22 9.765 Nil

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Antimicrobial activity of Cu and Zn silicate NPs against some tested pathogenic microbes, where 1 = Cu silicate, 2 = Zn silicate, and 3 =

their combination.

nanoparticles may be used to detect and observe inhibitory
processes.®

3.4. Growth curve assay

Analysis was done on how the synthesized Cu silicate and Zn
silicate NPs affected the kinetic development (growth) of C.
albicans, P. aeruginosa, and S. epidermidis, which all grow
quickly in the control sample, as shown in Fig. 8. As can be
shown in Fig. 8a, C. albicans expanded quickly in the control
sample, peaking at 2.744 nm for the optical density at A =
600 nm (ODgg0). The ODgg, value of Cu silicate NPs was found to
be 1.733, and Zn silicate NPs at 1.829 indicating a repressive
effect on the development of C. albicans.

In the same way, Fig. 8b shows that P. aeruginosa grew
rapidly in the untreated sample, reaching a high of 2.223 nm in
the ODg, value. Additionally, the ODgy, value (1.603, and 1.849
nm) after treatment with Cu silicate, and Zn silicate NP,
respectively indicates that P. aeruginosa growth was reduced.
Finally, it is evident from Fig. 8c that S. epidermidis developed
quickly in the untreated sample, peaking at 2.431 nm in terms
of its ODggo value. Additionally, the ODgq, value of 1.234, and
1.123 nm after treating with Cu silicate, and Zn silicate NPs,
respectively indicates that S. epidermidis growth was reduced.

In general, earlier research has examined the production of
ROS by photogeneration on the surface of ZnO NPs.*® Cu silicate
and Zn silicate NPs can destroy bacteria while shielding other
cells by generating ROS, which oxidize proteins, damage DNA,
and peroxide lipids.

Additionally, the membranes of P. aeruginosa and S. epi-
dermidis possessed a negative charge, and the metal ion
generated by Cu silicate, and Zn silicate (Cu** and Zn**) have
a positive charge. Thus, the synthesized NPs directly impact
bacterial cell collapse, protein denaturation, and DNA

27436 | RSC Adv, 2025, 15, 27429-27440

replication. The limited mobility of the bacterial cell membrane
may be the cause of the increased susceptibility of bacteria to
Cu silicate and Zn silicate NPs. Cu silicate and Zn silicate NPs
probably interact with bacteria more easily due to their size,
shape, and surface charge.

After 80 minutes of exposure to UV radiation, NPs broke
down the E. coli membrane, proving that disinfection was
effective.”” Many NPs demonstrated potential as antibacterial
agents that are effective toward a variety of bacteria like E. coli,
and S. aureus, according to many publications.

3.5. Microbial protein leakage investigation

Using the Bradford technique, we determined the amounts of
protein permeability in the treated solutions of P. aeruginosa, C.
albicans, and S. epidermidis.®® The amount of protein from P.
aeruginosa, C. albicans, and S. epidermidis that was removed is
directly related to the amount of Cu silicate, and Zn silicate NPs
used, as shown in Fig. 9a and b. After treatment with 1.0 mg
per mL Cu silicate NPs, the amounts C. albicans, P. aeruginosa,
and S. epidermidis were 101.34, 80.34, and 110.32 pg mL ™},
respectively Fig. 9a. In the same manner, after treatment with
1.0 mg per mL Zn silicate NPs, the amounts C. albicans, P.
aeruginosa, and S. epidermidis were 90.23, 60.46, and 88.32 ng
mL~", respectively Fig. 9b. This illustrates how the tested
microorganisms’ membranes developed holes that allowed the
proteins to escape the microbial cytoplasm and display the
antibacterial behavior of the synthesized Cu silicate, and Zn
silicate NPs.

The results showed that using Cu silicate, and Zn silicate NPs
together made it easier for microbial membranes to break down
and caused more leakage than using Cu silicate, and Zn silicate
NPs by themselves. The metal helps make bacterial membranes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cu silicate NPs' antibiofilm activity against P. aeruginosa (a and
b), S. epidermidis (c and d), and C. albicans (e and f) where the adherent
bacterial cell's staining with Crystal Violet stain, and finally crystal
violet's decolorization via ethanol.
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Table 3 The antibiofilm activity of the synthesized Cu silicate and Zn silicate NPs by test tube methods

Fig. 7 Zn silicate NPs' antibiofilm activity against P. aeruginosa (a and
b), S. epidermidis (c and d), and C. albicans (e and f) where the adherent
bacterial cell's staining with Crystal Violet stain, and finally crystal

Microbial isolates

0.D of C.V stain at
570.0 nm (control)

0.D of C.V stain at 570.0 nm (treated)

Inhibition %

Cu silicate NPs

Zn silicate NPs

Cu silicate NPs

Zn silicate NPs

Pseudomonas aeruginosa
Staphylococcus epidermidis
Candida albicans

2.843 + 0.1344
0.982 £ 0.0983
1.986 £+ 0.1251

0.279 £ 0.0200
0.274 £ 0.0212
0.320 £ 0.0198

© 2025 The Author(s). Published by the Royal Society of Chemistry

0.337 £ 0.0211
0.325 £ 0.0165
0.411 £ 0.0200

89.94 88.15
73.78 66.91
86.75 79.31
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Fig. 8 Effect of Cu silicate and Zn silicate NPs on the kinetics of (a) C.
albicans (b) P. aeruginosa and (c) S. epidermidis growth with time
intervals.

more permeable, leading to protein leakage, which is the key
reason it stops bacteria from growing.
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Fig. 9 The effect of Cu silicate NPs (a), and Zn silicate NPs (b) on the
protein leakage from C. albicans, P. aeruginosa, and S. epidermidis cell
membranes.

Similar results after NP treatment are described in similar
research, such as,*”® which has been shown that the concen-
tration affects how bacteria lose their outer membrane and leak
their internal parts. Paul et al,”* claim that the differences in
electric conductivity caused the changes in how easily bacteria's
membranes let substances through. The protein leakage test is
one of the most crucial techniques for figuring out a microbe's
skeletal strength. The final conversion of the leak into typical
microbial damage and the loss of cell components led to cell
collapse.

4 Conclusion and future perspectives

The current work effectively synthesized Cu silicate and Zn
silicate NPs using an environmentally friendly method. The
generated NPs exhibit promising nanomaterial properties,
including a uniform, spherical surface, a multidimensional

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structure, and a homogenous size. According to the study of
how microorganisms multiply and grow (growth curve), C.
albicans grew rapidly in the control sample, reaching
a maximum of 2.744 nm for the optical density at A = 600 nm
(ODggo)- Cu silicate NPs had an ODg value of 1.733, whereas Zn
silicate NPs had an ODgq, value of 1.829, suggesting that they
had a suppressive impact on C. albicans development. The
highest level of biofilm inhibition (89.94%) was observed in P.
aeruginosa when treated with 19.53 pg per mL Cu silicate NPs. C.
albicans showed an 86.75% reduction in biofilm creation, while
S. epidermidis had a 73.78% reduction in biofilm when treated
with 39.062 pg per mL Cu silicate NPs. The membrane leakage
experiment was applied to investigate the mechanism of the
antibacterial action. The amounts of protein released from C.
albicans, P. aeruginosa, and S. epidermidis were 101.34, 80.34,
and 110.32 pug mL ', respectively, after being treated with
1.0 mg per mL Cu silicate NPs. In the same way, the amounts of
protein released from C. albicans, P. aeruginosa, and S. epi-
dermidis were 90.23, 60.46, and 88.32 pg mL™", respectively,
after being treated with 1.0 mg per mL Zn silicate NPs. This
study shows how microbial membrane may form holes that
allow proteins to escape from microbial cytoplasm and high-
lights the antibacterial properties of the synthesized Cu silicate
and Zn silicate NPs. To further understand how effectively it
contrasts with other antibiotics, future studies must look at how
it interacts with bacterial cell walls and how it influences anti-
biotic resistance. Finally, some characterization methods (such
as Raman, XRD, and FTIR) must be performed to confirm the
purity, crystallinity and the chemical interactions between gum
Arabic function groups and the synthesized NPs.
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