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Abstract

The misuse and overuse of antibiotics have led to the rise of antibiotic-resistant microorganisms, which are pro-
jected to cause approximately 10 million deaths annually by 2050—surpassing cancer-related mortality. This
growing crisis requires the development of new antibacterial strategies. Nanoparticles (NPs) have emerged as
promising antimicrobial agents, with silver nanoparticles (AgNPs) demonstrating potent antibacterial activity
through mechanisms such as controlled silver ion release, increased bacterial membrane permeability, and reac-
tive oxygen species (ROS) generation. In this study, ciprofloxacin-loaded silver and mesoporous silica core/shell
nanoparticles (CIPRO-Ag@MSNs) exhibited synergistic antibacterial effects against both Gram-positive bac-
teria (Staphylococcus aureus and Micrococcus luteus) and Gram-negative bacteria (Escherichia coli and Pseu-
domonas aeruginosa), significantly improving the efficacy of ciprofloxacin. Notably, mesoporous silica-coated
silver nanoparticles (Ag@MSNs) improved biocompatibility by reducing excessive bacterial killing, highlighting

their potential as a safe and effective nanosystem for bacterial infection treatment.
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1 Introduction

A total of 97 antibiotics from eight different classes
are used worldwide to treat bacterial infections. The
global consumption of antibiotics has risen dramat-
ically, reaching 40.2 billion defined daily doses in
2018—a 46% since 2000 [1]. However, the inefficacy of
pathogen clearance and the rise of antimicrobial resis-
tance have led to the emergence of multidrug-resistant
(MDR) bacteria, posing severe threats to global health,
potentially triggering a new pandemic, increasing the
number of bacterial infection-related deaths, and un-
derscoring the urgent need for novel antibiotic thera-
pies.

Silver-based materials are highly active against
pathogenic microorganisms such as bacteria, viruses,
and fungi and have been widely used for therapeu-
tic purposes since ancient times. Nano-sized silver
particles exhibit a higher surface area to volume ra-
tio than bulk silver, providing a larger surface for in-
teraction with microorganisms and enhancing antimi-
crobial activity. In addition, the shape, size, surface
area, morphology, surface charge, and physicochemical
properties of the nanoparticles influence their antibac-
terial activity through various mechanisms [2]. Silver

nanoparticles exert antibacterial effects by accumulat-
ing on the surface of bacterial cells, damaging the mor-
phological structure of the cell wall and membrane,
penetrating the cytoplasm, disrupting the function of
cellular organelles, releasing free metal ions, generating
reactive oxygen species (ROS), and damaging DNA.
Silver ions (Ag™) also enter cells and interact with car-
bonyl, amine, phosphate, and thiol groups of cellular
biomolecules such as DNA, proteins, and lipids. This
interaction blocks the active site of enzymes that bind
to substrates, leads to chromosomal DNA degradation,
disrupting DNA replication, and inhibits protein syn-
thesis, ultimately resulting in cell death [3,|4]. The
effects of nanoparticles on Gram-positive and Gram-
negative bacterial species differ due to variations in
bacterial cell wall structure. Numerous studies have
demonstrated that the antibacterial effect of nanopar-
ticles is stronger against Gram-negative bacteria than
Gram-positive bacteria. This difference is attributed
to the structural characteristics of bacterial cell walls:
Gram-positive bacteria have a thick, multilayered pep-
tidoglycan layer, whereas Gram-negative bacteria have
a thinner peptidoglycan layer and an additional outer
membrane containing lipopolysaccharide (LPS) [51(6].
Nanoparticle-antibiotic composites can mitigate bac-
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terial antibiotic resistance and enhance antibiotic ef-
ficacy, thereby reducing both antibiotic toxicity and
dosage requirements [7].

Nanoparticles exert antibacterial effects through
multiple mechanisms, making it difficult for microor-
ganisms to develop resistance. In other words, the
probability of simultaneous mutations leading to resis-
tance is extremely low. Furthermore, when nanoparti-
cles are combined with antimicrobial drugs, the likeli-
hood of resistance mutations occurring decreases even
further [§].

A recent study by Yao Wang et al. demonstrated
that levofloxacin-loaded, silver core-embedded meso-
porous silica nanoparticles (Ag@MSNsQLEVO) ex-
hibit synergistic antibacterial activity against drug-
resistant bacteria. Notably, this nanosystem showed
no toxic side effects in mice due to the protective meso-
porous silica shell [9].

Mesoporous silica nanoparticles (MSNs) are well-
known for their high surface area, tunable mesopores,
ease of functionalization, and biocompatibility, making
them prominent nanocarriers [10H14]. Silver-core and
silica-shell mesoporous nanoparticles integrate an inner
Ag core, which acts as a sustained silver ion source,
with a mesoporous silica shell that serves as both a
drug reservoir and a controlled release system. This
single-particle nanoplatform enables the simultaneous
release of antibiotics and Ag™ ions, enhancing antibac-
terial efficacy [9L[15].

Ciprofloxacin, a quinolone antibiotic, is effective
against both Gram-positive and Gram-negative bac-
teria and is widely used to treat various bacterial in-
fections [16].

2 Materials and Methods

2.1 DMaterials

Silver nitrate (AgNOs, 99.5 %), sodium borohydride
(NaBH4,AR), were purchased from Xilong Scientific
Co., Ltd., China. Ethanol (CH3CH;OH, 99.9%),
cetyltrimethylammonium bromide (CTAB, 99%), and
tetraethyl orthosilicate (TEOS, 99 %) were obtained
from Shanghai Macklin Biochemical Co., Ltd., China.
Ciprofloxacin was purchased from the North China
Pharmaceutical Group. Mueller-Hinton agar (MHA)
medium was supplied by HiMedia Ltd.

2.2 Synthesis of silver and sil-
ica core/shell nanoparticles
(Ag@MSNs)

Silver and silica core/shell nanoparticles (Ag@MSNs)
were synthesized following the protocol described by
Sandra-Montalvo Quiros et al. |7]. First, an aqueous
solution of silver nitrate (AgNOs, 0.1 M, 10 mL) was
added to 40 mL of 0.1 M cetyltrimethylammonium bro-
mide (CTAB) solution in an opaque flask maintained at

30-35°C to prevent the precipitation of silver bromide
(AgBr). Then 10 mL of 0.2 M sodium borohydride
(NaBH,) was slowly added under vigorous stirring and
allowed to react overnight in the dark. Next, 170 mL of
6 mM CTAB solution was mixed with 75 mL of ethanol
under vigorous stirring at 35°C. Once the temperature
stabilized and the solution became clear and bubble-
free, 100 pL of ammonia solution (NHs, 25 vol%) was
introduced. After 5 minutes, 5 mL of the freshly pre-
pared silver nanoparticle solution was added to the
mixture. Subsequently, 200 nL of tetraethyl orthosili-
cate (TEOS) was added dropwise to the reaction solu-
tion. The temperature was then raised to 55°C, and the
reaction was stirred vigorously overnight in a dark en-
vironment. The resulting nanoparticles were collected
by centrifugation at 14,000 rpm for 20 minutes and
washed with ethanol. To remove the surfactant CTAB,
the nanoparticles were dispersed in ethanol and soni-
cated in an ultrasonic bath for 2 hours. Finally, the
purified nanoparticles were collected by centrifugation.

2.3 Loading ciprofloxacin into nano

carriers

For drug loading, 20 mg of Ag@MSNs nanocarri-
ers were mixed with a 5 mg/mL aqueous solution
of ciprofloxacin and sonicated for 2 hours [9]. The
ciprofloxacin-loaded Ag@QMSNs were then collected by
centrifugation at 10,000 rpm for 20 minutes.

2.4 Characterization

The synthesized materials were characterized using
the following analytical techniques: UV-visible spec-
troscopy (Shimadzu UV-1650PC), Fourier transform
infrared (FTIR) spectroscopy (Shimadzu IR Pres-
tige), and scanning electron microscopy (SEM) (ZEISS
SIGMA 500 VP). The hydrodynamic diameter distri-
bution was determined using a Sympatec NANOPHOX
NX0137. Nitrogen sorption isotherms were measured
with an Autosorb-iQ, and the Brunauer-Emmett-Teller
(BET) method was employed to determine specific sur-
face areas based on data within a linear relative pres-
sure range of 0.2-0.4. The pore size distribution was
derived from the desorption branch of the isotherm us-
ing the Barrett-Joyner-Halenda (BJH) method. The
total pore volume was determined via a single-point
measurement of the adsorbed nitrogen amount at a
relative pressure (P/Pg) of 0.99.

2.5 Disk diffusion test

Gram-positive bacteria (Staphylococcus aureus and Mi-
crococcus luteus) and Gram-negative bacteria (FEs-
cherichia coli and Pseudomonas aeruginosa) were se-
lected as model organisms. The bacteria were cultured
in nutrient broth at 37°C for 18 hours until reaching an
optical density (OD600). Subsequently, 0.2 mL of the
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bacterial suspension was evenly spread onto Mueller-
Hinton agar plates. Sterile disks were placed on the
agar surface, and the test sample was applied to each
disk. The plates were then incubated at 37°C for 24
hours. After incubation, the zone of inhibition was
measured from edge to edge across the clear zone, pass-
ing through the center of the disk.

3 Results

3.1 Characterization of Ag@MSNs

Ag@MSNs were synthesized via a combination of re-
duction and sol-gel reactions. This facile and soft
synthesis was performed in deionized water, utiliz-
ing silver nitrate (AgNOs) as the silver precursor,
sodium borohydride (NaBHy) as the reducing agent,
cetyltrimethylammonium bromide (CTAB) as the sur-
factant, tetraethyl orthosilicate (TEOS) as the silica
shell precursor, and ammonium solution (NHj3) as a pH
modifier. Asshown in the SEM images, the synthesized
Ag@MSNs exhibited a uniform, monodisperse, spher-
ical morphology with an average particle size of 89 +
14 nm. Each Ag@MSN contained a single silver core
at its center, with an average core diameter of 18 £ 5
nm (Figure 1).

100 nm
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Aperture Size = 30.00 ym
Sem = Sigma VP

Figure 1: SEM image of Ag@MSNs.

The UV—-Vis spectrometry results for AgNPs and
Ag@MSNs core/shell nanoparticles are presented in
Figure 2. As shown, the absorption spectrum of Ag-
NPs exhibits a peak at 407 nm, corresponding to the
plasmon resonance band of silver nanoparticles with
a size smaller than 20 nm . However, after coat-
ing with mesoporous silica, the absorption peak un-
dergoes a red shift to 420 nm (red-shift), accompa-
nied by a decrease in frequency and energy, as well as
a 2.4-fold broadening of the full width at half maxi-
mum (FWHM). This shift is consistent with the well-
established phenomenon that increasing the thickness
of core/shell nanoparticles enhances absorption inten-
sity and shifts the peak toward longer wavelengths .

The broadening of the absorption peak can be at-
tributed to the quantum confinement effect, in which
an increase in particle size leads to a reduction in band
gap energy, thereby causing a red shift . Figure 3
confirms the complete removal of CTAB molecules, as
analyzed by infrared spectroscopy. If CTAB had not
been fully eliminated, its characteristic bond vibrations
would have been detected. Specifically, symmetric and
asymmetric stretching vibrations of CHy bond would
appear in the 2859 em™! and 2920 em™!.
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Figure 2: UV-vis absorption spectrum of Ag@MSNs
and AgNPs in deionized water.

Additionally, the symmetric scissoring deformation
of CH3N™' and CH,, C-H bonds would be observed at
1419 em™1, 1486 cm™!, and 1652 em ™! [1921). The
FTIR spectra of ciprofloxacin-loaded silver and silica
core/shell nanoparticles (CIPRO-Ag@MSNs) are also
shown in Figure 3. The peak at 3409 cm ™! corresponds
to the carboxyl group of ciprofloxacin and the hydroxyl
group of Ag@MSNs.
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Figure 8: FTIR spectra of Ag@QMSNs, Ag@MSNs
with CTAB and ciproflozacin loaded Ag@MSNs.

Ciprofloxacin exhibits characteristic peaks at 2932
em™!, 1481 em™!, and 1623 em ™!, which correspond
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to CHy, C=CH, and Ar-H bond vibrations in the
benzene ring. Additionally, the peak at 1075 cm ™!
is attributed to both the C-F stretching vibration of
ciprofloxacin and the Si-OH stretching vibration of
Ag@MSNs. The peak at 797 em ™! aligns with the Si-
O-Si symmetric stretching bond vibrations, which are
observed at 799 cm~! and 815 em~! in Ag@MSNs and
mesoporous silica nanoparticles. The peaks at 2346
em™! and 580 em ™! correspond to the C=0 bond and
the Si-O-Si bending vibration of the carboxyl group of
ciprofloxacin, respectively.
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Figure 4: FTIR spectra of ciproflozacin [22]

Those peaks may have undergone a spectral shift due
to weak hydrogen interactions. Furthermore, the peak
at 580 cm ™! may also be associated with the shifted
peak of the quinoline ring in ciprofloxacin [22-26]. This
result corresponds well with the FTIR findings (Figure
4) of ciprofloxacin antibiotic from the study conducted
by Zhengde Tan et al [22].
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Figure 5: Nitrogen sorption isotherm curve of
Ag@MSNs.

The pore characterization of Ag@MSNs was ana-
lyzed using Ny sorption analysis (Figures 5 and 6).
The adsorption-desorption isotherms exhibit a type IV
Brunauer-Emmett-Teller (BET) isotherm with an H1-
type hysteresis loop, indicating a uniform, cylindrical
pore structure. The Ny isotherms of Ag@QMSNs show
an inflection at a relative pressure of 0.2-0.4, which cor-

responds to the phenomenon of capillary condensation
and evaporation [|7]. The BET-specific surface area
was determined to be 82 m?/g at a relative pressure
(P/Py) of 0.99. According to the pore size distribution
curve obtained by the Barrett-Joyner-Halenda (BJH)
method, an intense peak is centered at a pore size of
5.5 nm with a pore volume of 1.23 cm?/g. The results
of the hydrodynamic size distribution of AgNPs and
Ag@MSNSs are shown in Figure 7. The measurements
indicate that the silver nanoparticles have a size distri-
bution ranging from 30 to 65 nm, with an average size
of 47 nm. The hydrodynamic size, which represents
the diameter of the nanoparticles in solution, is nearly
twice as large as that observed in SEM images.

This discrepancy is attributed to the adsorption of
solvent molecules onto the nanoparticle surface and the
formation of a hydrate shell [19]. The particle size
distribution of Ag@MSNs ranges from 200 to 375 nm,
with an average size of 279 nm, indicating that the
majority of the particles in solution fall within this size
range [7].
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Figure 6: Pore size distribution of AgQMSNs.

3.2 Antibacterial activity of CIPRO-
Ag@MSNs

The antibacterial activity of CIPRO-Ag@MSNs
against Gram-positive (Staphylococcus aureus, Micro-
coccus luteus) and Gram-negative (FEscherichia coli,
Pseudomonas aeruginosa) bacteria was evaluated us-
ing the disk diffusion method on MHA solid medium.
The results are presented in Figures 8.

The study found that ciprofloxacin at a concentra-
tion of 0.1 pg/mL did not inhibit the growth of S. au-
reus, M. luteus, E. coli, or P. aeruginosa. However, at
concentrations of 100 and 200 pug/mL, it produced ex-
cessively large inhibition zones. Therefore, the optimal
concentrations of ciprofloxacin for bacterial inhibition
were determined to be 10 and 50 pg/mL. Among the
tested bacteria, ciprofloxacin exhibited the highest an-
tibacterial activity against F. coli and the lowest activ-
ity against M. luteus. This variation is likely due to the
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thinner peptidoglycan layer in the cell wall of Gram-
negative bacteria, which allows for better drug penetra-
tion. Despite these differences, ciprofloxacin effectively
inhibited both Gram-positive and Gram-negative bac-
teria, demonstrating its broad spectrum antibacterial
potential.

The optimal concentrations of silver nanoparticles
(AgNPs) required to inhibit the growth of S. aureus,
M. luteus, E. coli, and P. aeruginosa were determined
to be 50 and 100 pg/mL. The antibacterial activ-
ity of AgNPs against Gram-positive bacteria (S. au-
reus and M. Luteus) was slightly higher than that
of ciprofloxacin. However, their inhibitory effect on
Gram-negative bacteria (E. coli and P. Aeruginosa)
was approximately two times lower. This suggests that
the antibacterial efficacy of AgNPs is influenced by
their ability to penetrate the peptidoglycan layer of
bacterial cell walls.

After coating the AgNPs with mesoporous silica,
their antibacterial activity significantly decreased. In
other words, Ag@MSNs alone were unable to effec-
tively kill bacteria within the 20-hour experimental
period. However, when ciprofloxacin was loaded onto
Ag@MSNSs, their antibacterial activity increased by 2-
to 6-fold compared to ciprofloxacin alone. For instance,
Ag@MSNs at a concentration of 10 ug/mL produced
inhibition zones against S. aureus and FE. coli com-
parable to those of ciprofloxacin at 50 pg/mL. This
enhancement can be attributed to the synergistic ef-
fect between nanoparticles and ciprofloxacin, where
Ag@MSNSs are believed to facilitate bacterial cell dam-
age and enhance drug penetration.

These findings are consistent with previous studies.
Yao Wang et al. reported that silver/silica mesoporous
core-shell nanoparticles loaded with levofloxacin at 40
ug/mL exhibited similar antibacterial activity against
E. coli as levofloxacin alone at 300 pug/mL. Similarly,
Duaaa R. Ibraheem et al. demonstrated that a com-
bined system of silver nanoparticles and ciprofloxacin
resulted in a two-fold increase in inhibition zone against
S. aureus compared to either ciprofloxacin or AgNPs
alone [9,27].

4 Conclusions

In this work, we successfully synthesized silver and sil-
ica core-shell mesoporous nanoparticles (Ag@MSNs)
with an average size of 89 nm and a pore diameter
of 5.5 nm. Furthermore, we developed ciprofloxacin-
loaded Ag@MSNs (CIPRO-Ag@MSNs), which exhib-
ited a synergistic antibacterial effect against both
Gram-positive and Gram-negative bacteria. Notably,
Ag@MSNs alone exhibited no significant adverse ef-
fects on bacterial viability during the tested period,
indicating their biocompatibility. = However, when
ciprofloxacin loaded, Ag@MSNs significantly enhanced
antibacterial efficacy, suggesting their potential as an
effective nanosystem for bacterial infection therapy.
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