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ABSTRACT

Background: Nanoparticle-based drug delivery systems offer a promising approach to overcoming antimicrobial
resistance and enhancing therapeutic efficacy.

Objective(s): This study aimed to evaluate the efficacy of silver-hollow mesoporous silica nanoparticles (Ag-HMSNs)
in the targeted delivery of clarithromycin for eradicating Helicobacter pylori (H. pylori).

Materials and Methods: A synergistic formulation comprising silver nanoparticles and clarithromycin-loaded hollow
mesoporous silica nanoparticles (Ag-HMSNs@CLT) was examined for its antibacterial activity against H. pylori . The
effectiveness of various anti-H. pylori formulations was determined using in vitro inhibition assays and in vivo
bacterial load reduction studies.

Results: The hollow mesoporous silica nanoparticles (HMSNs) demonstrated a high drug-loading capacity, with a
clarithromycin content of 27%. The minimum inhibitory concentrations (MIC) for silver nanoparticles (Ag NPs),
clarithromycin (CLT), and Ag-HMSNs@CLT were <2 pg/mL, <0.5 pg/mL, and <0.25 pg/mL, respectively. Among the
tested formulations, Ag-HMSNs@CLT exhibited the most pronounced reduction in bacterial load during in vivo
studies and significantly mitigated inflammation, as evidenced by hematoxylin-eosin staining.

Conclusion: The developed nanoparticle-based drug delivery system exhibited excellent drug-loading efficiency and
controlled drug release over an extended period. This study highlighted the potential synergistic effects of combining
anti-H. pylori agents and their efficacy in reducing bacterial growth and alleviating gastrointestinal complications
associated with H. pylori infection.
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Silver nanoparticles (Ag NPs) have emerged as

INTRODUCTION promising agents in combating H. pylori infections

Helicobacter pylori (H. pylori) is a spiral-shaped
bacterium that resides in the stomach lining [1].
This microorganism is recognized as a key factor in
the development of various gastrointestinal
disorders, including gastritis and peptic ulcers [2].
Its ability to survive in the highly acidic environment
of the stomach and evade the host’s immune
defenses presents significant challenges for
effective treatment [3].
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due to their unique antimicrobial properties [4].
These nanoparticles, typically ranging in size from 1
to 100 nanometers, possess a large surface area
and high reactivity [5]. Studies have demonstrated
that Ag NPs can disrupt essential microbial
processes by binding to bacterial cell walls and
compromising membrane integrity [6]. Specifically,
Ag NPs have been shown to inhibit the growth and
viability of H. pylori [7]. Additionally, their ability to
induce oxidative stress and cause DNA damage
further enhances their antimicrobial efficacy
against H. pylori [8]. Despite these promising
findings, the application of Ag NPs in therapy is
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limited by concerns over their toxicity, a challenge
similar to that posed by other antibiotics [9-11].
Incorporating Ag NPs into innovative
therapeutic strategies holds significant promise for
developing effective treatments against H. pylori
infections and alleviating associated
gastrointestinal disorders [12]. Hollow mesoporous
silica nanoparticles (HMSNs), known for their non-
toxicity, biocompatibility, and high drug-loading
capacity, offer particular advantages in this context
[13]. The integration of Ag NPs into HMSNs
represents a sophisticated and promising avenue in
nanomedicine research [14]. HMSNs provide a
versatile platform for drug delivery and controlled
release due to their high surface area and well-
defined pore structure [15]. When combined with
Ag nanoparticles, these hybrid nanostructures
exhibit enhanced antimicrobial properties, further
amplifying their therapeutic potential [16].

Objectives

The mesoporous structure of the silica matrix
facilitates the controlled release of antimicrobial
drugs, thereby enhancing their efficacy in targeted
delivery against microbial infections [17]. This
synergistic strategy capitalizes on the advantages of
mesoporous silica for drug delivery while
simultaneously harnessing the antimicrobial
properties of Ag nanoparticles. Such an approach
opens new possibilities for innovative applications
in combating infections and advancing biomedical
treatments [18]. This study was designed to
evaluate the response of H. pylori-infected rats to
clarithromycin loaded into silver-hollow
nanoparticles. The findings could contribute to the
development of novel therapeutic interventions in
gastroenterology.

MATERIALS AND METHODS
Chemicals and reagents

All materials were utilized without further
purification and were of analytical grade. Tetraethyl
orthosilicate (Si(OC;Hs)s, TEQS, >99%), bis[3-
(triethoxysilyl)propylldisulfide
((C2H50)3Si(CH2)3SS(CH2)3Si(OCaHs)s, BTESPD,

initial amount of clarithromycin (g)—unloaded clarithromycin(g)

>90%), cetyltrimethylammonium chloride
(CHs(CH2)JsN*(CH3)sCl,  CTAC, 50  wt%),
triethylamine ((C;Hs)sN, TEA, >99%), and sodium
carbonate (Na,COs) were obtained from Sigma-
Aldrich. Clarithromycin (CLT) was generously
provided by Tehran Chemie Pharmaceuticals
(Tehran, Iran). Silver nanoparticles (99.99% purity)
were purchased from Borhan Nano Scale Innovator
Company (Mashhad, Iran). Deionized water was
used throughout the study.

Synthesis of Hollow Mesoporous Silica
Nanoparticles (HMSNs)

The nanoparticles were synthesized following a
previously reported method [19]. Briefly, 0.105
mol/L TEOS was added dropwise to a solution
containing 46.65 mol/L deionized water, 2.01 mol/L
ethanol, and 0.227 mol/L ammonia solution (25%),
with stirring for 1 hour. The resulting silica
nanoparticles were thoroughly washed with water
and ethanol, then centrifuged. These nanoparticles
were subsequently added to a mixture of 32.65
mol/L deionized water, 0.326 mol/L CTAC, and 5.7
mmol/L TEA, and the solution was stirred for 24
hours. Following this, 13.8 mmol/L TEOS and 2.87
mmol/L BTESPD were introduced at 80°C, and
stirring continued for 1 hour. Selective etching was
achieved by adding 0.176 mol/L sodium carbonate
at 50°C. Finally, CTAC was removed by repeated
dispersion of the nanoparticles in a methanol/NaCl
mixture. The HMSNs were freeze-dried for further
analysis.

Drug loading of HMSNs

HMSNs (20 mg) were dispersed in a
clarithromycin solution in acetone (HMSNs: CLT =
1:2 w/w) and sonicated for 10 minutes. After 72
hours, the mixture was centrifuged, and the
supernatant was analyzed using a UV-visible
spectrophotometer at 210 nm to quantify the
amount of clarithromycin loaded into the HMSNSs.
The resulting solid was freeze-dried, and the drug
loading content and entrapment efficiency were
determined using Eqgs. (1) and (2), respectively:

x 100 (1)

Loading content (%) =

initial amount of clarithromycin—unloaded clarithromycin

weight of clarithromycin loaded nanoparticles(g)

x 100 (2)

Entrapment efficiency (%) =

Preparation of Ag-HMSNs@CLT

HMSNs@CLT were dispersed in deionized water
and sonicated for 10 minutes before being added
dropwise to an Ag nanoparticle solution (CLT: Ag =

434

initial amount of clarithromycin(g)

7.5:2.5 w/w). The mixture was gently stirred for 10
minutes. The resulting silver-decorated HMSNs
were then freeze-dried for subsequent testing.
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Physicochemical characterization of nanoparticles

The hydrodynamic diameter and zeta potential
of the Ag-HMSNs nanoparticles were analyzed
using a Malvern Zetasizer Nano ZS via dynamic light
scattering (DLS). Absorption spectra were recorded
over a 300—-700 nm wavelength range using a UV-
visible spectrophotometer (UV-1800, Shimadzu). X-
ray diffraction (XRD) analysis was performed using
an X'Pert Pro diffractometer equipped with a Cu Ka
radiation source (A = 1.54 A). The morphology of the
nanoparticles was examined via transmission
electron microscopy (TEM) using a Zeiss EM10
microscope. Prior to imaging, a few drops of the Ag-
HMSNs suspension were placed on a carbon-coated
copper grid and allowed to dry at room
temperature. Scanning electron microscopy (SEM)
images were acquired using a VEGA3 microscope at
20 kV after gold coating the samples. The surface
area, pore size, and pore volume of the
nanoparticles were determined using Brunauer—
Emmett-Teller (BET) and Barrett—Joyner—Halenda
(BJH) analyses conducted with a BET Mini I
instrument.

Drug release test using agar well diffusion method

The in vitro release behavior of clarithromycin
was assessed in an acidic medium [5]. The released
amount of clarithromycin was measured semi-
guantitatively using a microbiological method with
Micrococcus luteus ATCC 4698 [20]. A precise
amount of HMSNs@CLT was redispersed in 1000
mL of pH 1.2 NaCl solution and gently stirred at 37°C
in a water bath. Samples of 1 mL were withdrawn
and replaced with 1 mL of fresh medium at intervals
of 1,4, and 24 hours. The aliquots were centrifuged,
and the supernatants were collected for further
analysis. Mueller Hinton agar plates were prepared
and inoculated with a 1 x 10° CFU/mL bacterial
suspension. Four 6 mm diameter wells were
punched into each plate using micropipette tips,
and each well was filled with 100 uL of different test
solutions, which were then compared to the
control. The plates were incubated at 37°C for 24
hours, after which the average diameter (in
millimeters) of the inhibition zones for both the
control and the samples was measured. Data were
collected in triplicate for each sample.

Minimum Inhibitory Concentration (MIC)

The MICs of HMSNs, CLT, Ag NPs, Ag NPs + CLT,
and Ag-HMSNs@CLT against the isolated H. pylori
strain were determined using the micro broth
dilution method in 96-well plates. H. pylori was
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suspended in Brucella broth supplemented with 5%
sheep blood. Ten microliters of broth containing
10® CFU/mL of H. pylori were added to microplates
containing varying concentrations (0.125, 0.250,
0.5,1,2,4,6,8,10,12,14, 16, 32, 64 ug/mL) of each
sample. Blank plates without any H. pylori culture
were used as controls to check for contamination.
All plates, including both experimental and control
groups, were incubated in a specialized gas
incubator at 37°C  under a controlled
microaerophilic atmosphere (10% CO,, 85% N,, 5%
0,) for five days. The OD600 of each well was
measured using a microplate reader (Biotek, USA).
The lowest concentration that inhibited bacterial
growth was recorded as the MIC.

In Vivo H. pylori eradication test

Male Wistar rats (200 g), obtained from the
Pasteur Institute of Iran, were used in this study,
which was conducted following the protocols
approved by the Ethics Committee of Bagiyatullah
University of Medical Sciences. H. pylori bacteria
were cultured on Brucella blood agar (BBA) and
harvested by centrifugation at 5,000 rpm for 10
minutes. The bacterial pellet was resuspended in
physiological saline to achieve an OD of 1.0 at 590
nm. Each rat was administered 1 mL of this H. pylori
suspension twice daily via gavage, following
overnight fasting and water deprivation, for three
consecutive days [21]. After the final
administration, the rats were randomly assigned to
five groups, with five rats in each group. The first
group received normal saline via gavage as a
positive control, while the other groups received
CLT (7.5 mg/kg), Ag NPs (2.5 mg/kg), CLT + Ag NPs
(7.5 mg/kg + 2.5 mg/kg), or Ag-HMSNs@CLT (22.5
mg/kg). One day after treatment, the rats were
sacrificed, and their stomachs were immediately
removed. Gastric biopsies were washed with saline,
fixed in 10% formaldehyde for 24 hours at 4°C, and
embedded in paraffin to produce sections. After
sample preparation, the BBA medium was
incubated at 37°C for 72 hours under microaerobic
conditions (10% CO,, 85% N,, 5% 0,), followed by
colony counting. H. pylori colonies were identified
by their morphology, Gram-negative staining, and
urease test. A gastric tissue section (approximately
5 um thick) was stained with hematoxylin-eosin dye
to assess tissue inflammation, and all stained
sections were examined at 100x magnification
under a light microscope.

Statistical analysis
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The data were analyzed using a one-way ANOVA
followed by Tukey’s post hoc test in GraphPad
Prism 8. A P-value of < 0.05 was considered
statistically significant. All experiments were
performed in triplicate, and the results are
presented as the mean + standard deviation (SD).

RESULTS
Preparation and characterization of Ag NPs and
HMSNs

The hydrodynamic size of the Ag NPs was
determined to be 38 * 1.15 nm, with a
polydispersity index (PDI) of 0.42 + 0.01 and a zeta
potential of -23.2 £ 0.4 mV. Monodispersed hollow
mesoporous silica nanoparticles (HMSNs) were
prepared via a simple sol-gel method. The HMSNs
exhibited a size of 191 + 10 nm, with a PDI of 0.29 +
0.03 and a zeta potential of -44 + 1.5 mV. TEM
analysis revealed that HMSNs exhibited a spherical
morphology with an average diameter of 150 nm.

A

SEM HV: 20.0 kV WD: 4.98 mm
View field: 6.36 pm Det: SE

SEM MAG: 30.0 kx |Date(m/d/y): 01/01/10

Lol

1 pm

Ag NPs, approximately 25 nm in size and cubic,
were monodisperse ly distributed around the
HMSNs (Fig. 1A, B). SEM imaging indicated a
uniform coating of Ag NPs on spherical HMSNSs (Fig.
1C). The BET isotherm exhibited a characteristic
type IV adsorption-desorption isotherm, indicative
of a mesoporous structure (Fig. 2A). The BET
surface area (S_BET), pore volume (V_P), and BJH
pore diameter (V_BJH) of the Ag-HMSNs were
measured to be 98.19 m?/g, 0.49 cm3/g, and 3.09
nm, respectively. UV-Vis analysis revealed a broad
absorption band centered at approximately 400
nm, corresponding to the presence of Ag NPs (Fig.
2B). The X-ray diffraction (XRD) pattern of the
synthesized Ag-HMSNs displayed a broad peak
centered around 20 = 24°, indicating the
amorphous nature of the HMSNs. In contrast,
sharper peaks observed at 38°, 44°, 64°, and 77°
were attributed to the crystalline Ag NPs (Fig. 2C).

VEGA3 TESCAN

Fig. 1. TEM images of Ag NPs (A), Ag-HMSNs (B), and an SEM image of Ag-HMSNs (C)
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Fig. 2. Nitrogen adsorption-desorption isotherm (A), UV-Vis analysis spectrum (B), and XRD pattern of Ag-HMSNs (C)

Drug loading and release behavior of
clarithromycin-loaded HMSNs

The drug loading process was carried out using
a straightforward immersion method, with acetone
as the solvent, to ensure complete dissolution of
clarithromycin. The calculated drug loading content

was 27.27%, and the entrapment efficiency was

18.75%. A microbiological assay was employed to
evaluate the release of clarithromycin in the
medium. No inhibition zones were observed in
samples taken at 1 and 4 hours, while distinct zones
of inhibition were evident around the wells at 24
hours (Fig. 3).

Fig. 3. Disk diffusion assay of clarithromycin release samples against micrococcus luteus.
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Anti-H. pylori activity of Ag-HMSNs@CLT

A microdilution test was conducted to assess
the susceptibility of H. pylori to the prepared
nanoparticles. The MIC results indicated that H.
pyloriwas resistant to HMSNs alone. However, both
Ag NPs and CLT exhibited antibacterial activity at
concentrations below 2 pg/mL and 0.5 pg/mlL,
respectively. The combination of Ag NPs + CLT and
Ag-HMSNs@CLT was effective at even lower
concentrations, specifically 0.25 pug/mL.

In Vivo Anti-H. Pylori activity of Ag-HMSNs@CLT
Fig. 4 exhibits the H. pylori count following
treatment with the control, clarithromycin, AgNPs,
Ag + clarithromycin, and Ag-HMSNs@CLT. The
average bacterial count for the control group was
17.6 x 10° CFU/stomach. In contrast, the groups
treated with CLT, AgNPs, and Ag NPs + CLT exhibited
bacterial counts of 8.4 x 10°, 12.4 x 10°, and 9 x 10°

CFU/stomach, respectively. The Ag-HMSNs@CLT
group demonstrated a significantly lower bacterial
count of 2.4 x 10° CFU/stomach.

Hematoxylin-eosin staining was used to detect
infiltrated white blood cells in the inflammatory
tissue. The staining revealed abundant
mononuclear inflammatory cells in the gastric
mucosa of the control group, indicative of active
gastritis (Fig. 5). A semiquantitative analysis was
performed to compare the number of
inflammatory cells 24 hours post-treatment. As
shown in Figure 6, there was a significant variation
in the number of inflammatory cells among the
experimental groups. Notably, the Ag-HMSNs@CLT
group exhibited the lowest count of inflammatory
cells, followed by the CLT, Ag NPs + CLT, and Ag NPs
groups. The control group had the highest count of
inflammatory cells.
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Fig. 4. H. pylori bacterial counts measured 24 hours post-treatment. Values are presented as mean + standard deviation (n = 5). ** and
*** indicate a p value < 0.01 and < 0.001, respectively.
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Fig. 5. A comparison of hematoxylin and eosin (H&E) stained gastric tissue among five treatment groups. Scale bar: 20 um.
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Fig. 6. The number of inflammatory cells in gastric tissues in treatment groups. Values are presented as mean + standard deviation (n =
5). * indicates a p value < 0.05.

DISCUSSION

In brief, hollow mesoporous silica nanoparticles
were successfully synthesized, loaded with
clarithromycin, and decorated with silver

nanoparticles. These nanoparticles were selected
for their unique properties, including the high
loading capacities, stable porous structures of
HMSNs, and the robust, broad-spectrum
bactericidal properties of Ag NPs [22,23]. The Ag
NPs provided an immediate antimicrobial effect,
followed by the sustained release of clarithromycin
from the HMSNs. TEM images confirmed that the
Ag-HMSNs were uniformly dispersed without
significant aggregation. Uncoated Ag nanoparticles
typically  aggregate rapidly in  aqueous
environments [24]. However, incorporating them
into HMSNs has proven to be an effective strategy
for preventing aggregation and promoting the
controlled release of Ag nanoparticles [25,26].
HMSNs typically exhibit a high surface area,
indicative of their mesoporous structure. However,
the surface area of Ag-HMSNs was significantly
reduced, likely due to the presence of Ag NPs. This
reduction in surface area, potentially caused by
pore blockage from the Ag nanoparticles, has been
observed in previous studies [27,28]. The UV-Vis
findings of this study align with those reported by
Sampath et al., who synthesized pyrogallol-capped
silver nanoparticles exhibiting a surface plasmon
resonance (SPR) peak in the 400-500 nm range with
a spherical shape and relatively small size [29]. The
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XRD results are consistent with previous reports on
the XRD patterns of HMSNs and Ag NPs [29,30].
The drug release study indicates that HMSNs
can protect clarithromycin from gastric hydrolysis
and degradation [31]. Furthermore, HMSNs
facilitate the controlled release of encapsulated
drugs at the site of infection [32,33]. This controlled
release behavior can be attributed to the formation
of hydrogen bonds between clarithromycin and the
silanol groups within the pores of the silica
nanoparticles. For poorly water-soluble drugs, the
large surface area and pore volume of HMSNs
enable high drug loading and improved dissolution
rates [34]. The simple adsorption method used for
loading clarithromycin into HMSNs is consistent
with previous research on the incorporation of
hydrophobic drugs into mesoporous structures
[35]. Kabiri et al. studied the loading capacity and
release profiles of curcumin as a hydrophobic
model drug, reporting a drug loading of 61.57%,
with 92.04% of the loaded curcumin released
within 6 hours in a simulated plasma model [33].
The MIC results demonstrate that H. pylori is
resistant to HMSNs alone, primarily serving as a
delivery vehicle for clarithromycin. Conversely, Ag
NPs alone are effective in eliminating H. pylori. In
one study, biocompatible silver nanoparticles were
synthesized, and the MIC value against H. pylori was
reported as 18.14 pg/mL, which is higher than the
value obtained in our study [36]. This discrepancy
may be attributed to differences in the
physicochemical properties of the nanoparticles,
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such as size, surface charge, morphology, and
shape, which influence the interaction between
nanoparticles and the bacterial cell wall. Gopinath
et al. found that the anti-H. Pylori effect of biogenic
gold nanoparticles was dependent on both size and
bacterial strain, with the bactericidal effect
increasing with larger nanoparticle size [37].
Clarithromycin  exhibited effectiveness when
encapsulated in HMSNs and combined with Ag NPs.
Khosravian et al. demonstrated that the
antimicrobial activity of clarithromycin-loaded
MSNs was superior to that of free clarithromycin
against Staphylococcus aureus and Escherichia coli
[13]. The antibacterial properties of nanoparticles
are enhanced when combined with antibiotics, and
in this study, an additive effect was observed when
clarithromycin  was  combined with Ag
nanoparticles. Attia et al. reported that amoxicillin
and green-synthesized zinc oxide nanoparticles
exhibited synergistic effects when combined in
different ratios [38]. Additionally, these findings are
supported by the study of Mansouri et al., which
showed that Ag NPs reduce the MIC of
clarithromycin in both sensitive and resistant
strains of H. pylori [39].

In vivo, the dosing of clarithromycin was
adapted from a standard H. pylori treatment
regimen and administered based on the weight of
the rats [40]. Previous research indicates that Ag
NPs' toxicity is dose- and duration-dependent,
which led to the administration of a low dose of 2.5
mg/kg [41]. The in vivo results demonstrate that Ag-
HMSNs@CLT effectively reduced the bacterial load
compared to other treatment groups, highlighting
the critical role of the delivery system in eradicating
H. pylori and emphasizing its importance in
achieving therapeutic outcomes. This enhanced
effect is likely due to the extended retention of Ag-
HMSNs nanoparticles in the stomach, reducing the
need for multiple dosing. This finding aligns with
the report by Nallasamy et al., which described the
preparation of amoxicillin  trihydrate and
clarithromycin mucoadhesive microspheres. While
treatment with free drug solutions achieved a 60%
clearance rate of H. pylori infection, drug-loaded
mucoadhesive microspheres resulted in complete
eradication of the infection, likely due to the
protective properties of the microspheres and the
longer residence time of the loaded drugs [42].
Histopathological analysis indicates that the drug
delivery system can modulate inflammatory
responses. Ragab and colleagues demonstrated
that their combined treatment reduced
inflammation and tissue damage caused by H.
pylori infection in rat stomachs, likely due to a
decrease in tumor necrosis factor-alpha (TNF-a)
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production, an inflammatory cytokine, in the
stomach tissue of infected rats [43]. It is essential to
acknowledge the limitations of this study, such as
the single-dose administration and the focus on
clarithromycin and Ag NPs as treatment options.

CONCLUSION

In summary, the successful fabrication and
characterization of clarithromycin-loaded hollow
mesoporous-silver nanoparticles demonstrated
their potent antibacterial properties against H.
pylori in both in vitro and in vivo experiments. The
study reveals that these nanoparticles exhibit
superior efficacy compared to silver nanoparticles,
clarithromycin alone, and their simple combination
in vivo. These findings highlight the promising
potential of our drug delivery system in combating
H. pylori infections. Future work will explore the
antibiofilm activity of Ag-HMSNs@CLT against H.
pylori.
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