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Antibiotic-resistant Staphylococcus aureus (S. aureus) and Escherichia coli 
(E. coli) nosocomial infections are a major public health issue that require 
alternate therapies. Chitosan-coated mesoporous silica nanoparticles 
(MSNs) can target and release antibiotics due to their large surface area, 
pore structure control, and pH responsiveness. Modified Stober technique 
produced azithromycin- and clindamycin-loaded chitosan-coated MSNs. 
FE-SEM, N2 adsorption-desorption, DLS, XRD, and FTIR examined 
morphology, surface area, pore size, particle size, zeta potential, and 
chemical structure. We tested loading efficiency and drug release in pH 
5 and 7.4 phosphate buffers. Microbroth dilution and well diffusion for S. 
aureus and E. coli antibacterial activity were tested using one-way ANOVA 
and the Tukey test. These MSNs were spherical (50-100 nm), with broad 
surfaces, and equally scattered pores. roughly 100% of the two antibiotics 
were loaded, with roughly 20% capacity each. Compared to azithromycin-
free, MSNs loaded with azithromycin demonstrated higher antibacterial 
activity, with a minimum inhibitory concentration of 0.125 µg/mL against 
S. aureus and E. coli, compared to 0.625 µg Clindamycin-loaded MSNs 
were inactive. Well diffusion measurements showed that MSN-carried 
azithromycin (8 mm, S. aureus; 13 mm, E. coli) had a minor inhibitory 
zone reduction compared to free azithromycin (17 mm, 12 mm). At pH 5, 
release was substantially higher, indicating pH-responsive release. Tukey 
test. Chitosan-functionalized MSNs boost azithromycin’s S. aureus and 
E. coli lethality, making them a potential antibiotic resistance treatment 
for Gram-positive and Gram-negative pathogens and bacterial illnesses. 
Clindamycin-loaded MSNs’ skewed efficacy accentuates antibiotic 
selection. These discoveries need more in vivo testing before medicinal use.
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INTRODUCTION
Nosocomial infections form part of health issues 

of great value as they occur as a result of medics 
care and cause a surge in morbidity, death and 
an increase in healthcare costs. They are mainly 
bacterial in origin, but are spread by medical 
procedures, including the use of ventilators and 
intravascular catheters, and Staphylococcus 
aureus (S. aureus) and Escherichia coli (E. coli) are 
among the main pathogens that cause urinary 
tract, respiratory, and blood infections [1]. This 
has been worsened by the spread of resistant 
strains of the organisms that have complicated 
treatment, making it hard and expensive [2]. 
Antibiotic resistance used to be restricted to the 
hospital environment, but nowadays it is prevalent 
in the community, and therefore, new treatment 
methods are required [3]. In the current study, 
the antibacterial performance of azithromycin 
and clindamycin-loaded chitosan (CH)-coated 
mesoporous silica nanoparticles (MSNs) interacted 
with S. aureus and E. coli will be assessed.

These are mentioned as some of the most 
virulent bacterial species in human pathology. 
The infections caused by S. aureus, the Gram-
positive coccus, range from slight inflammation 
of the skin to severe diseases such as pneumonia 
and sepsis [4]. The virulence factors used by this 
bacterium are surface proteins and toxins that 
allow the organism to penetrate tissues and 
escape immune defences [5]. Such resistance, 
especially in methicillin-resistant varieties, has 
complicated its treatment [6]. About 20% of 
humans are permanent carriers; this percentage 
rises among hospitalised patients and people who 
are frequently exposed to antibiotics [7]. Such 
resistance mechanisms as those exerted by efflux 
pumps and enzymatic degradation require that 
new drugs be sought [8].

E. coli, a Gram-negative bacillus, has maintained 
the status of the principal gut flora member but can 
actually cause serious infections, including urinary 
tract infections and gastroenteritis [9]. Now, the 
clinical prognosis has actually been worsened with 
the increased emergence of antibiotic-resistant 
strains, especially those producing ESBLs, mainly 
in bloodstream infections [10]. Emergence of 
resistance against multiple classes of antibiotics 
due to production of beta-lactamases and low 
permeability of the membrane has compelled us 
to look for newer therapies [11].

Nanotechnology is shaping up to be one of the 

best solutions against antibiotic resistance. With 
its very large surface area, tunable pore volume, 
and good surface chemistry characteristics, MSN 
is an excellent material for drug delivery purposes, 
enhancing drug delivery and bioavailability [12]. 
Being a biocompatible polysaccharide, chitosan 
brings enhanced functionality to an MSN with 
its antimicrobial properties and pH-responsive 
drug release, allowing antibiotics to better 
penetrate bacterial cells [13]. Some studies have 
shown different results: some researchers claim 
nanoparticles carrying antibiotics have increased 
local concentrations and thus greater antibacterial 
activities [14], while others report that slower 
drug release envisaged for nanoparticles is likely 
a drop in antibiotic activity [15]. Such disparities 
necessitate further study into the design and 
testing parameters of nanoparticles.

The global rise in antibiotic resistance continues 
to increase, imparting an even greater urgent 
need for effective therapies [16]. MSNs coated 
with chitosan might enhance antibiotic efficiency, 
considering biofilm formation as a resistance 
mechanism [17]. This study investigates the 
antibacterial activity of chitosan-coated MSNs 
loaded with azithromycin and clindamycin against 
S. aureus and E. coli using microbroth dilution and 
well diffusion methods. This research intends to 
promote the strategies against antibiotic-resistant 
infections by fixing the literature gaps with respect 
to nanoparticle-based delivery efficacy and assay 
variability.

MATERIALS AND METHODS
Study Population

This experimental study was conducted at 
Shahrekord University of Medical Sciences, Iran, 
in the summer of 2024. The study population 
consisted of bacterial strains S. aureus and E. 
coli, obtained from clinical isolates at the Cellular 
and Molecular Research Centre. Inclusion criteria 
for the bacterial strains required confirmed 
identification of S. aureus and E. coli through 
standard microbiological techniques, including 
Gram staining, catalase, coagulase, and oxidase 
tests, as well as growth on selective media such as 
Mannitol Salt Agar for S. aureus and MacConkey 
Agar for E. coli. Exclusion criteria included 
contamination with other bacterial species or 
failure to meet identification standards. No human 
participants were involved in this study.
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Synthesis and Characterization of Nanoparticles
MSNs were synthesized using a modified Stöber 

method. Cetyltrimethylammonium bromide 
(CTAB) was used as a template, which was later 
removed to create porous structures. Azithromycin 
and clindamycin were loaded into the MSNs, 
followed by coating with chitosan to enhance 
biocompatibility and pH-responsive drug release. 
The morphology of the prepared nanoparticles was 
evaluated using Field Emission Scanning Electron 
Microscopy (FE-SEM), confirming spherical 
particles with sizes ranging from 50 to 100 nm 
and uniform distribution [18]. Surface area, pore 
size, and pore size distribution were assessed 
using the N2 adsorption-desorption method, with 
results analyzed via Brunauer-Emmett-Teller (BET) 
and Barrett-Joyner-Halenda (BJH) models [19]. 
Particle size, distribution, and zeta potential were 
measured using dynamic light scattering (DLS) 
[20]. The crystalline structure was analyzed using 
X-ray diffraction (XRD) [21], while the chemical 
structure was characterized by Fourier Transform 
Infrared Spectroscopy (FTIR) [22]. Drug loading 
efficiency and capacity for azithromycin and 
clindamycin are presented in Table 1.

Drug release profiles were assessed in vitro in 
phosphate buffer solutions at pH 5 and pH 7.4 
using a spectrophotometer to monitor the release 
kinetics of azithromycin and clindamycin over time 
[23].
Antibacterial Activity Assessment

The antibacterial activity of MSNs alone, MSNs 
loaded with azithromycin, and MSNs loaded with 
clindamycin was evaluated against S. aureus and 
E. coli using two standard methods: microbroth 
dilution and well diffusion. For the microbroth 
dilution method, serial dilutions of the test 
compounds were prepared in Mueller-Hinton 
broth, and bacterial suspensions were adjusted to 
a 0.5 McFarland standard (approximately 1.5 × 108 

CFU/mL). The minimum inhibitory concentration 
(MIC) was determined as the lowest concentration 
preventing visible bacterial growth after 24 hours of 
incubation at 37°C [24]. The well diffusion method 
involved preparing Mueller-Hinton agar plates 
seeded with bacterial suspensions (0.5 McFarland 
standard). Wells were filled with test compounds 
at varying concentrations, and the diameter of the 
inhibition zone was measured after 24 hours of 
incubation at 37°C [15]. Both methods followed 
Clinical and Laboratory Standards Institute (CLSI) 
guidelines to ensure reproducibility.

Statistical Analysis
Data were analyzed using SPSS version 25 

(SPSS Inc., Chicago, IL, USA). Descriptive statistics 
were reported as mean ± standard deviation 
for quantitative variables, such as nanoparticle 
size, loading efficiency, and inhibition zone 
diameters. The normality of data was assessed 
using the Kolmogorov-Smirnov test. Differences in 
antibacterial activity between groups (MSN alone, 
MSN with azithromycin, MSN with clindamycin, 
and free antibiotics) were evaluated using one-
way ANOVA for continuous variables, followed by 
post-hoc Tukey’s test for pairwise comparisons. 
A p-value of less than 0.05 was considered 
statistically significant.

RESULTS AND DISCUSSION
Characteristics of Prepared Nanoparticles
Morphological Characteristics

The MSNs were successfully synthesized, and 
their morphology was assessed using FE-SEM. The 
FE-SEM images revealed that the nanoparticles 
were spherical, with sizes ranging from 50 to 100 
nm and a uniform distribution (Fig. 1).

Surface Area, Pore Size, and Pore Size Distribution
The surface area, pore size, and pore size 

 

 

Nanoparticle Type Loading Efficiency (%) Loading Capacity (%) 

Azithromycin-MSN 99.89±0.02 19.94±0.08 

Azithromycin-MSN-Chitosan 99.88±0.01 18.13±0.07 

Clindamycin-MSN 99.83±0.05 16.64±0.11 

Clindamycin-MSN-Chitosan 99.73±0.24 16.63±0.14 

 

 

  

Table 1. Loading Efficiency and Capacity of Nanoparticles
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distribution of the prepared MSNs were evaluated 
using the N2 adsorption-desorption method. The 
results, analyzed via BET and BJH models, are 
presented in Fig. 2. The BET plot confirmed a high 
surface area, while the isotherm plot and BJH plot 
indicated uniform pore size distribution.

Particle Size, Distribution, and Zeta Potential
Particle size, distribution, and zeta potential 

were measured using dynamic light scattering 
(DLS). The results for MSNs are shown in Fig. 3, 
indicating consistent particle size and surface 
charge. For azithromycin-loaded MSNs, the size 

 

  

 

 

  

Fig. 3. Size and Zeta Potential of MSNs.

Fig. 2. A) BET Plot, B) Isotherm Plot, and C) BJH Plot of MSNs.

 

 

  

Fig. 1. FE-SEM Image of MSN.
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and zeta potential are presented in Figure 4, and 
for clindamycin-loaded MSNs, in Fig. 4.

Crystalline Structure
The crystalline structure of the prepared MSNs 

was analyzed using X-ray diffraction (XRD). The XRD 
patterns confirmed the amorphous nature of the 
nanoparticles, consistent with their mesoporous 
structure.

Chemical Structure
The chemical structure of the nanoparticles 

was evaluated using Fourier Transform Infrared 
Spectroscopy (FTIR). As shown in Fig. 5, the FTIR 
spectra were recorded for: (i) MSN, azithromycin-
MSN, and pure azithromycin; (ii) azithromycin-
MSN, azithromycin–chitosan-MSN, and chitosan; 
(iii) MSN, clindamycin-MSN, and pure clindamycin; 
and (iv) clindamycin-MSN, clindamycin–chitosan-

 

 

(i) 

 

(ii) 

 

  

  

Fig. 4. Size and surface zeta potential of MSNs loaded with antibiotics: i) Azithromycin-MSNs: A) 
Size, B) Surface zeta potential, C) Size of azithromycin-MSN-chitosan, D) Surface zeta potential 
of azithromycin-MSN-chitosan. ii) Clindamycin-MSNs: A) Size, B) Surface zeta potential, C) Size of 

clindamycin-MSN-chitosan, D) Surface zeta potential of clindamycin-MSN-chitosan.
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MSN, and chitosan.

Drug Loading Efficiency and Capacity
The loading efficiency and capacity of 

azithromycin and clindamycin in MSNs were 
calculated. Additionally, cefazolin, ceftriaxone, and 

gentamicin were loaded onto MSNs, achieving a 
loading efficiency of nearly 100% and a loading 
capacity of approximately 20%. The results for 
azithromycin and clindamycin are summarized in 
Table 1. Calibration curves for azithromycin and 
clindamycin were established to quantify drug 

 

 

 

 

Fig. 5. FTIR spectra of different formulations. (i) MSN, Azithromycin-MSN, and Azithromycin. (ii) Azithromycin-MSN, Azithromycin-
Chitosan-MSN, and Chitosan. (iii) MSN, Clindamycin-MSN, and Clindamycin. (iv) Clindamycin-MSN, Clindamycin-Chitosan-MSN, and 

Chitosan.
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loading and release, as shown in Fig. 6.

Drug Release from Nanoparticles
The release profiles of clindamycin and 

azithromycin from MSNs were evaluated in 

phosphate buffer solutions at pH 5 and pH 7.4. 
The results, measured using a spectrophotometer, 
are presented in Fig. 7. Clindamycin release was 
higher at pH 5 compared to pH 7.4, indicating 
pH-dependent release behaviour. Similarly, 

 

  

Fig. 6. (A) Calibration Curve for Azithromycin. (B) Calibration Curve for Clindamycin.

 

 

  

Fig. 7. (A) Clindamycin Release from Nanoparticles at pH 7.4 and 5.5. (B) Azithromycin Release from Nanoparticles at pH 
7.4 and 5.5.

 

Drug/Combination MIC S. aureus (µg/mL) MIC E. coli (µg/mL) 

Azithromycin 0.625 0.625 

MSN + Azithromycin 0.125 0.125 

Clindamycin No MIC No MIC 

MSN + Clindamycin No MIC No MIC 

MSN No MIC No MIC 

MSN–NH₂ No MIC No MIC 

 

  

Table 2. MIC Results for Tested Drugs Against E. coli and S. aureus
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azithromycin exhibited enhanced release at pH 5.

Antibacterial Activity
Microbroth Dilution Method

The antibacterial activity of MSNs alone, 
azithromycin-loaded MSNs, and clindamycin-
loaded MSNs against S. aureus and E. coli was 
assessed using the microbroth dilution method. 
The minimum inhibitory concentrations (MICs) 
are presented in Table 2. Azithromycin alone and 
in combination with MSNs showed MIC values of 
0.625 µg/mL and 0.125 µg/mL, respectively, for 
both S. aureus and E. coli. Clindamycin, both alone 
and with MSNs, showed no MIC against either 
bacterium.

The results for S. aureus and E. coli with 
azithromycin are shown in Fig. 8, respectively. 
Combined results for both antibiotics with MSNs 
are presented in Fig. 8.

Well Diffusion Method
The well diffusion method was used to evaluate 

the antibacterial activity, with results shown in 
Table 3. Azithromycin alone exhibited inhibition 

zones of 17 mm for S. aureus and 12 mm for E. 
coli at the highest concentration (1.25 µg/mL). 
Azithromycin-loaded MSNs showed reduced 
inhibition zones of 8 mm for S. aureus and 13 
mm for E. coli at 0.3125 µg/mL. Clindamycin-
loaded MSNs showed no significant antibacterial 
activity. Visual results for S. aureus and E. coli with 
azithromycin are shown in Fig. 9.

Results of this study provided deep insight into 
antibiotic-containing chitosan-coated mesoporous 
silica nanoparticles (MSNs) with potential for a 
novel drug delivery system able to fight antibiotic-
resistant Staphylococcus aureus and Escherichia 
coli. Spherical MSNs with a uniform morphology, 
high surface area, and consistent pore size 
distribution were successfully synthesized, as 
evidenced by independent characterization—
the findings confirming that MSNs are suitable 
as a drug delivery vehicle due to their tunable 
structural properties [21]. Drug molecules 
encapsulation is optimized by their high surface 
area and pore volume, and the suspension stability 
of nanoparticles creates avenues for biological 
utilization [19]. The chemical functionalization  

 

 

  

Fig. 8. (A) Microbroth Dilution Test Results for S. aureus with Azithromycin. (B) Microbroth Dilution Test Results for E. coli with 
Azithromycin. (C) Microbroth Dilution Test Results for S. aureus with Clindamycin and Azithromycin-Loaded Nanoparticles. (D) 

Microbroth Dilution Test Results for E. coli with Clindamycin and Azithromycin-Loaded Nanoparticles.
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of the MSNs with chitosan and the antibiotics 
endorses their structural integrity and designs 
the framework responsible for assessing their 
antibacterial activity [20].

Near-complete drug loading efficiency (~100%) 
and constant ~20% loading capacity for both 
azithromycin and clindamycin are clear evidence 

of the encapsulation capability of MSNs, thus 
supporting the large pore volume theory of their 
use for antibiotic delivery [23]. The pH-dependent 
release profiles, owing to the enhanced release 
of drugs in acidic conditions, implicate the role of 
chitosan in controlled release, a notable feature 
for the treatment of bacterial infections in acidic 

 

 

 

Fig. 9. (A) Inhibition Zone Diameter for S. aureus with Azithromycin. (B) Inhibition Zone Diameter for E. coli with Azithromycin. 
(C) Inhibition zone diameter for Escherichia coli bacteria with clindamycin antibiotic loaded with nanoparticles versus without 

nanoparticles.

 

Drug Name 

S. aureus E. coli 

Drug Dilution (µg/mL) 
Inhibition Zone Diameter 

(mm) 
Drug Dilution (µg/mL) 

Inhibition Zone Diameter 

(mm) 

Azithromycin 

1.25 17 1.25 12 

0.625 12 0.625 10 

0.3125 8 0.3125 No inhibition zone 

Clindamycin 

– – – – 

0.25 No inhibition zone 0.25 No inhibition zone 

– – – – 

Azithromycin + MSN 

0.25 8 3.125 13 

0.125 7 1.565 No inhibition zone 

0.0625 No inhibition zone 0.07 No inhibition zone 

Clindamycin + MSN 

– – – – 

– – – – 

– – – – 

 

 

Table 3. Well Diffusion Results for Tested Drugs Against E. coli and S. aureus
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microenvironments such as biofilms or inflamed 
tissue [25]. Such pH-responsive behaviour could 
certainly enhance therapeutic effect and reduce 
systemic toxicity at a matter of paramount 
importance for clinical application [22].

The results for antibacterial activity show 
performance differences between MSN-based 
delivery of azithromycin and clindamycin. 
Azithromycin-loaded MSNs gave significantly 
lower MICs for both S. aureus and E. coli than free 
azithromycin, thus showing enhanced antibacterial 
activity. This enhancement in antibacterial activity 
could be attributed to quicker cellular uptake and 
increased local drug delivery imparted by the 
nanoparticles [26]. In contrast, clindamycin, either 
alone or loaded into MSNs, did not exhibit any 
significant antibacterial activity against the tested 
strains, probably due to resistance mechanisms 
such as efflux pumps or enzymatic inactivation 
[27]. The low efficacy of azithromycin when loaded 
into MSNs in the well diffusion assay, as compared 
to the microbroth dilution method, might be due 
to slower drug release in solid media, which limits 
diffusion [15]. These findings clearly indicate 
that azithromycin is a candidate more suitable 
for MSN delivery, while clindamycin showing 
ineffectiveness might be due to strain-specific 
resistance or inappropriate release kinetics [24].

The decreased MIC values registered by 
azithromycin-loaded MSNs denote a possibility 
of resistance mechanism permeation, especially 
in the case of S. aureus, where methicillin-
resistant strains display heavy clinical burdens 
due to biofilm formation and multidrug resistance 
ability [28]. The pH-responsive release further 
contributes to this system being more applicable 
for infection targeting within acidic environments 
where regular antibiotics are less effective [29]. 
The lack of efficacy for clindamycin-loaded MSNs 
was unexpected-emphasizing its activity against 
Gram-positive bacteria-maybe due to erm-gene-
mediated ribosomal inhibition, or possibly slower 
release kinetics from the MSNs [30]. These results 
emphasize an essential aspect: antibiotics must 
be selected such that they truly complement 
the nanoparticle delivery system for maximum 
therapeutic effect.

The microbroth dilution reports the continuous 
growth inhibition curve of bacteria over time 
in liquid media and thus is more appropriate 
for sustained release from MSNs [18]. The well 
diffusion assay, in contrast, is less appropriate 

since it depends on diffusion across agar; thus, 
encapsulated drugs may have underestimated 
efficacy for slow releases [15]. Such differences 
in methods parallel some observations in the 
literature in which factors specific to the assays 
may cause discrepancies and thus may require 
multiple approaches to test for safe conclusions 
[31]. The superiority observed in azithromycin-
loaded MSNs in the microbroth dilution assay 
indicates favorability for situations in which 
sustained drug release, like treating chronic or 
biofilm-associated infections.

These results support the existing literature in 
that they confirm the effectiveness of chitosan-
coated MSNs for the purpose of improving the 
antibacterial activity of azithromycin. Previously, 
the nanoparticle encapsulation has been proposed 
to enhance antibiotic delivery by enhancing 
local concentrations and bypassing resistance 
mechanisms [32]. Incorporation of chitosan 
departing somewhat from the traditional route 
because its antimicrobial activity and pH response 
augment the nanoparticle function [33]. The 
low antibacterial activity of clindamycin-loaded 
MSNs differs from some findings in the literature, 
suggesting that nanoparticle design and antibiotic 
choice are key factors influencing results [34]. The 
pH-responsive type of release supports the date 
for functionalized MSNs in the target drug delivery 
to acidic infection sites [35].

The importance of these findings includes their 
possibility to tackle the worldwide problem of 
antibiotic resistance, especially in S. aureus- and 
E. coli-mediated nosocomial infections. Resistant 
strains are major contributors to morbidity 
and mortality while elevating healthcare costs; 
hence, novel delivery systems, such as MSNs, are 
crucial to enhance antibiotic performance [36]. 
Azithromycin-loaded MSNs’ ability to lower MIC 
values could translate into a lower antibiotic dose 
to limit toxicity and the possibilities of further 
resistance development [37]. The possibility of 
targeted drug release by the chitosan coating 
creates further opportunities, which is especially 
pertinent to biofilm-associated infections 
[38]. These findings, on the other hand, hold 
consequences for clinical applications, particularly 
in hospital settings where the resistant strains 
are dominant, and might lay the groundwork 
for nanoparticle-based therapies for multidrug-
resistant infections.

The study has many problems. First, testing 
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only two bacterial strains limits the generalizability 
of the results, because clinical isolates have many 
resistance profiles. Second, since this was an in 
vitro study, some results may not have translated 
perfectly into in vivo conditions where immune 
responses and variations in pharmacokinetics 
might come into play. Third, it was concluded that 
further optimization of the nanoparticle design 
or of the antibiotic itself is needed due to the 
negative outcome obtained with clindamycin-
loaded MSNs. And finally, a dose-dependent 
cytotoxicity assessment of the nanoparticles was 
not conducted, which is critical when considering 
clinical utility. Hence, these limitations necessitate 
a consideration of careful interpretation and 
further in-depth research.

Future studies could investigate more strains of 
bacteria, including multidrug-resistant bacteria, 
such as methicillin-resistant S. aureus and ESBL-
producing E. coli, to further understand the 
nanoparticles’ efficacy. In vivo studies on animal 
infection models should be performed to test 
performance and safety in biological environments. 
An optimization of clindamycin-loaded MSNs, 
possibly some optimization of the chitosan 
coating or the mesopore structure, might make 
these systems more efficient. Cytotoxicity studies 
on human cell lines would bring vital information 
concerning biocompatibility. Standardizing testing 
protocols, incorporating microbroth dilution and 
well diffusion methods, is going to help resolve 
said disparity and guarantee reproducibility. Then, 
the way could be paved for clinical translation of 
nanoparticle-based therapy of antibiotic-resistant 
infections.

CONCLUSION
In summary, this research has shown the ability 

of chitosan-coated MSNs to serve as promising 
drug-delivery systems for azithromycin and exhibit 
higher antibacterial activity against S. aureus and 
E. coli. pH-responsive release, enhanced loading 
efficiency, and lower MICs of the drug are the 
apparent benefits of employing this system to 
bypass resistance mechanisms. Nevertheless, the 
decreased efficacy of clindamycin-loaded MSNs 
calls for cautious antibiotic selection. These results 
contribute to the growing body of evidence that 
supports the use of nanotechnology as a tool to 
counter antibiotic resistance, thereby offering 
a promising avenue for the effective delivery 
of antibiotics. Consideration of the limitations 

identified and further investigation in the direction 
proposed may steer future research toward 
refining this methodology for the treatment of 
antibiotic-resistant infections.

ACKNOWLEDGEMENTS 
This study was financially supported by 

Shahrekord University of Medical Sciences (Project 
No. 6831). Ethical approval was obtained from 
the Ethics Committee of Shahrekord University 
of Medical Sciences (No. IR.SKUMS.MED.
REC.1402.039).

CONFLICT OF INTEREST
The authors declare that there is no conflict 

of interests regarding the publication of this 
manuscript.

REFERENCES
1. Neurath MF, Finotto S. IL-9 signaling as key driver of chronic 

inflammation in mucosal immunity. Cytokine and Growth 
Factor Reviews. 2016;29:93-99.

2. Mulvey MR, Simor AE. Antimicrobial resistance in hospitals: 
How concerned should we be? Can Med Assoc J. 
2009;180(4):408-415.

3. Vivas R, Barbosa AAT, Dolabela SS, Jain S. Multidrug-Resistant 
Bacteria and Alternative Methods to Control Them: An 
Overview. Microb Drug Resist. 2019;25(6):890-908.

4. Samir S. Phages for treatment of Staphylococcus aureus 
infection. Progress in Molecular Biology and Translational 
Science: Elsevier; 2023. p. 275-302. http://dx.doi.
org/10.1016/bs.pmbts.2023.03.027

5. Brooks LRK, Mias GI. Streptococcus pneumoniae’s Virulence 
and Host Immunity: Aging, Diagnostics, and Prevention. 
Front Immunol. 2018;9.

6. Malla Thakuri DR, Pokhrel A, Amatya R, Sharma Bashyal 
N, Neupane M, Kc S, et al. Distribution of MecA and Erm 
Genes among Methicillin-resistant Staphylococcus Aureus 
with Inducible Resistance to Clindamycin. Journal of Nepal 
Health Research Council. 2023;21(1):29-33.

7. Kluytmans J, van Belkum A, Verbrugh H. Nasal carriage 
of Staphylococcus aureus: epidemiology, underlying 
mechanisms, and associated risks. Clin Microbiol Rev. 
1997;10(3):505-520.

8. Mo Y, Lorenzo M, Farghaly S, Kaur K, Housman ST. What’s 
new in the treatment of multidrug-resistant gram-negative 
infections? Diagnostic Microbiology and Infectious Disease. 
2019;93(2):171-181.

9. Pokharel P, Dhakal S, Dozois CM. The Diversity of Escherichia 
coli Pathotypes and Vaccination Strategies against 
This Versatile Bacterial Pathogen. Microorganisms. 
2023;11(2):344.

10. Harris M, Fasolino T, Ivankovic D, Davis NJ, Brownlee N. 
Genetic Factors That Contribute to Antibiotic Resistance 
through Intrinsic and Acquired Bacterial Genes in Urinary 
Tract Infections. Microorganisms. 2023;11(6):1407.

11. Lomovskaya O, Sun D, Rubio-Aparicio D, Nelson K, Tsivkovski 
R, Griffith DC, et al. Vaborbactam: Spectrum of Beta-

http://dx.doi.org/10.1016/j.cytogfr.2016.02.002
http://dx.doi.org/10.1016/j.cytogfr.2016.02.002
http://dx.doi.org/10.1016/j.cytogfr.2016.02.002
http://dx.doi.org/10.1503/cmaj.080239
http://dx.doi.org/10.1503/cmaj.080239
http://dx.doi.org/10.1503/cmaj.080239
http://dx.doi.org/10.1089/mdr.2018.0319
http://dx.doi.org/10.1089/mdr.2018.0319
http://dx.doi.org/10.1089/mdr.2018.0319
http://dx.doi.org/10.1016/bs.pmbts.2023.03.027
http://dx.doi.org/10.1016/bs.pmbts.2023.03.027
http://dx.doi.org/10.1016/bs.pmbts.2023.03.027
http://dx.doi.org/10.1016/bs.pmbts.2023.03.027
http://dx.doi.org/10.3389/fimmu.2018.01366
http://dx.doi.org/10.3389/fimmu.2018.01366
http://dx.doi.org/10.3389/fimmu.2018.01366
http://dx.doi.org/10.33314/jnhrc.v21i1.4337
http://dx.doi.org/10.33314/jnhrc.v21i1.4337
http://dx.doi.org/10.33314/jnhrc.v21i1.4337
http://dx.doi.org/10.33314/jnhrc.v21i1.4337
http://dx.doi.org/10.33314/jnhrc.v21i1.4337
http://dx.doi.org/10.1128/cmr.10.3.505
http://dx.doi.org/10.1128/cmr.10.3.505
http://dx.doi.org/10.1128/cmr.10.3.505
http://dx.doi.org/10.1128/cmr.10.3.505
http://dx.doi.org/10.1016/j.diagmicrobio.2018.08.007
http://dx.doi.org/10.1016/j.diagmicrobio.2018.08.007
http://dx.doi.org/10.1016/j.diagmicrobio.2018.08.007
http://dx.doi.org/10.1016/j.diagmicrobio.2018.08.007
http://dx.doi.org/10.3390/microorganisms11020344
http://dx.doi.org/10.3390/microorganisms11020344
http://dx.doi.org/10.3390/microorganisms11020344
http://dx.doi.org/10.3390/microorganisms11020344
http://dx.doi.org/10.3390/microorganisms11061407
http://dx.doi.org/10.3390/microorganisms11061407
http://dx.doi.org/10.3390/microorganisms11061407
http://dx.doi.org/10.3390/microorganisms11061407
http://dx.doi.org/10.1128/aac.01443-17
http://dx.doi.org/10.1128/aac.01443-17


4107J Nanostruct 16(3): 4096-4107, Summer 2026

P. Khosraviyan et al./ Antibacterial Chitosan-MSNs

Lactamase Inhibition and Impact of Resistance Mechanisms 
on Activity in Enterobacteriaceae. Antimicrobial Agents and 
Chemotherapy. 2017;61(11).

12. Li T, Shi S, Goel S, Shen X, Xie X, Chen Z, et al. Recent 
advancements in mesoporous silica nanoparticles towards 
therapeutic applications for cancer. Acta Biomater. 
2019;89:1-13.

13. Cirillo G, Vittorio O, Kunhardt D, Valli E, Voli F, Farfalla A, 
et al. Combining Carbon Nanotubes and Chitosan for 
the Vectorization of Methotrexate to Lung Cancer Cells. 
Materials. 2019;12(18):2889.

14. Crisan MC, Pandrea SL, Matros L, Mocan T, Mocan L. In 
vitro antimicrobial activity of silver nanoparticles against 
selected Gram-negative and Gram-positive pathogens. 
Medicine and Pharmacy Reports. 2024;97(3):280-297.

15. Sungkhaphan P, Thavornyutikarn B, Kaewkong P, 
Pongkittiphan V, Pornsuwan S, Singhatanadgit W, et al. 
Antibacterial and osteogenic activities of clindamycin-
releasing mesoporous silica/carboxymethyl chitosan 
composite hydrogels. Royal Society Open Science. 
2021;8(9):210808.

16. Novelli M, Bolla J-M. RND Efflux Pump Induction: A 
Crucial Network Unveiling Adaptive Antibiotic Resistance 
Mechanisms of Gram-Negative Bacteria. Antibiotics. 
2024;13(6):501.

17. Dong Y, Wu T, Jiang T, Zhu W, Chen L, Cao Y, et al. Chitosan-
coated liposome with lysozyme-responsive properties for 
on-demand release of levofloxacin. Int J Biol Macromol. 
2024;269:132271.

18. Harris LG, Foster SJ, Richards RG. An introduction to 
staphylococcus aureus, and techniques for identifying 
and quantifying s. aureus adhesins in relation to adhesion 
to biomaterials: review. European Cells and Materials. 
2002;4:39-60.

19. Zhao Y, Trewyn BG, Slowing II, Lin VSY. Mesoporous Silica 
Nanoparticle-Based Double Drug Delivery System for 
Glucose-Responsive Controlled Release of Insulin and 
Cyclic AMP. Journal of the American Chemical Society. 
2009;131(24):8398-8400.

20. Ravi Kumar MNV. A review of chitin and chitosan 
applications. React Funct Polym. 2000;46(1):1-27.

21. Wen J, Yang K, Liu F, Li H, Xu Y, Sun S. Diverse gatekeepers 
for mesoporous silica nanoparticle based drug delivery 
systems. Chem Soc Rev. 2017;46(19):6024-6045.

22. Slowing I, Viveroescoto J, Wu C, Lin V. Mesoporous silica 
nanoparticles as controlled release drug delivery and gene 
transfection carriers☆. Adv Drug Del Rev. 2008;60(11):1278-
1288.

23. Park HS, Kim CW, Lee HJ, Choi JH, Lee SG, Yun Y-P, et al. 
A mesoporous silica nanoparticle with charge-convertible 
pore walls for efficient intracellular protein delivery. 
Nanotechnology. 2010;21(22):225101.

24. Qi G, Li L, Yu F, Wang H. Vancomycin-Modified Mesoporous 
Silica Nanoparticles for Selective Recognition and Killing 
of Pathogenic Gram-Positive Bacteria Over Macrophage-
Like Cells. ACS Applied Materials and Interfaces. 
2013;5(21):10874-10881.

25. Kou S, Peters LM, Mucalo MR. Chitosan: A review of 
sources and preparation methods. Int J Biol Macromol. 
2021;169:85-94.

26. Ugalde-Arbizu M, Aguilera-Correa JJ, San Sebastian 

E, Páez PL, Nogales E, Esteban J, et al. Antibacterial 
Properties of Mesoporous Silica Nanoparticles Modified 
with Fluoroquinolones and Copper or Silver Species. 
Pharmaceuticals. 2023;16(7):961.

27. Baroud M, Dandache I, Araj GF, Wakim R, Kanj S, Kanafani 
Z, et al. Underlying mechanisms of carbapenem resistance 
in extended-spectrum β-lactamase-producing Klebsiella 
pneumoniae and Escherichia coli isolates at a tertiary 
care centre in Lebanon: role of OXA-48 and NDM-1 
carbapenemases. Int J Antimicrob Agents. 2013;41(1):75-
79.

28. Chambers HF. Methicillin resistance in staphylococci: 
molecular and biochemical basis and clinical implications. 
Clin Microbiol Rev. 1997;10(4):781-791.

29. Yu X, Pan Q, Zheng Z, Chen Y, Chen Y, Weng S, et al. 
pH-responsive and porous vancomycin-loaded PLGA 
microspheres: evidence of controlled and sustained release 
for localized inflammation inhibition in vitro. RSC Advances. 
2018;8(65):37424-37432.

30. Ambachew A, Gebrecherkos T, Ayalew G. Prevalence and 
Clindamycin Resistance Profile of Staphylococcus aureus 
and Associated Factors among Patients Attending the 
University of Gondar Comprehensive Specialized Hospital, 
Gondar, Northwest Ethiopia. Interdiscip Perspect Infect Dis. 
2022;2022:1-10.

31. Omer ME, Halwani M, Alenazi RM, Alharbi O, Aljihani S, 
Massadeh S, et al. Novel Self-Assembled Polycaprolactone–
Lipid Hybrid Nanoparticles Enhance the Antibacterial 
Activity of Ciprofloxacin. SLAS Technology. 2020;25(6):598-
607.

32. Yassin A, Albekairy A, Omer M, Almutairi A, Alotaibi 
Y, Althuwaini S, et al. Chitosan-Coated Azithromycin/
Ciprofloxacin-Loaded Polycaprolactone Nanoparticles: 
A Characterization and Potency Study. Nanotechnology, 
Science and Applications. 2023;Volume 16:59-72.

33. Ali SW, Joshi M, Rajendran S. SYNTHESIS AND 
CHARACTERIZATION OF CHITOSAN NANOPARTICLES WITH 
ENHANCED ANTIMICROBIAL ACTIVITY. International Journal 
of Nanoscience. 2011;10(04n05):979-984.

34. Aguilar-Colomer A, Colilla M, Izquierdo-Barba I, Jiménez-
Jiménez C, Mahillo I, Esteban J, et al. Impact of the 
antibiotic-cargo from MSNs on gram-positive and gram-
negative bacterial biofilms. Microporous Mesoporous 
Mater. 2021;311:110681.

35. Juère E, Del Favero G, Masse F, Marko D, Popat A, Florek 
J, et al. Gastro-protective protein-silica nanoparticles 
formulation for oral drug delivery: In vitro release, 
cytotoxicity and mitochondrial activity. Eur J Pharm 
Biopharm. 2020;151:171-180.

36. Kalhapure RS, Suleman N, Mocktar C, Seedat N, Govender 
T. Nanoengineered Drug Delivery Systems for Enhancing 
Antibiotic Therapy. J Pharm Sci. 2015;104(3):872-905.

37. Memar MY, Yekani M, Ghanbari H, Shahi S, Sharifi 
S, Maleki Dizaj S. Biocompatibility, cytotoxicity and 
antibacterial effects of meropenem-loaded mesoporous 
silica nanoparticles against carbapenem-resistant 
Enterobacteriaceae. Artificial Cells, Nanomedicine, and 
Biotechnology. 2020;48(1):1354-1361.

38. Andersen T, Mishchenko E, Flaten G, Sollid J, Mattsson S, 
Tho I, et al. Chitosan-Based Nanomedicine to Fight Genital 
Candida Infections: Chitosomes. Mar Drugs. 2017;15(3):64.

http://dx.doi.org/10.1128/aac.01443-17
http://dx.doi.org/10.1128/aac.01443-17
http://dx.doi.org/10.1128/aac.01443-17
http://dx.doi.org/10.1016/j.actbio.2019.02.031
http://dx.doi.org/10.1016/j.actbio.2019.02.031
http://dx.doi.org/10.1016/j.actbio.2019.02.031
http://dx.doi.org/10.1016/j.actbio.2019.02.031
http://dx.doi.org/10.3390/ma12182889
http://dx.doi.org/10.3390/ma12182889
http://dx.doi.org/10.3390/ma12182889
http://dx.doi.org/10.3390/ma12182889
http://dx.doi.org/10.15386/mpr-2750
http://dx.doi.org/10.15386/mpr-2750
http://dx.doi.org/10.15386/mpr-2750
http://dx.doi.org/10.15386/mpr-2750
http://dx.doi.org/10.1098/rsos.210808
http://dx.doi.org/10.1098/rsos.210808
http://dx.doi.org/10.1098/rsos.210808
http://dx.doi.org/10.1098/rsos.210808
http://dx.doi.org/10.1098/rsos.210808
http://dx.doi.org/10.1098/rsos.210808
http://dx.doi.org/10.3390/antibiotics13060501
http://dx.doi.org/10.3390/antibiotics13060501
http://dx.doi.org/10.3390/antibiotics13060501
http://dx.doi.org/10.3390/antibiotics13060501
http://dx.doi.org/10.1016/j.ijbiomac.2024.132271
http://dx.doi.org/10.1016/j.ijbiomac.2024.132271
http://dx.doi.org/10.1016/j.ijbiomac.2024.132271
http://dx.doi.org/10.1016/j.ijbiomac.2024.132271
http://dx.doi.org/10.22203/ecm.v004a04
http://dx.doi.org/10.22203/ecm.v004a04
http://dx.doi.org/10.22203/ecm.v004a04
http://dx.doi.org/10.22203/ecm.v004a04
http://dx.doi.org/10.22203/ecm.v004a04
http://dx.doi.org/10.1021/ja901831u
http://dx.doi.org/10.1021/ja901831u
http://dx.doi.org/10.1021/ja901831u
http://dx.doi.org/10.1021/ja901831u
http://dx.doi.org/10.1021/ja901831u
http://dx.doi.org/10.1016/s1381-5148(00)00038-9
http://dx.doi.org/10.1016/s1381-5148(00)00038-9
http://dx.doi.org/10.1039/c7cs00219j
http://dx.doi.org/10.1039/c7cs00219j
http://dx.doi.org/10.1039/c7cs00219j
http://dx.doi.org/10.1016/j.addr.2008.03.012
http://dx.doi.org/10.1016/j.addr.2008.03.012
http://dx.doi.org/10.1016/j.addr.2008.03.012
http://dx.doi.org/10.1016/j.addr.2008.03.012
http://dx.doi.org/10.1088/0957-4484/21/22/225101
http://dx.doi.org/10.1088/0957-4484/21/22/225101
http://dx.doi.org/10.1088/0957-4484/21/22/225101
http://dx.doi.org/10.1088/0957-4484/21/22/225101
http://dx.doi.org/10.1021/am403940d
http://dx.doi.org/10.1021/am403940d
http://dx.doi.org/10.1021/am403940d
http://dx.doi.org/10.1021/am403940d
http://dx.doi.org/10.1021/am403940d
http://dx.doi.org/10.1016/j.ijbiomac.2020.12.005
http://dx.doi.org/10.1016/j.ijbiomac.2020.12.005
http://dx.doi.org/10.1016/j.ijbiomac.2020.12.005
http://dx.doi.org/10.3390/ph16070961
http://dx.doi.org/10.3390/ph16070961
http://dx.doi.org/10.3390/ph16070961
http://dx.doi.org/10.3390/ph16070961
http://dx.doi.org/10.3390/ph16070961
http://dx.doi.org/10.1016/j.ijantimicag.2012.08.010
http://dx.doi.org/10.1016/j.ijantimicag.2012.08.010
http://dx.doi.org/10.1016/j.ijantimicag.2012.08.010
http://dx.doi.org/10.1016/j.ijantimicag.2012.08.010
http://dx.doi.org/10.1016/j.ijantimicag.2012.08.010
http://dx.doi.org/10.1016/j.ijantimicag.2012.08.010
http://dx.doi.org/10.1016/j.ijantimicag.2012.08.010
http://dx.doi.org/10.1128/cmr.10.4.781
http://dx.doi.org/10.1128/cmr.10.4.781
http://dx.doi.org/10.1128/cmr.10.4.781
http://dx.doi.org/10.1039/c8ra06659k
http://dx.doi.org/10.1039/c8ra06659k
http://dx.doi.org/10.1039/c8ra06659k
http://dx.doi.org/10.1039/c8ra06659k
http://dx.doi.org/10.1039/c8ra06659k
http://dx.doi.org/10.1155/2022/6503929
http://dx.doi.org/10.1155/2022/6503929
http://dx.doi.org/10.1155/2022/6503929
http://dx.doi.org/10.1155/2022/6503929
http://dx.doi.org/10.1155/2022/6503929
http://dx.doi.org/10.1155/2022/6503929
http://dx.doi.org/10.1177/2472630320943126
http://dx.doi.org/10.1177/2472630320943126
http://dx.doi.org/10.1177/2472630320943126
http://dx.doi.org/10.1177/2472630320943126
http://dx.doi.org/10.1177/2472630320943126
http://dx.doi.org/10.2147/nsa.s438484
http://dx.doi.org/10.2147/nsa.s438484
http://dx.doi.org/10.2147/nsa.s438484
http://dx.doi.org/10.2147/nsa.s438484
http://dx.doi.org/10.2147/nsa.s438484
http://dx.doi.org/10.1142/s0219581x1100868x
http://dx.doi.org/10.1142/s0219581x1100868x
http://dx.doi.org/10.1142/s0219581x1100868x
http://dx.doi.org/10.1142/s0219581x1100868x
http://dx.doi.org/10.1016/j.micromeso.2020.110681
http://dx.doi.org/10.1016/j.micromeso.2020.110681
http://dx.doi.org/10.1016/j.micromeso.2020.110681
http://dx.doi.org/10.1016/j.micromeso.2020.110681
http://dx.doi.org/10.1016/j.micromeso.2020.110681
http://dx.doi.org/10.1016/j.ejpb.2020.03.015
http://dx.doi.org/10.1016/j.ejpb.2020.03.015
http://dx.doi.org/10.1016/j.ejpb.2020.03.015
http://dx.doi.org/10.1016/j.ejpb.2020.03.015
http://dx.doi.org/10.1016/j.ejpb.2020.03.015
https://linkinghub.elsevier.com/retrieve/pii/S0022354916300144
https://linkinghub.elsevier.com/retrieve/pii/S0022354916300144
https://linkinghub.elsevier.com/retrieve/pii/S0022354916300144
http://dx.doi.org/10.1080/21691401.2020.1850466
http://dx.doi.org/10.1080/21691401.2020.1850466
http://dx.doi.org/10.1080/21691401.2020.1850466
http://dx.doi.org/10.1080/21691401.2020.1850466
http://dx.doi.org/10.1080/21691401.2020.1850466
http://dx.doi.org/10.1080/21691401.2020.1850466
http://dx.doi.org/10.3390/md15030064
http://dx.doi.org/10.3390/md15030064
http://dx.doi.org/10.3390/md15030064

	Antibacterial Activity of Chitosan-Coated Mesoporous Silica Nanoparticles Loaded with Clindamycin an
	Abstract
	Keywords
	How to cite this article 
	INTRODUCTION 
	MATERIALS AND METHODS 
	Study Population 
	Synthesis and Characterization of Nanoparticles 
	Antibacterial Activity Assessment 
	Statistical Analysis 

	RESULTS AND DISCUSSION 
	Characteristics of Prepared Nanoparticles 
	Morphological Characteristics 
	Surface Area, Pore Size, and Pore Size Distribution 
	Particle Size, Distribution, and Zeta Potential 
	Crystalline Structure 
	Chemical Structure 
	Drug Loading Efficiency and Capacity 
	Drug Release from Nanoparticles 
	Antibacterial Activity 
	Microbroth Dilution Method 
	Well Diffusion Method 

	CONCLUSION 
	CONFLICT OF INTEREST 
	REFERENCES 

