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The escalating crisis of antimicrobial resistance (AMR), particularly in foodborne pathogens like non-
typhoidal Salmonella, necessitates innovative therapeutic strategies. This study first characterized
multidrug-resistant (MDR) Salmonella serovars isolated from poultry and clinical sources in Egypt,
confirming high resistance rates to gentamicin and ciprofloxacin, mediated by *aadA-2* and gnrA genes.
To overcome this challenge, we engineered a novel, multi-agent nano-delivery system designed for
synergy and controlled release. A Quality-by-Design (QbD) approach using a Box-Behnken design
optimized the formulation of chitosan-based nanoparticles encapsulating gentamicin, ciprofloxacin,
lysozyme, and MIL-53(Fe) metal-organic frameworks (MOFs). Molecular docking analysis supported the
dual antibacterial and anti-virulence potential of the system, showing strong binding of its components
to the Salmonella SipD invasion protein. The optimized hybrid nanoformulation exhibited favorable
characteristics: a particle size of 248 + 11 nm, a positive zeta potential (+33.8 mV), and efficient
encapsulation of all agents. It demonstrated superior in vitro antibacterial efficacy against MDR
Salmonella isolates, evidenced by the largest inhibition zone (19.33 + 1.76 mm), the lowest minimum
inhibitory concentration (MIC) (2.93 + 0.73 pg mL™) and minimum bactericidal concentration (MBC)
(4.40 £ 2.20 pg mL™Y) values, and a fractional inhibitory concentration index (FICI) of 0.15, confirming
strong synergy. Crucially, the formulation provided sustained release over 72 hours, fitting the Higuchi

diffusion model, in stark contrast to the rapid release of free drugs. The novelty of this work lies in the
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Accepted 2nd April 2026 rational design and statistical optimization of a chitosan-MOF hybrid system for the synergistic co-

delivery of two antibiotics with a membrane-disrupting enzyme, creating a potent, sustained-release

DOI: 10.1039/d5ra09975g weapon against MDR Salmonella. This platform promises enhanced therapeutic efficacy, reduced dosing

rsc.li/rsc-advances frequency, and a potential decrease in resistance development.
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The growing global demand for animal protein has led to an
intensified use of antimicrobials in poultry production for
therapy, prophylaxis, and growth promotion." This practice
exerts profound selective pressure, driving the emergence and
dissemination of antimicrobial-resistant (AMR) bacteria, such
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as non-typhoidal Salmonella. These pathogens pose a dual
threat: causing significant economic losses in poultry with
mortality rates up to 80% in chicks and acting as a major source
of foodborne zoonotic infections in humans, resulting in
millions of cases of gastroenteritis annually.>® Treatment of
severe infections relies on antibiotics like fluoroquinolones
(e.g., ciprofloxacin) and aminoglycosides (e.g., gentamicin).
However, rising resistance to these critical drugs, compounded
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by their inherent limitations such as the poor intracellular
penetration of gentamicin and the solubility issues and
systemic toxicities (e.g., nephrotoxicity, neurotoxicity) associ-
ated with both classes, has created a therapeutic impasse.*®

The choice of antimicrobial agents in this study was driven
by their clinical relevance and complementary mechanisms of
action. Gentamicin, an aminoglycoside antibiotic, was selected
because it is a first-line treatment for severe Salmonella infec-
tions; however, its clinical utility is increasingly compromised
by widespread resistance mediated by aminoglycoside-
modifying enzymes such as AadA-2, as well as its poor ability
to penetrate intracellular compartments where Salmonella
resides.® Ciprofloxacin, a fluoroquinolone, was chosen due to its
potent bactericidal activity against Gram-negative pathogens
through inhibition of DNA gyrase and topoisomerase IV.
Nevertheless, plasmid-mediated quinolone resistance genes
such as gnrA have significantly reduced their efficacy, and their
use is associated with dose-dependent toxicity concerns.” The
combination of gentamicin and ciprofloxacin was selected
based on evidence that these two antibiotic classes exhibit
synergistic activity when used together, as they target different
bacterial processes, including protein synthesis and DNA
replication, respectively, thereby reducing the likelihood of
resistance development.®

Lysozyme, a naturally occurring bacteriolytic enzyme, was
incorporated into the formulation for its ability to hydrolyze
glycosidic bonds in peptidoglycan, the structural polymer of
bacterial cell walls.” While Gram-negative bacteria like Salmo-
nella are protected by an outer membrane that limits lysozyme
access, we hypothesized that combining lysozyme with
membrane-disrupting agents would expose the underlying
peptidoglycan layer, enabling enzymatic degradation and
enhancing bacterial killing.® This “priming” strategy is central
to our multi-mechanistic approach. Recent studies have
demonstrated that engineering enzymes to penetrate the outer
membrane can render them highly bactericidal against Gram-
negative pathogens, supporting the rationale for combining
lysozyme with membrane-disrupting agents.*

Nanoencapsulation presents a promising strategy to revi-
talize existing antibiotics. By entrapping drugs within nano-
carriers, their pharmacokinetics can be optimized: enhancing
bioavailability, facilitating targeted delivery, enabling sustained
release to maintain effective concentrations, and reducing off-
target toxicity.® The choice of chitosan as the primary poly-
meric matrix was based on its well-documented biocompati-
bility, biodegradability, and mucoadhesive properties. Chitosan
is a cationic polysaccharide derived from chitin, and its positive
charge enables electrostatic interaction with negatively charged
bacterial membranes, contributing to its intrinsic antibacterial
activity.” Recent advances in chitosan nanoparticle synthesis
have demonstrated their efficacy as drug delivery vehicles, with
the ability to self-assemble into stable nanostructures that
enhance antimicrobial activity through membrane perturbation
mechanisms.'*

Furthermore, chitosan can be cross-linked with sodium tri-
polyphosphate (TPP) via ionic gelation to form stable nano-
particles under mild conditions, making it an ideal carrier for
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sensitive biomolecules like lysozyme.” Studies have shown that
quaternized chitosan derivatives exhibit enhanced stability in
enzyme-rich environments and effectively inhibit multidrug-
resistant bacteria through membrane disruption while pre-
venting resistance development.****

Metal-Organic Frameworks (MOFs) are a class of hybrid
materials composed of metal ions coordinated to organic
linkers, forming highly porous structures with enormous
surface areas. MIL-53(Fe), an iron-based MOF with terephthalic
acid as the organic linker, was specifically selected for several
reasons. First, its large pore volume and high surface area make
it exceptionally suitable for high-capacity drug loading, partic-
ularly for aromatic drugs like ciprofloxacin that can interact via
m-1 stacking with the benzene rings of the linker."> Recent
investigations of MIL-53(Fe) as an antibiotic-releasing material
have demonstrated its ability to adsorb and release penicillin G
through diffusion-controlled mechanisms, with the adsorption
involving multiple types of interactions between the drug and
the MOF framework." Second, iron is a biocompatible metal
that is endogenously regulated in biological systems, reducing
toxicity concerns. Iron-based MOFs have shown blood
compatibility and can be eliminated through urine and feces,
making them suitable for biomedical applications.” Third, the
gradual release of Fe’" ions from the MOF framework under
physiological conditions may contribute additional antibacte-
rial effects by generating reactive oxygen species (ROS) and di-
srupting bacterial membrane potential.'® Fourth, MIL-53(Fe)
has demonstrated good stability and controlled release prop-
erties in previous biomedical applications.” The structural
flexibility, high surface area, and abundant active sites of MIL-
53 make it particularly effective for drug delivery applications,
with the multidimensional network structure allowing adsorp-
tion of diverse organic molecules.*

The rationale for combining all these components into
a single hybrid nanosystem is rooted in the concept of multi-
mechanistic synergy. We hypothesized that the cationic chito-
san would electrostatically interact with the negatively charged
lipopolysaccharide (LPS) layer of the Salmonella outer
membrane, increasing its permeability. Concurrently, Fe** ions
released from the MIL-53(Fe) framework would further desta-
bilize membrane integrity. This combined membrane-priming
effect would then facilitate two critical events: (i) enhanced
penetration of lysozyme to reach and degrade the peptidoglycan
layer, and (ii) improved intracellular accumulation of genta-
micin and ciprofloxacin, overcoming the poor penetration that
limits their efficacy against intracellular pathogens. Recent
research has demonstrated that the peptidoglycan layer forms
a mechanical unit with the outer membrane, and disrupting
this unit through membrane permeabilization can render
Gram-negative bacteria susceptible to lysis.*»** Once inside the
bacterial cell, the two antibiotics would exert their comple-
mentary bactericidal effects on protein synthesis and DNA
replication, respectively. Furthermore, the porous structure of
MIL-53(Fe) provides an ideal reservoir for ciprofloxacin,
enabling sustained release, while the chitosan matrix entraps
the water-soluble gentamicin and lysozyme, allowing for
controlled delivery of all three agents from a single platform.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Studies of antibiotic-loaded nanoparticles have shown that
effective MIC50 values can be decreased by more than 50%
through nanoformulation, with synergistic combinations
further enhancing potency.****

This integrated approach offers several potential advantages
over conventional therapy: (i) synergistic enhancement of anti-
bacterial activity through simultaneous action on multiple
bacterial targets; (ii) overcoming existing resistance mecha-
nisms by combining agents with different modes of action and
by using physical membrane disruption that is not susceptible
to enzymatic inactivation; (iii) sustained release that maintains
therapeutic drug concentrations at the infection site while
reducing systemic toxicity; and (iv) potential anti-virulence
effects through interference with the Type III secretion
system, as suggested by our molecular docking studies.

Therefore, this study had two primary objectives: first, to
characterize the phenotypic and genotypic AMR profiles of
Salmonella isolates from poultry and clinical settings in Beni-
Suef, Egypt. Second, to develop, optimize, and comprehen-
sively evaluate a novel nanoformulation co-encapsulating
gentamicin, ciprofloxacin, and lysozyme within a chitosan-
MIL-53(Fe) hybrid matrix for synergistic and sustained action
against these MDR pathogens. Building upon our group's
previous work, which established the prevalence of MDR
Salmonella in poultry environments and the proof-of-concept
that bare metal-organic frameworks (MOFs) possess intrinsic
antibacterial activity, the current study represents a substantial
and multi-faceted advancement. Here, we move beyond the use
of simple MOFs as direct agents to introduce a rationally
designed, hybrid nano-delivery platform. This sophisticated
system leverages a MIL-53(Fe) MOF not as the primary killer,
but as a high-capacity, porous carrier within a chitosan matrix,
engineered for the synergistic co-delivery of two antibiotics and
a bacteriolytic enzyme. Unlike our previous work, this study
employs a Quality-by-Design (QbD) approach for statistical
optimization, delves into the powerful synergistic interactions
(FICI) between the five components, provides detailed kinetic
modeling of sustained drug release, and offers a molecular
rationale for the enhanced efficacy through computational
docking against a key bacterial virulence protein (SipD). This
multi-mechanistic strategy, combining potent bactericidal
action with a potential anti-virulence effect, represents a signif-
icant leap forward in the development of advanced therapeutic
platforms to combat the growing threat of MDR Salmonella.

2 Materials and reagents

2.1. Chemicals, reagents, and biologicals

Gentamicin sulfate (of potency =590 pg gentamicin per mg),
ciprofloxacin hydrochloride (of purity 98.78%), and lysozyme
from chicken egg white (of enzymatic activity =40 000 units per
mg) were procured from Sigma-Aldrich (St. Louis, MO, USA). Low
molecular weight chitosan (190 kDa, 75-85% deacetylated),
sodium tripolyphosphate (TPP, 85%), iron(m) chloride hexahy-
drate (FeCl;-6H,0, 97%), terephthalic acid (H,BDC, 98%), (DMF,
99.8%), glacial acetic acid (=99.7%), dimethyl sulfoxide (DMSO,
=99.9%), and absolute ethanol were purchased from Sigma-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Aldrich (St. Louis, MO, USA). Ampicillin (AMP, 10 pg), amoxi-
cillin-clavulanate (AMC, 30 pg), cefoxitin (CX, 30 ng), ceftriaxone
(CRO, 30 ng), nalidixic acid (NA, 30 pg), ofloxacin (OFX, 5 ug),
enrofloxacin (5 ug), amikacin (AK, 30 pg), co-trimoxazole (COT, 25
pg), doxycycline (DO, 30 pg), clindamycin (DA, 2 ng), erythro-
mycin (ERY, 15 pg), and fosfomycin (FO, 200 pg) were obtained
from Oxoid (Basingstoke, UK). Standard antibiotic discs were
purchased from HiMedia Laboratories (Mumbai, India).

Nutrient Agar (NA), Mueller-Hinton Agar (MHA), Mueller-
Hinton Broth (MHB), Tryptone Soya Broth (TSB), and Brain
Heart Infusion (BHI) broth and agar were all of microbiological
grade and purchased from Oxoid Ltd (Basingstoke, Hampshire,
United Kingdom).

The QIAamp DNA Mini Kit for genomic DNA extraction was
obtained from Qiagen (Hilden, Germany). EmeraldAmp® Max
PCR Master Mix (2x Premix) was purchased from Takara Bio
Inc. (Shiga, Japan). Custom oligonucleotide primers for *aadA-
2* and gnrA genes were synthesized by Metabion International
AG (Planegg, Germany). Agarose, ethidium bromide, and 100 bp
DNA ladder were sourced from Applied Chem GmbH (Darm-
stadt, Germany).

Sodium chloride, disodium hydrogen phosphate, and
sodium dihydrogen phosphate were of analytical grade from EI-
Nasr Pharmaceutical Chemicals Co. (Cairo, Egypt). All aqueous
solutions were prepared using deionized water (resistivity 18.2
MQ cm) from a Milli-Q® purification system (Merck Millipore).
Cellulose dialysis tubing (MWCO 12-14 kDa) was from Spec-
trum Labs (Rancho Dominguez, CA, USA).

2.2. Bacterial isolates and sample collection

A total of thirteen (13) confirmed Salmonella isolates
were utilized in this study. The isolates comprised a panel of
epidemiologically relevant Salmonella
typhimurium (n = 2), Salmonella enteritidis (n = 1), Salmonella
infantis (n = 1), Salmonella virchow (n = 2), Salmonella kentucky
(n = 2), Salmonella peniscola (n = 1), Salmonella grampian
(n = 1), and Salmonelia gueuletapee (n = 1). Eleven (11) isolates
were recovered from broiler chickens (Gallus domesticus).

serovars:

Samples were collected from birds aged 3-5 weeks, presenting
clinical signs indicative of salmonellosis, including diarrhea,
anorexia, dehydration, and pasty vents. The chickens were
sourced from random broiler farms employing a deep-litter
rearing system across different localities in the Beni-Suef
province, Egypt, between January and October 2024. Post-
mortem examinations were conducted under aseptic condi-
tions, and samples from internal organs specifically the gall
bladder, liver, bone marrow, and intestine were collected for
bacteriological analysis. Further, two (2) additional isolates
(S. typhimurium, and S. enteritidis) were obtained from stool
samples of inpatients diagnosed with gastroenteritis at the
Internal Medicine Department of Beni-Suef University Hospital,
Beni-Suef governorate, Egypt. These isolates were included to
assess the potential zoonotic link and cross-resistance patterns.

All specimens were processed in accordance with standard
sanitary guidelines where, the chicken samples collected in the
current study were officially approved by International Animal
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Care and Use Committee (IACUC) of Beni-Suef University with
reference number of 022-467. Also, after the sample collection
by slaughtering, the humane endpoints criteria included in the
ethical approval instructions were followed to prevent unnec-
essary suffering, and the samples were hygienically disposed.
For the human sampling (stool), informed consents from the
screened inpatients were obtained, and the samples were
gathered in the rules and guidelines of Institutional Review
Board (IRB) of Beni-Suef University with reference number of
022-467. Further, both type of samples, poultry and human
ones, were immediately transported to the laboratory and pro-
cessed for the bacteriological schemes.

Salmonella isolation and biochemical identification were
performed wusing established methodologies.”>*® Briefly,
samples were pre-enriched in Buffered Peptone Water, selec-
tively enriched in Rappaport-Vassiliadis and Tetrathionate
broths, and plated on Xylose Lysine Deoxycholate (XLD) and
Hektoen Enteric (HE) agars. Presumptive colonies were
confirmed biochemically. All confirmed Salmonella isolates
were preserved on Nutrient Agar slopes at 4 °C in the Laboratory
of Hygiene and Zoonoses, Faculty of Veterinary Medicine, Beni-
Suef University, for subsequent analyses.

2.3. Antimicrobial susceptibility testing and MAR index
determination

The antimicrobial susceptibility profiles of all Salmonella
isolates were determined using the standard Kirby-Bauer disk
diffusion method, performed in strict compliance with the
guidelines of the Clinical and Laboratory Standards Institute.”
Briefly, 2-3 well-isolated colonies from an overnight culture on
Nutrient Agar (NA; Merck, Germany) were emulsified in 5 mL of
sterile 0.85% saline to achieve a turbidity equivalent to the 0.5
McFarland standard (approximately 1.5 x 10° CFU mL™'). A
sterile cotton swab was dipped into the standardized suspen-
sion and used to inoculate the entire surface of a Mueller-
Hinton Agar (MHA; Merck, Germany) plate to obtain a confluent
lawn of growth. Antibiotic disks (n = 15) were aseptically placed
on the inoculated plates, which were then incubated at 37 °C for
16-18 hours. The diameters of the inhibition zones (including
the disk diameter) were measured to the nearest millimeter
using a caliper.

The following antibiotic disks (Oxoid, UK) from eight major
classes were tested including B-lactams:ampicillin (AMP, 10 pg),
amoxicillin-clavulanate (AMC, 30 ng); cephalosporins:cefoxitin
(CX, 30 png), ceftriaxone (CRO, 30 pg); quinolones/
fluoroquinolones:nalidixic acid (NA, 30 pg), ciprofloxacin (CIP,
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5 pg), ofloxacin (OFX, 5 ng), enrofloxacin (5 pg); amino-
glycosides:gentamicin (GEN, 10 pg), amikacin (AK, 30 ng);
sulfonamides:trimethoprim-sulfamethoxazole (COT, 25 pg);
tetracyclines:doxycycline (DO, 30 pg); lincosamide-
s:clindamycin (DA, 2 pg); macrolides:erythromycin (ERY, 15 pg);
and phosphonic acids:fosfomycin (FO, 200 pug). Escherichia coli
ATCC 25922 were used as a quality control strain.

The Multiple Antibiotic Resistance (MAR) index was calcu-
lated for each isolate using the formula: MAR index = a/b, where
‘@’ is the number of antibiotics to which the isolate is resistant,
and ‘b’ is the total number of antibiotics tested.?® Isolates with
an MAR index > 0.2 were classified as multidrug-resistant
(MDR).>®

2.4. Molecular detection of antimicrobial resistance genes

2.4.1. Genomic DNA extraction. Genomic DNA was extrac-
ted from pure overnight cultures of each Salmonella isolate
using the QIAamp DNA Mini Kit (Qiagen, Germany) according
to the manufacturer's protocol. The concentration and purity of
the extracted DNA were assessed using a NanoDrop™ 2000
spectrophotometer (Thermo Fisher Scientific, USA).

2.4.2. Polymerase chain reaction (PCR) amplification. PCR
was performed to detect genes conferring resistance to
aminoglycosides (*aadA-2*) and fluoroquinolones (gnrA).
The primer sequences, target amplicon sizes, and specific
annealing temperatures are listed in Table 1. Each 25 pL PCR
reaction mixture contained 12.5 pL of 2x EmeraldAmp® MAX
PCR Master Mix (Takara, Japan), 1 uL of each forward and
reverse primer (20 pmol uL "), 4.5 uL of nuclease-free water,
and 6 uL of DNA template (~50 ng). Amplification was carried
out in a Veriti™ 96-Well Thermal Cycler (Applied Biosystems,
USA) under the following conditions: initial denaturation at
95 °C for 5 min; followed by 35 cycles of denaturation at 95 °C
for 30 s, primer annealing at the temperature specified for 45 s,
and extension at 72 °C for 45 s; with a final extension at 72 °C for
7 min.

2.4.3. Gel electrophoresis and visualization. The PCR
products (10 puL per sample) were mixed with 6x loading dye
and separated by electrophoresis on a 1.5% (w/v) agarose gel
(Applichem, Germany) prepared in 1x TBE buffer, alongside
a 100 bp DNA ladder (GeneRuler, Thermo Scientific). Electro-
phoresis was performed at a constant voltage of 80 V for 45-60
minutes. The gels were stained with ethidium bromide (0.5 pg
mL™"), visualized under ultraviolet light, and photographed
using a Gel Documentation System (Alpha Innotech, USA).

Table 1 Primers used for the amplification of antimicrobial resistance genes in Salmonella isolates

Target gene Primer sequence (5 — 3') Amplicon size (bp) Annealing temp. (°C) Reference
*aadA-2* F: TGTTGGTTACTGTGGCCGTA 622 50 30

R: GATCTCGCCTTTCACAAAGC
gnrA F: ATTTCTCACGCCAGGATTTG 516 52 31

R: GATCGGCAAAGGTTAGGTCA
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Table 2 Phenotypic and genotypic antimicrobial resistance profiles of Salmonella isolates

No. of antibiotics MAR Resistance

Sample key Serovars Source resistant Resistance phenotype index genes

1 S. typhimurium Stool 12 CX, GN, EX, DA, NA, OFX, AK, AMP, 0.80 aadA2, qnrA
DO, AMC, CRO, CIP

2 S. typhimurium Bone 11 CX, GN, DA, NA, OFX, AK, AMP, DO, 0.73 aadA2, qnrA

marrow CRO, ERY, CIP

3 S. typhimurium Liver 7 CX, DA, NA, OFX, AK, CIP, AMP 0.47 aadA2, qnrA

4 S. enteritidis Liver 13 CX, GN, DA, NA, EX, OFX, AK, CIP, AMP, 0.87 aadA2, qnrA
DO, COT, CRO, ERY

5 S. enteritidis Stool 10 CX, GN, DA, NA, DO, AMC, COT, CRO, 0.67 aadA2, qnrA
ERY, CIP

6 S. infantis Intestine 10 GN, DA, AK, AMP, DO, AMC, COT, CRO, 0.67 aadA2, qnrA
ERY, CIP

7 S. kentucky Liver 14 CX, GN, DA, NA, OFX, AK, AMP, DO, 0.93 aadA2, qnrA
AMC, COT, CRO, ERY, FO, CIP

8 S. virchow Gallbladder 9 CX, EX, DA, NA, CIP, AMP, COT, CRO, 0.60 aadA2, qnrA
ERY

9 S. pensacola Liver 10 CX, GN, DA, NA, AK, AMP, DO, CRO, ERY, 0.67 aadA2, qnrA
CIP

10 S. grampian Liver 8 CX, GN, DA, AK, AMP, DO, CRO, ERY 0.53 aadA2, qnrA

11 S. kentucky Intestine 9 CX, GN, DA, NA, CIP, AMP, COT, CRO, 0.60 aadA2, qnrA
ERY

12 S. virchow Liver 8 CX, GN, DA, AMP, DO, CRO, ERY, CIP 0.53 aadA2, qnrA

13 S. gueuletapee Liver CX, GN, NA, AK, AMP, DO, CRO, ERY, CIP 0.60 aadA2, qnrA

2.5. Synthesis and preparation of nanoformulation
components

2.5.1. Synthesis of MIL-53(Fe) metal-organic framework.
The iron-based metal-organic framework MIL-53(Fe) was
synthesized via a modified solvothermal method to ensure high
crystallinity and purity. In a typical synthesis, iron(u) chloride
hexahydrate (FeCls-6H,0, 5.40 mmol, 1.46 g) and terephthalic
acid (H,BDC, 5.40 mmol, 0.90 g) were dissolved in 50 mL of
anhydrous N,N-dimethylformamide (DMF) under vigorous
magnetic stirring for 30 minutes. The homogeneous mixture
was then transferred to a 100 mL Teflon-lined stainless-steel
autoclave. The sealed autoclave was heated in a program-
mable oven at 150 °C for 24 hours under autogenous pressure
and subsequently allowed to cool naturally to room tempera-
ture.” The resulting orange-brown crystalline product was
recovered by centrifugation at 8000 rpm for 10 minutes and
subjected to a rigorous purification protocol to remove
unreacted precursors and solvent molecules. This involved
three consecutive wash cycles: first with fresh DMF, then with
absolute ethanol, and finally with deionized water, each fol-
lowed by centrifugation. To activate the MOF and evacuate the
pores, the washed product was immersed in absolute ethanol
for 24 hours, collected, and then dried under vacuum at 120 °C
for 12 hours.

2.5.2. Preparation of chitosan solution. A foundational
chitosan solution was prepared with precise control over poly-
mer concentration. Low molecular weight chitosan flakes were
accurately weighed and gradually added to a 1% (v/v) aqueous
acetic acid solution to achieve a final concentration of 0.5% (w/
v). Dissolution proceeded under continuous magnetic stirring
at 600 rpm and 40 °C for a minimum of 12 hours to ensure

© 2026 The Author(s). Published by the Royal Society of Chemistry

complete chain disentanglement, resulting in a clear, viscous,
and homogeneous solution. The pH of the final chitosan solu-
tion was adjusted to 5.0 £ 0.1 using 1 M sodium hydroxide. This
specific pH is critical as it maintains the cationic nature of the
chitosan amine groups, which is essential for subsequent ionic
cross-linking and antibacterial activity. The solution was
filtered through a 0.45 pm syringe filter to remove any undis-
solved particulates and stored at 4 °C until use within 48
hours.’»*

2.5.3. Preparation of drug stock solutions. Individual stock
solutions of the active pharmaceutical ingredients were
prepared at precise concentrations to ensure accurate dosing
during nanoformulation assembly. Gentamicin sulfate was di-
ssolved in 1: 1 (v/v) mixture of PBS (Phosphate Buffer Saline, pH
7.4) and milliQ water to obtain a clear stock solution of 10 mg
mL . Ciprofloxacin hydrochloride, due to its limited solubility
in water, was first dissolved in a minimal volume of 0.2% acetic
acid solution, which was then diluted with deionized water to
achieve a final concentration of 5 mg mL™'. Lysozyme was di-
ssolved in 0.2% acetic acid solution to a concentration of 10 mg
mL~" to maintain its enzymatic activity and stability. All drug
stock solutions were prepared fresh on the day of nanoparticle
synthesis, protected from light, and sterilized by filtration
through a 0.22 pm membrane filter.

2.5.4. Preparation of sodium tripolyphosphate cross-
linking solution. The ionic cross-linker solution was prepared
by dissolving sodium tripolyphosphate (TPP) in deionized water
to a concentration of 1.0 mg mL ™. The pH of the TPP solution
was adjusted to 8.0 using 0.1 M sodium hydroxide to enhance
the anionic character of the phosphate groups, thereby opti-
mizing the electrostatic interaction with the protonated amine
groups of chitosan during nanoparticle formation. This
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solution was also filtered through a 0.22 pm membrane and
used immediately.***

2.6. Quality-by-design optimization and synthesis of the
nanoformulation

A systematic Quality-by-Design approach using a three-factor,
three-level Box-Behnken Design was employed for optimiza-
tion via Minitab® 21 software. The independent variables were:
chitosan concentration (0.5, 1.0, 1.5 mg mL~"), TPP concen-
tration (0.4, 0.7, 1.0 mg mL "), and MIL-53(Fe) concentration
(0.5, 1.5, 2.5 mg mL "). The ecritical quality attributes
(responses) were: particle size, zeta potential, and the encap-
sulation efficiency of gentamicin, ciprofloxacin, and lysozyme.*®

The design generated 17 experimental runs. For each run,
hybrid nanoparticles were synthesized via an integrated ionic
gelation and adsorption method. A specified mass of MIL-53(Fe)
was dispersed in the ciprofloxacin solution via probe sonica-
tion. This suspension was added to the chitosan solution, fol-
lowed by the addition of gentamicin and lysozyme stocks. After
two hours of stirring, nanoparticle formation was induced by
the dropwise addition of the TPP solution under vigorous stir-
ring for 60 minutes. The suspension was centrifuged, the pellet
was washed and resuspended in deionized water.

2.6.1. Characterization of optimized formulation. The
crystalline structure of the prepared materials was analyzed by
X-ray diffraction (XRD) using a Bruker D8 Advance diffractom-
eter (Germany) with Cu Ka. radiation (A = 1.5406 A) operated at
40 kv and 40 mA over a 26 range of 5-80°. Functional groups
and intermolecular interactions were identified by Fourier
transform infrared (FTIR) spectroscopy using a Shimadzu
IRSpirit spectrometer (Japan) in the 4000-400 cm ™' range with
the KBr pellet method.

Surface morphology was examined by field-emission scan-
ning electron microscopy (FE-SEM) using a Zeiss Sigma 500
microscope (Germany), and elemental composition and distri-
bution were determined by energy-dispersive X-ray spectroscopy
(EDS) and elemental mapping.

The hydrodynamic particle size, polydispersity index (PDI),
size distribution, surface charge, and colloidal stability of the
optimized encapsulated formulation were evaluated by
Dynamic Light Scattering (DLS) and zeta potential measure-
ments using a Zetasizer Ultra (Malvern Panalytical Ltd, Malvern,
UK). All measurements were performed at room temperature.

To ensure accurate particle sizing in the presence of water-
soluble drugs (gentamicin and lysozyme), a rigorous sample
preparation method was developed. Before DLS measurement,
the nanoparticle suspension was subjected to two successive
centrifugation-washing cycles at 8000 rpm for 10 minutes to
remove any unencapsulated free drug that could potentially
interfere with the measurement. After each centrifugation, the
supernatant containing free drug was discarded, and the
nanoparticle pellet was gently resuspended in fresh deionized
water. Control experiments were performed to validate this
approach, including DLS measurements of: (i) free drug solu-
tions at concentrations equivalent to those used in the formu-
lation, (ii) empty nanoparticles without drug, and (iii) physical
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mixtures of empty nanoparticles with free drug. These controls
confirmed that free drug solutions produced no detectable
scattering signal and that the washing procedure effectively
eliminated interference from unencapsulated drug.

For size validation, Transmission Electron Microscopy (TEM)
was performed using a JEOL JEM-2100 operating at 200 kV. A
drop of the diluted nanoparticle suspension was placed on
a carbon-coated copper grid and allowed to adsorb for 2
minutes, after which excess liquid was removed with filter
paper. The grid was air-dried at room temperature, and images
were captured at various magnifications. A minimum of 200
particles were measured across multiple fields using Image] to
generate a number-based size distribution and to confirm the
morphology of the nanoparticles.

2.6.2. Preparation of the optimized encapsulating formula.
The optimal nanoformulation (Encapsulating Formula (EF))
was synthesized as described in Section 2.5 using the following
parameters derived from the statistical optimization including
chitosan at 1.28 mg mL ™", TPP at 0.41 mg mL ™", and MIL-53(Fe)
at 1.89 mg mL~". The final EF suspension was stored at 4 °C.

The encapsulation efficiency was determined indirectly using
an HPLC 1260 Infinity II instrument provided by a quaternary
pump, a DAD detector, and an autosampler (Agilent, USA).

Each of ciprofloxacin,® lysozyme*® and gentamicin®* were
quantified by RP-HPLC-DAD in the supernatant separately. EE%
was calculated as:

VVinitial drug — Wfree drug

EE% = % 100 (1)

VVinilial drug
where Winial drug 1S the total mass of the drug added to the
formulation, and Weee drug is the mass of the unencapsulated
drug detected in the supernatant after centrifugation. This is
a standard equation for determining encapsulation efficiency in
nanoparticle systems.*’

2.7. Invitro release study and kinetic modeling

This study aimed to quantitatively evaluate and compare the
controlled-release capability of the optimized nano-formulation
against the rapid release profile of the free, unencapsulated
drugs.

2.7.1. Preparation of release medium and test formula-
tions. A phosphate-buffered saline (PBS) medium (0.1 M, pH
7.4) was prepared by dissolving sodium chloride (8.0 g), sodium
phosphate monobasic (0.24 g), and sodium phosphate dibasic
(1.44 g) in one liter of distilled water. The final pH was adjusted
to 7.40 % 0.05 using 0.1 M solutions of hydrochloric acid or
sodium hydroxide.** For the comparative release analysis, two
distinct test samples were prepared including the Encapsulated
Drug Group, consisting of 2 mL of the final optimized chitosan/
MIL-53(Fe) nano-formulation suspension, and the Free Drug
Group, comprising an aqueous solution containing precise
equivalent masses of gentamicin sulfate, ciprofloxacin hydro-
chloride, and lysozyme. The total drug mass in both samples
was standardized to 2 mg.

The release kinetics were assessed simultaneously for both
groups using the dialysis bag method under perfect sink
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conditions. Regenerated cellulose dialysis bags with a molec-
ular weight cut-off (MWCO) of 14 kDa were pre-hydrated in the
PBS medium overnight. The 2 mL volume of each test sample
(encapsulated and free) was separately sealed within a dialysis
bag. Each bag was then immersed in an individual glass vessel
containing 100 mL of the pre-warmed PBS release medium (37.0
=+ 0.5 °C). The vessels were placed in a thermostated shaking
incubator maintained at a constant agitation of 100 rpm.

Aliquots (1 mL) were withdrawn from the external release
medium surrounding each dialysis bag at predetermined time
intervals: 5, 15, 30, and 60 minutes, followed by 2, 4, 6, 8, 12, 24,
48, and 72 hours. Immediately after each withdrawal, an equal
volume of fresh, pre-warmed PBS was replenished to maintain
a constant volume and preserve sink conditions. The collected
samples were filtered through a 0.22 um nylon syringe filter and
stored at 4 °C prior to analysis. The concentrations of released
ciprofloxacin, gentamicin and lysozyme were determined using
validated reverse-phase HPLC-PDA method detailed in Section
2.6.2.

Cumulative release percentages were calculated comparing
optimized encapsulated formulation against an unencapsu-
lated one.

Drug release at time ¢, cumulative drug release (%) were
calculated as follow:

Released drug at time t = C, x V (2)
where, C, represents the drug concentration at time ¢ (mg

mL "), V represents volume of the dissolution medium (mL).

released drug at time ¢
initial amount of drug loaded

x 100

Cumulative drug release(%) =

(3)

The calculation of cumulative drug release is performed
according to standard methods for in vitro dissolution studies.**

2.7.2. Invitro release kinetics. Various release kinetics
models were applied including zero-order kinetics (constant
release rate),” first-order kinetics (release rate depends on the
amount of drug remaining),* Korsmeyer-Peppas Model (Power
Law),*” Higuchi model (diffusion-controlled release) to give
insight into the release mechanism either through diffusion,
swelling, or erosion of the encapsulated formulation®® using the
following equations:

M, = Moo + kot (4)
M,
M; =1—eh (5)
M, .
M. kypt (6)
M, = kH\/Z (7)

M, = amount of drug released at time ¢, M., = initial amount of
drug, k, = zero-order rate constant k; = first-order rate constant,
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n is the release exponent that indicates the release mechanism, ¢
= time, kxp = Korsmeyer-Peppas rate constant, ky; = Higuchi
rate constant (depends on properties like the diffusion coeffi-
cient, solubility, and surface area).

2.8. Antimicrobial evaluation of the nanoformulation and
its components

2.8.1. Preparation of bacterial inoculum. The preserved
MDR Salmonella isolates were first revitalized by streaking onto
Nutrient Agar (NA) plates and incubating at 37 °C for 18-24
hours. Subsequently, a single colony from each isolate was
inoculated into 5 mL of Tryptone Soya Broth (TSB; Thermo
Fisher Scientific, Code: CM0129B) and incubated at 37 °C for 18
hours with shaking (150 rpm). Following incubation, 3-4
distinct colonies from the fresh NA plates were suspended in
sterile 0.85% saline solution, and the turbidity was adjusted to
match the 0.5 McFarland standard, yielding a bacterial
suspension of approximately 1.5 x 10° colony-forming units
per mL (CFU per mL).

2.8.2. Preparation of test materials. The following mate-
rials were evaluated for their individual and combined anti-
bacterial activity:

Lysozyme, chitosan (dissolved in 2.0% (v/v) acetic acid), MIL-
53(Fe) MOF nanoparticles, gentamicin (pure drug), ciprofloxa-
cin (pure drug), The optimized encapsulating formula (EF)
(chitosan/MIL-53(Fe) nanoparticles loaded with gentamicin,
ciprofloxacin, and lysozyme).

All compounds, except chitosan, were initially suspended in
10.0% (v/v) dimethyl sulfoxide (DMSO; Oxoid) to prepare
primary stock solutions. A working concentration of 1000 pg
mL~" for each test material (and the EF) was prepared by further
dilution in sterile distilled water. All suspensions were vortexed
thoroughly and sonicated for 5 minutes in a Q125 sonicator
(125 W, 20 kHz; QSonica, USA) to ensure homogeneity and
proper dispersion of nanoparticles.

2.8.3. Agar well diffusion assay. The qualitative antibacte-
rial activity was assessed using the agar well diffusion method
as described by Balouiri et al. (2016).*” Briefly, 15 mL of steril-
ized Mueller-Hinton Agar (MHA) was poured into sterile Petri
dishes and allowed to solidify. The standardized bacterial
suspension (1.5 x 10° CFU mL ") was swabbed uniformly over
the entire surface of the agar plates using a sterile cotton swab.
Wells of 6 mm diameter were aseptically punched into the
inoculated agar using a sterile micropipette tip. Subsequently,
40 pL of each test material (1000 pug mL™") or the EF was care-
fully dispensed into individual wells. The plates were allowed to
stand at room temperature for 45 minutes to permit pre-
diffusion of the agents, and then incubated at 37 °C for 24
hours. The diameters (in mm) of the resulting inhibition zones,
including the well diameter, were measured using a digital
caliper. Each assay was performed in triplicate for each bacterial
isolate, and the results are expressed as mean =+ standard error
of the mean (SEM).

2.8.4. Determination of minimum inhibitory concentra-
tion (MIC) and minimum bactericidal concentration (MBC).
The quantitative antibacterial efficacy was determined using the
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standard broth macrodilution method in accordance with CLSI
guidelines.*® Two-fold serial dilutions of each test material and
the EF were prepared in Brain Heart Infusion (BHI) broth
(Oxoid, UK) across a concentration range of 500 pg mL " to
0.156 pg mL™" in sterile test tubes. Each tube was inoculated
with an adjusted bacterial suspension to achieve a final inoc-
ulum density of approximately 1.5 x 10°> CFU mL ™' (derived
from a 1:100 dilution of the 0.5 McFarland standard). The
tubes were incubated at 37 °C for 24 hours. The MIC was
recorded as the lowest concentration of the agent that
completely inhibited visible bacterial growth.

To determine the MBC, 50 pL aliquots from tubes showing
no visible growth (including the MIC tube and concentrations
above it) were subcultured onto fresh BHI agar plates. The
plates were incubated at 37 °C for 24 hours. The MBC was
defined as the lowest concentration of the agent that resulted in
=99.9% killing of the initial inoculum (i.e.,, no growth on
subculture).* Sterile, non-inoculated BHI broth served as
a negative control, and inoculated BHI broth without any anti-
microbial agent served as a positive control. All tests were per-
formed in triplicate. The MBC/MIC ratio was calculated to
determine the nature of the antibacterial activity: a ratio of =4
was considered bactericidal, while a ratio of >4 indicated
bacteriostatic activity.

2.8.5. Assessment of synergistic effect. The synergistic
effect of the combined components within the optimized EF
was quantitatively evaluated using the Fractional Inhibitory
Concentration (FIC) index.** The FIC for each individual
component in the combination was calculated as follows:

MICgr

FICx = MICx

where MICgr is the MIC of the complete encapsulating formula,
and MICx is the MIC of component X (L: Lysozyme, M: MIL-
53(Fe), C: Chitosan, CIP: Ciprofloxacin, GEN: Gentamicin)
when tested alone.

The FIC Index (FICI) was then determined as the sum of the
individual FIC values for all components:

FICI = S FICx

The interaction was interpreted as follows: synergy (FICI < 0.5),
additivity (0.5 < FICI = 1), indifference (1 < FICI = 4), or
antagonism (FICI > 4).

2.8.6. Statistical analysis. The antibacterial activity data
(inhibition zones, MICs, MBCs) were analyzed using one-way
Analysis of Variance (ANOVA) followed by Tukey's post hoc test
for multiple comparisons. All statistical analyses were per-
formed using SPSS software (Version 22.0; IBM Corp., USA).
Data are presented as mean £+ SEM. A probability value (p) of
less than 0.05 was considered statistically significant.

2.9. Computational docking analysis

To gain a molecular-level understanding of the potential inter-
actions between the nanoformulation components and a key
bacterial virulence factor, computational docking was per-
formed against the SipD protein (PDB: 2YM9) from Salmonella
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typhimurium. SipD is a critical component of the Type III
secretion system (T3SS) injectisome, essential for host cell
invasion.

The three-dimensional structures of the ligands were
modeled using the Molecular Operating Environment software
(MOE, 2015.10). The ligands included: ciprofloxacin, genta-
micin, p-glucosamine (the repeating monomeric unit of chito-
san), and terephthalic acid (the organic linker of MIL-53).
Florfenicol was used as a reference control drug.

The crystal structure of SipD (2YM9) was prepared for
docking using the Protonate 3D protocol in MOE. All water
molecules were removed, and hydrogen atoms were added. The
co-crystallized ligand was used to define the active binding site.
The docking protocol was validated by re-docking the native
ligand, yielding a root-mean-square deviation (RMSD) of <2.0 A,
confirming the reliability of the method.

Docking simulations were performed using the Triangle
Matcher placement method and the London dG scoring func-
tion. For each compound, the pose with the most favorable
(most negative) docking score (kcal mol ') was selected. The
specific interactions (hydrogen bonds, ionic bonds, etc.)
between the ligand and key amino acid residues in the SipD
binding pocket were analyzed and visualized using MOE and
BIOVIA Discovery Studio Visualizer.**

3 Results and discussion

3.1. Phenotypic and genotypic characterization of MDR
Salmonella isolates

Thirteen Salmonella isolates, encompassing eight epidemio-
logically significant serovars (Typhimurium, Enteritidis, Infan-
tis, Virchow, Kentucky, Peniscola, Grampian, and Gueuletapee)
from poultry and clinical sources, demonstrated extensive
antimicrobial resistance. All isolates exhibited multidrug-
resistant (MDR) phenotypes, with S. kentucky displaying the
broadest spectrum, being resistant to 14 of the 15 tested anti-
biotics across eight classes (Table 2). Critically, 100% of isolates
showed phenotypic resistance to both gentamicin and ciprofl-
oxacin. This resistance was genotypically corroborated by the
universal detection of the aminoglycoside resistance gene
*aadA-2* (622 bp) and the plasmid-mediated quinolone resis-
tance gene gnrA (516 bp), as shown in Fig. 1. The average
Multiple Antibiotic Resistance (MAR) index was 0.58 (range:
0.53-0.93), with values >0.7 for several isolates indicating origin
from environments with intensive, non-therapeutic antibiotic
use.

Several studies studied the drug resistance pattern of
Salmonella including; Chea et al. (2025) in Cambodia,”® who
reported a significantly MDR of Salmonella isolates of poultry
for three to five antimicrobial classes including a moderate
resistance against fluoroquinolones, and lower resistance
against aminoglycosides whereas, higher pattern of resistance
against B-lactams, tetracyclines, and sulfonamides. Also, Basu-
ony et al. (2024),** in Egypt investigated that the majority
Salmonella serovars from poultry internal organs revealed
resistant to at least three antimicrobial drugs from various
antimicrobial classes with an extreme resistance against

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09975g

Open Access Article. Published on 16 April 2026. Downloaded on 4/22/2026 11:21:06 AM.

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

(cc)

Paper

Aada-2

EOE T ]

Fig. 1 Molecular detection of *aadA-2* and gnrA resistance genes.
Representative agarose gel image of PCR products from Salmonella
isolates shows specific amplicons for the aminoglycoside resistance
gene *aadA-2* (622 bp) and the quinolone resistance gene gnrA (516
bp). Lane L: 100 bp DNA ladder; Neg: negative control; Pos: positive
control; lanes 1-9: tested Salmonella isolates.

ampicillin and clindamycin, and variable resistance pattern
against gentamicin, ciprofloxacin, cefotaxime, tetracycline, and
amakicin with MAR indices ranged from 0.214 to 0.786. Also,
Abdel-Maksoud et al. (2015) in Egypt reported that poultry
samples exhibited a high rate of drug resistance against ampi-
cillin, tetracycline, sulphamethoxazole, and nalidixic acid.*
Besides, Kanu et al.(2024),°® who reported that S. Typhimurium
from poultry origins emphasized a high resistant rates to
ampicillin, ceftazidime and chloramphenicol, cefuroxime,
cefotaxime, sulphamethoxazole/trimethoprim and amoxicillin-
clavulanic acid but less resistant to gentamicin, ofloxacin,
ciprofloxacin and they recorded MAR indices of 0.8 values.
Also, Muhammed et al. (2010) reported that Salmonella
isolate from a poultry farm in Jos, Nigeria was resistant to
gentamicin and ciprofloxacin.”” However, Rushdy et al. (2013)
reported that 58 Salmonella isolates, showed resistance to most
tested antibiotics especially the fluoroquinolone group®® where
S. Typhimurium was resistant to all tested 20 antibiotics namely:
aminoglycosides group (gentamycin and amikacin), B-lactams
group (ampicillin, ampicillin/sulbactam, amoxicillin/clavulanic
acid, piperacillin, piperacillin/tazobactam, cefotaxime,
ceftriaxone, ceftazidime, cefepime, imipenem, aztreonam),
phenicols (chloramphenicol), sulfa drug group (sulfametha-
zine), and Enteritidis emphasized a resistant indicators to the
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same  antibiotic sulfamethoxazole
trimethoprim.

Antimicrobials are widely utilized in chicken production for
therapy, prophylaxis, metaphylaxis, and growth promotion
(Boeckel et al. 2015).”> The most regularly used antimicrobials
are P-lactams, tetracyclines, sulfonamides, aminoglycosides,
and fluoroquinolones. Furthermore, around 80.0% of animals
used for food production, including poultry are administrated
antibiotics at all points in their lives. This raises the possibility
that antibiotic residues will be detected in edible organs espe-
cially liver in its patent forms promote carcinogenicity, muta-
genicity, bone marrow toxicity, and propagation drug resistance
throughout the food chain. Additionally, Khalafalla et al. (2022)
in Egypt reported that 60.0% of the chicken meat samples
included antibiotic residues, namely for enrofloxacin, oxytet-
racycline, and sulfadimidine.®® Also, the widespread and inap-
propriate use of antimicrobials has contributed to the
establishment and dissemination of resistance genotypes
among enteric bacteria, including Salmonella (Cao et al.,
2020),* especially through mobile elements such as plasmids
transfer among various microbial species. These findings
highlight the potential risks associated with AMR transmission
in the food chain and emphasize the necessity of the urgent
surveillance and the immediate intervention strategies to
control AMR in animals.

The universal co-occurrence of resistance to these critically
important antimicrobials, mediated by mobile genetic
elements, presents a severe therapeutic challenge and under-
scores a significant zoonotic risk. This finding provided the
imperative for developing an advanced delivery system capable
of overcoming these specific resistance mechanisms.

categories  except

3.2. Quality-by-design optimization of the hybrid
nanoformulation

A Quality-by-Design (QbD) approach, employing a three-factor,
three-level Box-Behnken Design (BBD), was implemented to
rationally engineer the hybrid nanoformulation. The indepen-
dent variables were chitosan concentration (4: 0.5-1.5 mg
mL™"), sodium tripolyphosphate (TPP) concentration (B: 0.4-
1.0 mg mL™ "), and MIL-53(Fe) concentration (C: 0.5-2.5 mg
mL ™). The critical quality attributes (CQAs) defined for opti-
mization were particle size (Y;), zeta potential (Y,), and the
encapsulation efficiency (EE%) of gentamicin (Y3), ciprofloxacin
(Y4), and lysozyme (Y5).

The experimental data from 17 runs were fitted to quadratic
models. Analysis of Variance (ANOVA) confirmed the high
statistical significance (p < 0.0001) and adequacy of all models.
The final polynomial equations in terms of coded factors are
presented below, where positive coefficients indicate a syner-
gistic effect and negative coefficients indicate an antagonistic
effect on the response:

Particle size (nm): ¥; = 195.0 + 52.54 + 7.5B + 25.0C + 26.04>
+6.08> + 11.5C

Zeta potential (mV): Y, = 31.0 — 2.04 — 7.0B — 1.0C — 1.04>
- 1.0B°
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EEY% gentamicin: Y3 = 64.0 + 7.04 — 8.0B + 1.0C — 1.04°
- 3.08> - 1.0C?

EEY% ciprofloxacin: Y, = 76.0 + 1.04 — 0.5B + 12.5C + 0.54°
+1.0C?

EE% lysozyme: Ys = 38.0 + 6.04 — 3.0B + 3.0C + 1.54>
—1.5B> - 0.5C?

The ANOVA results, summarized in Table S1, provide
detailed statistical validation for each model. The exceptionally
low p-values (p < 0.0001) and high R? values confirm that the
models are highly significant and explain a great majority of the
variability in the data. The close agreement between the
adjusted R*> and predicted R®> values supports the models'
robustness for prediction. This statistical validation confirms
that the derived polynomial equations are reliable tools for
understanding factor effects.

The models served as a precise diagnostic tool, quantifying
the influence of each factor and their interactions on the CQAs.
These relationships were further visualized through three-
dimensional response surface and two-dimensional contour
plots (Fig. 2-6), which were critical for interpreting the complex
design space. Particle size (Fig. 2) was predominantly and
positively influenced by chitosan concentration (linear coeffi-
cient: +52.5), consistent with its role as the primary polymeric
matrix determining nanoparticle growth. A notable positive
interaction with MIL-53(Fe) concentration was also observed.
Zeta potential (Fig. 3) was most strongly and negatively affected
by TPP concentration (coefficient: —7.0). This is attributed to
the neutralization of the cationic chitosan amine groups by the
anionic cross-linker, underscoring the need to optimize TPP
levels to maintain sufficient positive charge for colloidal
stability.

Regarding encapsulation efficiency, the models revealed
distinct loading mechanisms. Gentamicin EE% (Fig. 4) was
favorably influenced by chitosan (+7.0) but strongly hindered by
TPP (—8.0), suggesting entrapment within the chitosan matrix
that is compromised by excessive cross-linking. In stark
contrast, ciprofloxacin EE% (Fig. 5) was overwhelmingly
dependent on MIL-53(Fe) concentration (+12.5), providing
quantitative proof of its primary adsorption into the MOEF's
porous architecture via -7 stacking and coordination inter-
actions. Lysozyme EE% (Fig. 6) showed a dual dependency, with
positive effects from both chitosan (+6.0) and the MOF (+3.0).

Guided by the statistical models and their visual represen-
tations in Fig. 2-6, a multi-response numerical optimization
was performed. The goal was to identify the factor levels that
simultaneously minimized particle size, maximized zeta
potential, and maximized the EE% of all three active agents.

This analysis yielded the definitive optimal formulation
parameters: chitosan at 1.28 mg mL ™', TPP at 0.41 mg mL ™},
and MIL-53(Fe) at 1.89 mg mL ™.

To confirm the reliability of the quadratic models and ensure
that the predicted optimal formulation could be reproduced
experimentally, validation runs were performed in triplicate at
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the optimal factor levels. The experimental values for all five
responses were within 2.5% of the model predictions (particle
size: 248 £+ 11 nm vs. 242.5 nm predicted; zeta potential: +33.8 +
1.7 mVvs. +34.2 mV predicted; EE% gentamicin: 68.5 &= 2.4% vs.
69.3% predicted; EE% ciprofloxacin: 85.1 £+ 1.9% vs. 86.0%
predicted; EE% lysozyme: 39.7 + 2.1% vs. 40.5% predicted). All
experimental results fell within the 95% prediction intervals
calculated by the software. Residual analysis confirmed
normality and constant variance, and the low coefficients of
variation (% CV < 6%) across triplicate runs demonstrated good
reproducibility. These results confirm that the QbD approach
successfully identified a robust formulation region and that the
predicted data are accurate and achievable under laboratory
conditions.

3.3. Characterization of the optimized nanoformulation

The XRD patterns of the prepared materials are shown in
Fig. 7a. Pristine chitosan exhibits a broad diffraction peak at 26
=~ 19.9°, characteristic of its semi-crystalline nature, which
originates from hydrogen bonding between polymer chains. In
the composite, distinct peaks corresponding to the crystalline
metal-organic framework MIL-53(Fe) are observed at low angles
(26 = 10.7° and 11.5°), which align with reported literature.®>*
Specifically, the peaks at 26 = 11.5° and 19.6° are conclusively
assigned to the (200) and (—110) crystallographic planes of MIL-
53(Fe), respectively.** The presence of these MIL-53(Fe) peaks
and the simultaneous absence of other major phases in the
composite confirm that the framework's crystal structure is
preserved following its incorporation into the chitosan matrix
and subsequent loading with biomolecules and drugs.

Furthermore, an intense diffraction peak at 20 = 72° is
attributed to highly crystalline iron oxide phases, likely formed
from a partial structural transformation of MIL-53(Fe). The
persistence and sharpness of this peak indicate the presence of
well-ordered Fe-O domains embedded within the chitosan-
based hybrid matrix.®® The lack of sharp diffraction features
for lysozyme and the loaded drugs (ciprofloxacin and genta-
micin) suggests they are in an amorphous state when immo-
bilized within the polymeric/porous composite, which is
indicative of successful encapsulation or surface immobiliza-
tion—a state often favorable for biological activity.

FTIR spectroscopy was conducted to identify the functional
groups present in the prepared biomaterials (Fig. 7b). The
spectrum for pure lysozyme (Lys) displays characteristic protein
bands: a broad band at 3293 cm ™" (overlapping O-H and N-H
stretches), a peak at 1652 cm ™" (amide I, C=O stretch), and
a peak at 1534 cm™ ' (amide II, N-H bend).®®

The spectrum of pristine chitosan (Ch) shows a broad peak
between 3442 and 3142 cm™!, attributed to -OH and -NH,
stretching vibrations and surface-bound water. Absorption
peaks at 1642 cm ™' and 1402 cm " are assigned to the carbonyl
(C=0) stretch and amine deformation mode, respectively.®”
Very weak peaks near 2932 and 2859 cm ™" are likely linked to
C-H stretching in the glucosamine units.*®

The FTIR results for the final composite clearly demonstrate
the successful fabrication of a multifunctional Ch/MIL-53

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Response surface (3D) and contour (2D) plots showing the interactive effects of formulation variables on nanoparticle particle size (Y3). (A)
Response surface and (B) contour plot of chitosan (A) and TPP (B) at fixed MIL-53(Fe) (C, center level). (C) Response surface and (D) contour plot
of chitosan (A) and MIL-53(Fe) (C) at fixed TPP (B, center level). (E) Response surface and (F) contour plot of TPP (B) and MIL-53(Fe) (C) at fixed

chitosan (A, center level).

material loaded with Lys, ciprofloxacin (CIP), and gentamicin
(Gent). The observed band shifts and broadening in the
composite spectrum confirm strong intermolecular interactions
(e.g., hydrogen bonding, electrostatic) during the loading
process. These interactions support the enhanced stability and

© 2026 The Author(s). Published by the Royal Society of Chemistry

suitability of the composite for controlled antimicrobial or
biomedical applications.

The FE-SEM micrographs of the Ch/MOF composite are
presented in Fig. 8(a and b). At low magnification (Fig. 8a), the
morphology reveals a heterogeneous surface where MIL-53
nanocrystals are evenly distributed and enveloped by a closely

RSC Adv, 2026, 16, 19991-20014 | 20001
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connected polymeric film, due to hydrogen bonding between
chitosan and the MOF.*7° Higher magnification (Fig. 8b) clearly
shows characteristic rod- or needle-like crystals, confirming the
successful growth of MIL-53 frameworks. These micro-rods are
randomly oriented and densely distributed. The chitosan poly-
mer appears as an irregular, rough, and agglomerated

20002 | RSC Adv, 2026, 16, 19991-20014

background matrix that embeds and anchors the MOF crystals,
indicating good interfacial interaction.

Images of the drug-loaded sample (Ch/MOF/Lys/Gent/CIP) in
Fig. 8(c and d) show that the incorporated drugs are well-
dispersed within the material's pores. The observed surface
roughness and particle clustering support successful drug

© 2026 The Author(s). Published by the Royal Society of Chemistry
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incorporation and encapsulation within a porous structure
formed by thin Ch/MOF walls. The final material's porous
architecture, comprising random and irregular macropores, is
conditioned by the properties of the precursor solutions and the
loading conditions.”*”

The elemental composition and distribution were analyzed
by EDX and mapping (Fig. 8e-i). The images demonstrate
a homogeneous distribution of iron (Fe), nitrogen (N), and

© 2026 The Author(s). Published by the Royal Society of Chemistry

carbon (C) throughout the matrix. This uniformity confirms the
effective integration of MIL-53(Fe) and the consistent loading of
ciprofloxacin, gentamicin, and lysozyme within the chitosan
scaffold. Such homogeneity is critical for achieving enhanced
material stability, controlled drug release, and synergistic
antimicrobial performance.

Nanoparticles synthesized at the optimal point exhibited
excellent characteristics (Table S2). Particle size analysis was

RSC Adv, 2026, 16, 19991-20014 | 20003
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Response surface (3D) and contour (2D) plots illustrating the interactive effects of formulation variables on the encapsulation efficiency

(EE%) of ciprofloxacin (Y4). (A) Response surface and (B) contour plot of MIL-53(Fe) (C) and TPP (B) at fixed chitosan (A, center level). (C) Response
surface and (D) contour plot of MIL-53(Fe) (C) and chitosan (A) at fixed TPP (B, center level). (E) Response surface and (F) contour plot of TPP (B)

and chitosan (A) at fixed MIL-53(Fe) (C, center level).

performed using Dynamic Light Scattering (DLS) with a Malvern
Zetasizer Ultra. To ensure accurate particle sizing in the pres-
ence of water-soluble drugs (gentamicin and lysozyme),
a rigorous sample preparation method was developed. Before
DLS measurement, the nanoparticle suspension was subjected
to two successive centrifugation-washing cycles (8000 rpm, 10
minutes) to remove any unencapsulated free drug that could

20004 | RSC Adv, 2026, 16, 19991-20014

potentially interfere with the measurement. The supernatant
was discarded, and the pellet was resuspended in deionized
water after each wash. Control experiments confirmed that free
drug solutions at equivalent concentrations produced no
detectable scattering signal, and that physical mixtures of
empty nanoparticles and free drug exhibited bimodal distri-
butions, validating the necessity and effectiveness of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Response surface (3D) and contour (2D) plots illustrating the interactive effects of formulation variables on the encapsulation efficiency
(EE%) of lysozyme (Ys). (A) Response surface and (B) contour plot of chitosan (A) and TPP (B) at fixed MIL-53(Fe) (C, center level). (C) Response
surface and (D) contour plot of TPP (B) and MIL-53(Fe) (C) at fixed chitosan (A, center level). (E) Response surface and (F) contour plot of chitosan

(A) and MIL-53(Fe) (C) at fixed TPP (B, center level).

washing procedure. Encapsulation efficiency measurements
(68.5% for gentamicin, 85.1% for ciprofloxacin, 39.7% for
lysozyme) further confirmed that the majority of the drug was
associated with the nanoparticles rather than free in solution.

Following this washing procedure, DLS measurements were
performed on properly diluted samples (100-fold in filtered
deionized water) at 25 °C with a backscattering angle of 173°.
Each measurement comprised 12-15 runs, and results repre-
sent the mean of three independent measurements (n = 3). The
derived count rate remained stable at 285.6 £ 12.4 keps with an

© 2026 The Author(s). Published by the Royal Society of Chemistry

optimized attenuator index of 7-8, and the correlation func-
tions exhibited smooth, single-exponential decay with clean
baselines, confirming the absence of aggregation or dust
contamination. The reported value of 248 £+ 11 nm represents
the Z-average hydrodynamic diameter, which is the intensity-
weighted mean size and the standard reporting parameter for
DLS according to ISO 22412:2017. The Polydispersity Index
(PDI) was 0.21 + 0.02, indicating a narrow and relatively
monodisperse size distribution. The low coefficient of variation

RSC Adv, 2026, 16, 19991-20014 | 20005
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Fig.7
shows the chemical structures of CIP, Gent, and Lys.

(<5%) across replicate measurements further validated the
reproducibility and reliability of the size data.

To provide orthogonal validation of the particle size, Trans-
mission Electron Microscopy (TEM) was performed on the
optimized formulation. TEM imaging revealed spherical nano-
particles with measured core diameters of approximately
210 nm and 230 nm (Fig. 8j and k, indicated by arrows). This
closely agrees with the DLS hydrodynamic diameter of 248 nm.
The slight discrepancy (approximately 15%) is expected and
well-documented, as DLS measures the hydrated particle
including the polymer corona and solvation layer, while TEM
measures the dried core in a vacuum. The close agreement
between these two independent techniques confirms the reli-
ability of both methods and validates the particle size
determination.

Collectively, these multiple lines of evidence, including
rigorous washing to remove free drug, stable DLS measurement
parameters, reproducible correlation functions, low coefficient
of variation, and independent TEM validation confirm that the
sharp size distribution observed in Fig. 81 authentically repre-
sents a highly monodisperse nanoparticle population achieved
through the optimized Quality-by-Design formulation parame-
ters, rather than measurement artifacts or free drug
interference.

The high positive zeta potential of +33.8 + 1.7 mV ensures
strong electrostatic repulsion between particles, predicting
superior colloidal stability and prolonged shelf-life, as shown in
Fig. 81 and m. Most critically, the formulation achieved efficient
co-encapsulation of all three antimicrobials: 68.5 + 2.4% for
gentamicin, 85.1 &+ 1.9% for ciprofloxacin, and 39.7 £+ 2.1% for
lysozyme. The high EE% for ciprofloxacin directly validates the
model's prediction of MIL-53(Fe)-driven loading.

The successful application of QbD and RSM transformed the
formulation from an empirical trial-and-error process into

20006 | RSC Adv, 2026, 16, 19991-20014
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(a) XRD patterns of the pristine materials and the prepared composite. (b) FTIR spectra of Lys, MIL-53(Fe), Ch, and the composite. The inset

a rational engineering exercise. It quantitatively elucidated the
complex interactions between components, allowing for the
deliberate creation of a nano-platform with predefined, optimal
properties tailored for multi-agent delivery.

3.4. Molecular docking analysis predicts interactions with
a virulence-associated target

To complement the physico-chemical and biological evalua-
tions and provide a molecular-level rationale for the observed
synergistic efficacy, in silico molecular docking was performed
against the SipD protein (PDB: 2YM9) from Salmonella typhi-
murium. SipD is a critical component of the Type III secretion
system (T3SS) injectisome, essential for host cell invasion.
Targeting this virulence factor represents a potential strategy to
disarm the pathogen in addition to killing it.

The docking results, summarized in Table 3, revealed
distinct binding affinities for the components of our nano-
formulation compared to the reference drug florfenicol. Flor-
fenicol exhibited a docking score of —4.51 kcal mol
interacting moderately with Lys182 and Lys188 (Fig. 9A). In
contrast, the antibiotic payloads of our system demonstrated
superior predicted binding. Ciprofloxacin docked with a score
of —4.96 kcal mol ", forming an extensive network of hydrogen
and ionic bonds with critical residues, including Glu237,
Lys182, Lys188, and Lys276 (Fig. 9B). Most notably, gentamicin
demonstrated the strongest binding affinity among all tested
compounds, with a score of —5.58 kcal mol ™. Its complex was
stabilized by a robust hydrogen-bonding network involving
Ser236, Glu237, GIn233, Ser278, and Glu281, alongside key
ionic interactions (Fig. 9C). This suggests that, beyond their
primary mechanisms of action (DNA gyrase inhibition and
ribosomal targeting, respectively), these antibiotics may possess
a secondary, previously underappreciated capacity to interfere
with the T3SS virulence apparatus by binding to SipD.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 FE-SEM micrographs of the Ch/MOF composite: (a and b)
morphology at different magnifications showing MOF crystals within
the chitosan matrix. (c and d) Morphology of the drug-loaded
composite  (Ch/MOF/Lys/Gent/CIP). (e—i) Corresponding EDX
elemental mapping showing the distribution of C, N, and Fe; (j and k)
TEM images of the drug-loaded composite (Ch/MOF/Lys/Gent/CIP)
showing spherical nanoparticles with measured core diameters of
approximately 210 nm and 230 nm (indicated by arrows). (1) Particle
size distribution and (m) zeta potential measurements of the optimized
Ch/MOF/Lys/Gent/CIP nanoparticles.

Interestingly, the nanocarrier components themselves also
showed notable, though moderate, binding potential. b-
Glucosamine, representing the chitosan polymer, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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terephthalic acid, the organic linker of MIL-53(Fe), docked with
scores of —4.31 and —4.01 kcal mol ", respectively (Fig. 9D and
E). This finding implies that the carrier is not a pharmacologi-
cally inert vehicle. The cationic chitosan and the MOF frame-
work, upon degradation or sustained interaction at the
infection site, could release moieties (glucosamine oligomers,
terephthalate) that may act as auxiliary anti-virulence agents,
potentially perturbing the assembly or function of the T3SS.

These computational insights significantly strengthen the
mechanistic hypothesis of our hybrid nanoformulation. The
exceptional antibacterial synergy observed (Section 3.6) may
thus be attributed to a concerted four-pronged attack: (1) the
sustained, co-localized release of gentamicin and ciprofloxacin,
which not only inhibit essential bacterial processes but may
also directly disrupt the cell invasion machinery by binding
SipD; (2) the immediate membrane-disrupting action of
cationic chitosan and released Fe®" ions, compromising the
outer membrane permeability barrier; (3) the enzymatic
degradation of the exposed peptidoglycan layer by lysozyme;
and (4) the potential auxiliary interference with virulence factor
assembly by the carrier degradation products. This multi-
mechanistic strategy, combining bactericidal and potential
anti-virulence actions, creates a formidable challenge for MDR
Salmonella, overwhelming both its defensive (resistance genes)
and offensive (virulence factors) capabilities. It provides
a compelling molecular rationale for why the nanoformulation
remains effective against isolates harboring *aadA-2* and gnrA
resistance genes and offers a sophisticated approach to reduce
the likelihood of future resistance development by applying
simultaneous, multi-target pressure.

3.5. Sustained release profile and kinetic analysis

The in vitro release study provides definitive evidence of the
fundamental advantage conferred by nanoencapsulation: the
transformation of rapidly diffusing drug molecules into
a controlled, sustained-release delivery system. The free drug
combination exhibited a classic burst release profile, charac-
terized by the unhindered diffusion of >85% of all agents
through the dialysis membrane within the first 2 hours. In stark
and direct contrast, the optimized chitosan-MIL-53(Fe) nano-
formulation demonstrated a biphasic and prolonged release
over the entire 72-hour study period. A moderated initial release
(~25% within 6 hours) was followed by a sustained, near-linear
phase, culminating in final cumulative releases of 69.2 + 3.1%
for gentamicin, 59.8 + 2.8% for ciprofloxacin, and 48.5 + 2.5%
for lysozyme (Fig. 10A-C). This dramatic divergence under-
scores the nano-carrier's role as a functional rate-controlling
matrix.*

Kinetic modeling was employed to quantify these observed
differences and elucidate the underlying release mechanisms
(Table 4). For the free drugs, release was best described by the
Korsmeyer-Peppas model, with release exponents (n)
approaching 1.0, indicating a rapid, relaxation-controlled
process typical of an unimpeded solution. Conversely, the
release from the nanoformulation for all three agents was most
accurately modeled by the Higuchi model (R*> > 0.98),
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Table 3 Docking analysis of nanoformulation components against SipD (Salmonella typhimurium, PDB: 2YM9)

Compound/representation

Docking score (kcal mol ™)

Key interacting amino acid residues

Florfenicol (reference) —4.51
Ciprofloxacin —4.96
Gentamicin —5.58
p-Glucosamine (chitosan unit) —4.31
Terephthalic acid (MIL-53 linker) —4.01
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Fig.9 Molecular docking interactions of 3rd structure selected compounds with SipD from Salmonella typhimurium (PDB: 2YM9). (A) Florfenicol
(reference drug) showing moderate binding via hydrogen-bond and ionic interactions with Lys182, Lys188, and Lys276. (B) Ciprofloxacin
exhibiting enhanced stabilization through multiple hydrogen-bond and ionic interactions involving Glu237, Lys182, Lys188, and Lys276. (C)
Gentamicin displaying the strongest binding, supported by an extensive hydrogen-bond network with Ser236, Glu237, GIn233, Ser278, Glu281,
and Lys279. (D) Terephthalic acid showing weak interactions with Lys188 and Lys276. (E) Chitosan represented by p-glucosamine, forming

hydrogen bonds mainly with Lys182 and Lys188.

confirming that the primary release mechanism is Fickian
diffusion from within the nanoparticle matrix. A more nuanced
analysis using the Korsmeyer-Peppas model revealed agent-
specific transport dynamics within the hybrid carrier. The
release exponent for encapsulated gentamicin was 0.41,
consistent with a process dominated by simple Fickian diffu-
sion. In contrast, the exponents for encapsulated ciprofloxacin
(0.58) and lysozyme (0.63) indicate anomalous (non-Fickian)
transport, governed by a coupled mechanism of drug diffu-
sion and time-dependent swelling or relaxation of the hydrated
chitosan-MOF composite.

The successful control of drug release is clearly shown by the
much slower release rates of the nanoencapsulated agents
compared to the free drugs (Table 4). This designed release
profile offers significant advantages for how the drug behaves in
and acts on the body. The quick, all-at-once release of free drugs
leads to a pattern of very high drug levels (which can be toxic),
followed by a rapid drop to levels that are too low to be effective.

20008 | RSC Adv, 2026, 16, 19991-20014

This cycle of peaks and troughs is a well-known factor that
encourages bacteria to develop resistance. In contrast, the slow,
steady release from the nanoformulation is intended to keep
drug levels consistently above the level needed to kill bacteria
for a long time after just one dose. This explains the stronger
antibacterial effect we observed and offers a thoughtful strategy
to improve treatment success while reducing the chance that
multidrug-resistant Salmonella will become even harder to treat.
The different ways each drug is released also confirm the smart
design of the hybrid nanoparticle system.

3.6. Enhanced and synergistic antibacterial efficacy

The antibacterial activity of individual components and the
final optimized Encapsulating Formula (EF) was rigorously
evaluated (Fig. 11A-C). Individually, each agent exhibited
limited potency against the MDR isolates, which aligns with the
moderate to high MIC values (60-500 pg mL™ ") reported in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In vitro cumulative release profile (mean + SD, n = 3) of (A) lysozyme, (B) ciprofloxacin, (C) gentamicin from encapsulated (nano-

chitocan-MIL-53 MOF composite) and free formulations in phosphate-buffered saline (PBS) medium (0.1 M, pH 7.4) at 37 °C over 72 h.

Table 4 Fitted parameters from kinetic modeling of in vitro drug release data

Drug/formulation Zero-order R” (ko) First-order R* (k,) Higuchi R (ky) Korsmeyer-Peppas R” (kp, 1)
Gentamicin (free) 0.712 (2.81) 0.885 (0.041) 0.823 (15.73) 0.998 (0.92, 0.95)
Gentamicin (encaps.) 0.850 (0.43) 0.902 (0.005) 0.992 (4.12) 0.975 (0.12, 0.41)
Ciprofloxacin (free) 0.698 (2.65) 0.879 (0.038) 0.815 (14.85) 0.999 (0.95, 0.98)
Ciprofloxacin (encaps.) 0.832 (0.31) 0.894 (0.003) 0.985 (3.28) 0.968 (0.09, 0.58)
Lysozyme (free) 0.721 (2.22) 0.862 (0.031) 0.801 (12.41) 0.997 (0.89, 0.90)
Lysozyme (encaps.) 0.818 (0.22) 0.881 (0.002) 0.981 (2.51) 0.962 (0.07, 0.63)

previous studies for chitosan, gentamicin, and ciprofloxacin
against various Salmonella serovars.”*”® Reports on the intrinsic
activity of MIL-53(Fe) alone are also mixed, with some studies
showing minimal effect, and lysozyme is known to have weaker
direct activity against Gram-negative bacteria due to the
protective outer membrane.”® In contrast, the integrated EF
demonstrated a profound and statistically significant
enhancement in potency, transforming these moderately active
components into a formidable therapeutic agent.

The EF produced a significantly larger inhibition zone (19.33
+ 1.76 mm) and, most importantly, achieved MIC and MBC
values (2.93 and 4.40 pg mL™", respectively) that were over 25-
fold lower than those of the individual antibiotics.

All MBC/MIC ratios were =2.5, confirming a potent bacteri-
cidal effect. The Fractional Inhibitory Concentration Index
(FICI) was calculated to be 0.15, providing irrefutable quanti-
tative evidence of strong synergy (FICI < 0.5).””

This exceptional activity stems from a rationally designed,
multi-mechanistic, and sequential attack that overcomes the

© 2026 The Author(s). Published by the Royal Society of Chemistry

limitations of each component alone. First, the cationic chito-
san electrostatically disrupts the negatively charged lipopoly-
saccharide (LPS) of the outer membrane, altering permeability
and causing cell leakage.””® Concurrently, Fe®" ions released
from the MIL-53(Fe) framework further destabilize the
membrane potential and integrity.** This “priming” of the
bacterial envelope enables lysozyme to hydrolyze glycosidic
bonds in the exposed peptidoglycan layer, thereby inducing cell
wall damage and lysis.*

The compromised cellular envelope dramatically improves
the penetration and intracellular accumulation of the encap-
sulated antibiotics. This is particularly vital for gentamicin,
which alone suffers from poor intracellular penetration that is
a key limitation in treating Salmonella infections, where the
pathogen resides within macrophages.®* Once inside, genta-
micin inhibits protein synthesis by binding the 30S ribosomal
subunit, while ciprofloxacin halts DNA replication by targeting
DNA gyrase and topoisomerase IV.**** The combination of these
two antibiotics is known to be effective in managing systemic
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Fig. 11 Encapsulating formula demonstrates superior antibacterial activity through synergistic effects. (A) Zone of inhibition (mm) showing
enhanced activity of encapsulating formula (EF, 19.33 + 1.76 mm) versus individual components (8.00-10.67 mm). (B) Minimum bactericidal
concentration (MBC, ng mL™Y) indicating a marked reduction in the required bactericidal dose for the encapsulating formula (MBC: 4.40 + 2.20)
relative to individual agents (C) minimum inhibitory concentration (MIC, png mL™%) demonstrating significantly lower inhibitory concentration of
the encapsulating formula (MIC: 2.93 + 0.73) compared to the tested components. Data are presented as mean + SEM (n = 3). Statistical
significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, while ns denotes non-significant differences (one-way ANOVA with Tukey's post

hoc test).

salmonellosis,®” and here, their co-localization and enhanced
delivery potentiate this effect.

This coordinated, multi-target strategy effectively over-
whelms bacterial defenses, circumventing the efflux (gnrA) and
enzymatic inactivation (*aadA-2*) mechanisms that rendered
our isolates phenotypically resistant. The sustained release
profile of the EF ensures this synergistic assault is maintained
at the infection site, prolonging the therapeutic effect and
crucially reducing the potential for resistance development by
avoiding prolonged exposure to sub-inhibitory drug concen-
trations. Thus, the nanoformulation not only restores the effi-
cacy of first-line antibiotics but does so through an intelligent,
multi-pronged mechanism that addresses both intrinsic and
acquired resistance.

4 Study limitations and future
perspectives

4.1. Study limitations

Despite the promising findings, several limitations should be
acknowledged. First, the antibacterial efficacy of the developed
nanoformulation was demonstrated only under in vitro condi-
tions. Although these results provide strong preliminary
evidence of its antimicrobial potential, the therapeutic perfor-
mance of the system under physiological conditions remains to
be validated in appropriate in vivo infection models.

Second, the present work did not evaluate the potential
cytotoxicity of the chitosan-MOF hybrid nanoparticles toward
mammalian cells. While Chitosan and MIL-53(Fe) are generally

20010 | RSC Adv, 2026, 16, 19991-20014

considered biocompatible materials, the biological effects of
their combined nanoformulation require careful assessment.
Comprehensive toxicological studies including cytotoxicity
assays, hemocompatibility evaluation, and histopathological
analysis are therefore necessary to confirm the safety profile of
the system.

Third, the mechanistic insights regarding anti-virulence
activity were primarily derived from computational predic-
tions. Although molecular docking suggested potential inter-
action with the Salmonella SipD protein involved in the Type III
secretion system, these findings remain theoretical and require
experimental confirmation.

Finally, the long-term physicochemical stability of the opti-
mized nanoparticles under different storage conditions was not
systematically investigated. Stability studies are important to
determine shelf life and ensure consistent performance during
storage and potential practical application.

4.2. Future perspectives

Future research should focus on translating the promising in
vitro findings into in vivo therapeutic validation. Studies using
poultry infection models of Salmonella should be conducted to
evaluate pharmacokinetics, biodistribution, therapeutic effi-
cacy, and safety of the developed nanoformulation.

Further investigations are also needed to validate the
proposed anti-virulence mechanism. Experimental studies such
as gene expression analysis (e.g., QRT-PCR) of Type III secretion
system genes and host-cell invasion assays could confirm

© 2026 The Author(s). Published by the Royal Society of Chemistry
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whether the formulation effectively disrupts bacterial virulence
pathways.

In addition, comprehensive toxicological profiling should be
performed to establish the biocompatibility of the hybrid
nanosystem, including cellular toxicity assays and long-term
safety evaluations.

From a translational perspective, future work should also
address formulation stability, large-scale synthesis, and
manufacturing feasibility to facilitate potential veterinary
applications. Optimizing scalable production while maintain-
ing the critical quality attributes established through the
Quality by Design strategy will be essential for practical
implementation.

Overall, addressing these aspects will strengthen the devel-
opment of this multi-agent nano-delivery platform and support
its advancement toward real-world applications for combating
multidrug-resistant bacterial infections in veterinary and public
health settings.

5 Conclusion

This study successfully addressed a critical dual challenge in
veterinary and public health. First, it confirmed the widespread
prevalence of multidrug-resistant Salmonella in poultry
production, with isolates exhibiting resistance to critically
important antibiotics like gentamicin and ciprofloxacin, medi-
ated by *aadA-2* and gnrA genes. Second, to combat this threat,
a novel and rationally engineered nano-strategy was developed.
Using a systematic Quality-by-Design approach, an optimal
hybrid nanoformulation was created that synergistically co-
encapsulated two antibiotics (gentamicin and ciprofloxacin)
and a membrane-disrupting enzyme (lysozyme) within a chito-
san-metal-organic framework (MIL-53(Fe)) matrix. The result-
ing nanoparticles possessed favorable physicochemical
properties (248 nm, +33.8 mV) and demonstrated a controlled,
sustained release profile over 72 hours, contrasting sharply with
the rapid diffusion of free drugs. The nanoformulation exhibi-
ted dramatically enhanced in vitro antibacterial activity against
the MDR Salmonella isolates, with MIC values over 25-fold lower
than the free drugs. This superior efficacy was driven by strong
synergistic interactions among its components (FICI = 0.15),
enabling a multi-mechanistic attack that overcame existing
resistance mechanisms. Computational docking further sup-
ported this multi-target strategy, suggesting potential interfer-
ence with bacterial virulence through binding to the SipD
protein of the Type III secretion system. By combining syner-
gistic antimicrobials with a sustained-release carrier, this work
presents a promising advanced delivery platform to enhance
therapeutic outcomes in poultry, potentially reduce treatment
frequency, mitigate resistance development, and lower the risk
of zoonotic transmission.
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