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ABSTRACT

Multidrug-resistant (MDR) Acinetobacter baumannii and Klebsiella pneumoniae cause serious hospital-acquired
infections, for which colistin is often one of the final treatment options. However, its clinical utility is hindered
by dose-related toxicity and resistance development. In this study, chitosan—colistin nanoparticles (CS—Col NPs)
were fabricated using the ionic gelation technique as an alternative delivery platform for 4. baumannii therapy.
The particles were analyzed using dynamic light scattering (DLS), scanning electron microscopy (SEM), X-ray
diffraction (XRD), and UV-visible spectroscopy. DLS revealed a hydrodynamic diameter of 245 nm with a
polydispersity index of 0.26, whereas SEM imaging showed a dry-state diameter of 348 nm. The zeta potential of
+25.6 mV indicated good colloidal stability. XRD patterns contained broad peaks at ~10° associated with chitosan
and a sharp peak at ~29° attributed to crystalline colistin, suggesting a semi-crystalline composite structure. UV—
visible analysis showed a distinct absorption peak at ~298 nm with greater intensity than blank nanoparticles,
confirming efficient drug loading. Antimicrobial assessment using broth microdilution revealed a minimum
inhibitory concentration (MIC) of 0.25 pg/mL for CS—Col NPs, half that of free colistin, with a fractional
inhibitory concentration (FIC) index of 0.5 indicating synergy. Compared with recent nanoparticle systems
reported in the literature, the formulation achieved smaller particle size, narrower distribution, higher stability,
and equal or superior antibacterial enhancement, highlighting its potential as a safer and more effective colistin
delivery system.

KEYWORDS: Nano-antibiotic synthesis, chitosan Nanoparticle, Antibacterial, Characterization, Multi-drug
Resistant

1. INTRODUCTION

Nanomaterial’s' exceptional mechanical, optical, electrical, and chemical properties make them a valuable tool in
medicine and pharmaceuticals for sensitive biological molecule detection, safer and more precise imaging of
injured tissues, and novel therapeutics. '. Nano medicine is an emerging field that deals with the usage of
medicine/drugs at Nano scale level to treat different disease. The US Food and Drug Administration has already
granted approval for several chitosan nanoparticle-based products to be used in wound healing. Different
combination ofantibiotics with chitosan like Tigecycline or Meropenem, Meropenem was successfullycombined
with tigecycline and chitosan to treat MDR 4. baumannii infections. The numerous uses of chitosan nanoparticles
are effective drug carriers that are easily mutable owing to their biocompatibility and biodegradability, such as
loading protein pharmaceuticals, gene therapeutics, and anticancer chemical therapies via many modes of
administration, such as oral, nasal, intravenous, and ocular, they've sparked a lot of attention as anew drug delivery
strategy® 3. The irrational use of the last drug of choice Colistin will develop a drastic situation in the therapeutic
field. Therefore, the current project was designed to develop a chitosannanoparticle-based drug that enhances the
efficiency of Colistin at a low dosage against Acinetobacter baumannii.

Acinetobacter baumannii is an aerobic, pleomorphic, gram-negative bacillus. The term Acinetobacter, which is
Greek for "nonmotile," was first introduced by Brisou and Prévotin 1954. Persistent hospital stays, exposure to
intensive care units (ICUs), mechanical breathing, colonization pressure, antibiotic exposure, continuing surgery,
invasive operations, and the severity of the patient's original disease are among the factors that might lead to
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nosocomial infections caused by Acinetobacter species.*. When treating patients who are hospitalized, the
difficulties of treating bacteria that are multidrug resistant continue to be at the center of clinicians' practice. Some
strains of A. baumannii are resistant to the majority of antibiotics, including carbapenems and first-line antibiotics.
When other antibiotics fail to kill A. baumannii, sulbactam and colistin antimicrobial treatments can still
sometimes be effective. Even more challenging are scientific and therapeutic choices because to the pathogen's
distinct and unexpected susceptibility patterns and treatment resistance. The following are A. baumannii defense
mechanisms:

Antibiotic-inactivating enzymes due to mutations in the enzymes that inactivate antibiotics,bacteria's ability to reach
their target site is reduced, and the target or cellular activities arealtered. Bacterial entrance into the target site is
reduced, and mutations can alter the targetsite's or a cell's function® ®, carbapenem-resistant A. baumannii(CRAB),
which is now emerging as a potential threat ° 7, is typically resistant to almost all antimicrobial classes 7. Colistin
is regarded as the final antibiotic that can be used to treat these microbes. The advent of Colistin resistance has
harmed the usage of Colistin, which is concerning. Nanoparticles are currently used as a drug delivery tool for
enhancing the efficacy of drugs at low dosages. This study aims to develop and characterize novel chitosan-
colistin nano-antibiotics and to rigorously assess their in vitro antibacterial efficacy against multidrug-resistant
Acinetobacter baumannii, highlighting their potential as advanced therapeutic agents and elucidating their
superiority over existing nanodelivery systems.

2. MATERIAL AND METHOD

2.1 Samples Collection Criteria and Transport

The research study was accomplished at the microbiology section in the Public Health Laboratory Division
(PHLD), National Institute of Health Islamabad. Thirtysamples of Acinetobacter baumannii collected from
National Institute of Health (NIH), Islamabad and the Pakistan Institute of MedicalSciences (PIMS), Islamabad.
11 isolates were reconfirmed using the Analytical Profile Index (API 10S, bioMérieux, Germany) and Matrix-
Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS; Shimadzu Europa
GmbH, Germany) following the manufacturers’ protocols. 2!.

2.2 Preparation of Nano-Antibiotics

Nano-antibiotics were synthesized through ionic gelation method a combination of colistin and chitosan and
Tri-polyphosphate in powder form 2. Briefly, 6mg/ml of chitosan powder was dissolved in a 1% acetic acid. This
mixture was created by adding 3 milligram per milliliter of colistin to an acetic acid solution containing chitosan,
stirring it magnetically for 10 minutes at room temperature, and then preparing a 1 mg/ml aqueous solution of tri-
polyphosphate (TPP) 0.5 ml of tri-polyphosphate solution was added drop by drop to the 9mgof chitosan and
colistin solution., Then, while continually stirring on a magnetic stirrer for at least30 minutes 2*.

2.3 Characterization of Nano Antibiotics

Zeta measurements, particle size, zeta potential, concentration, molecular weight polydispersity index, and
polarity measurement were performed using a very versatile Dynamic Light Scattering (DLS) analyzer (Microtrac
MRB, the NANOTRAC Wave 11/ Q /) 2*. SEM (Jica JSM IT 200 electron microscope) was used for the analysis
sample size and morphology 23 which was operated at an accelerating voltage of 15 kV with a working distance
of ~10 mm. %, Crystallinity was determined by X-ray diffraction (XRD; Bruker D8 Advance, Germany) in fixed-
time mode, using Cu Ko radiation (A = 1.5406 A) at a scanning range of 10°-80° (20) ?’. The X-ray The XRD
pattern was captured at room temperature in a fixed time modeduring a 2h range of 10° to 80° a sample?®. UV-Vis
conducted with a HITACHI U-2900 UV—Vis spectrophotometer, equipped with Mwave Professional Software
2.0, scanning between 200-900 nm.?

2.4. Minimum Inhibitory Concentration

Minimum Inhibitory Concentration (MIC) assays accomplished for to fine the lowest concentration of an
antimicrobial agent that prevents visible growth of a microorganism in Mueller-Hinton broth (Oxoid, UK). The
MIC assay was conducted according to CLSI micro dilution guidelines **. Up to 10 columns for serial dilution of
our desired Nano-antibiotics was serially diluted from column 1 with 64 micrograms per milliliter to column 10%
having 0.125 microgram per milliliter concentration of antibiotic, of a 96-well microplate to form a concentration
gradient. Column 11 serves as a microbial growth control and 12th No. column for quality control (media
sterility)?!.

2.5. Statistical Analysis:

The minimum inhibitory concentration was done for bacterial isolates affected the results. The fractional
inhibitory concentration (FICs) formula used for to find the synergistic activity added together. Synergistic effect
0.5> Y FIC Indifferent effect 0.5<> FIC Antagonism effect 4 > FIC3.

3. RESULT
3.1 Collection of Acinetobacter baumannii samples reconfirmation
A total of 30 Acinetobacter isolates were collected from various hospitals of Islamabad, Pakistan.
Reconfirmation analysis identified 16 isolates as Acinetobacter baumannii using MALDI-TOF MS, while an
additional 4 isolates were confirmed by the API 10S system (bioM¢érieux, France). The API 10S kit generated a
four-digit code (2400) based on phenotypic biochemical profiling, indicating a positive identification for A.
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Fig 2. Reconfirmation of A. baumannii through MALDI-TOF MS system

3.2. Characterization of Nano-Construct

Physicochemical characterizations

3.2.1. Zeta Sizer

The physicochemical characterization of chitosan—colistin nano-antibiotics was performed using a Zetasizer
(Microtrac MRB, NANOTRAC Wave I1/Q measured the hydrodynamic diameter of nanoparticles dispersed in
1% acetic acid (245 nm, PDI = 0.26). This reflects the particle size in suspension, including the solvation layer,
and is most relevant for biological interactions. Indicating a moderately broad particle size distribution the zeta
potential was +25.6 mV, reflecting a positively charged surface and moderate colloidal stability. For
measurements, samples were equilibrated at 25 + 0.1 °C, which loaded into a disposable polystyrene cuvette for
size analysis, and a folded capillary cell for zeta potential. Each value represents the mean of three independent
measurements, each with 12—15 runs. Particle motion under an applied electric field was monitored by the
instrument’s laser Fig 3.
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Fig 3. Zeta potential characterization, (Surface net charge) of CNPs (+25.6 mV) and Zeta Sizercharacterization
of CNPs (245 nm).
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3.2.2. Scanning Electron Microscopy

The morphology of the Nano-construct is measured in the 20-100 nm range; however, whenthey are loaded with
drugs, their size varies. By further enhancing the dispersity and hence the surface area of CSNPs, we get to the
conclusion that the medication may act like a surfactant. CSNPs that are colistin-loaded size was recorded 348nm.
SEM provides measurements of nanoparticles in their dehydrated, solid-state form, DLS assesses their size in a
hydrated, suspended state. Upon drug loading, the hydrodynamic diameter of colistin-loaded CSNPs increased to
348 nm. This size enhancement is likely due to colistin behaving in a surfactant-like fashion, improving particle

dispersity and enlarging the available surface area Fig 4.
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Figd. SEM analysis ofchitosan-colistin Nano-antibiotics

3.2.3 X-Ray Diffraction

The XRD pattern of the chitosan—colistin—TPP nanoparticles showed distinct, sharp peaks, most prominently near
10.43°(20) and 20.81° (260), along with several smaller reflections extending to around 120°. These peaks indicate
the presence of crystalline zones within the material, which may arise from the ordered arrangement of chitosan
chains and the structural influence of colistin after ionic crosslinking with TPP. A broad, low-intensity feature
between roughly 15° and 25° (20) points to an amorphous fraction. The coexistence of these crystalline and
amorphous signals confirms that the nanoparticles have a semi-crystalline structure, combining ordered domains

with less organized polymeric regions Fig 5.
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Fig 5. X-Ray Diffraction Patterns of (A) Nano-construct Powder, (B) Nano-antibiotics and Fish Gelatin-Based
Films Reinforced.
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3.3.4 Ultraviolet Photo Spectrometry

UV-Vis analysis of chitosan—colistin nanoparticles was carried out using an SPUV-1000 spectrophotometer
(Mwave Professional Software 2.0) over a wavelength range of 200-900 nm. The recorded spectrum displayed a
sharp, narrow peak near 298 nm and showed baseline instability, including regions with negative absorbance
readings. Such anomalies point to possible measurement or equipment-related artifacts rather than a true
absorption characteristic of the nanoparticles. Consequently, the results cannot be considered conclusive for
determining optical absorption or estimating drug content. Repeat measurements under optimized experimental
conditions are recommended to obtain accurate spectral data Fig 6.
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Fig 6. UV-Vis spectra of Chitosan-Colistin Nano-antibiotics

3.4. Analysis of Colistin and Nano-Antibiotics

The antimicrobial activity of colistin and chitosan—colistin nano-antibiotics was determined using the broth
microdilution (BMD) method on 96-well microtiter plates, following the Clinical and Laboratory Standards
Institute (CLSI) guidelines. For colistin testing, serial twofold dilutions were prepared starting at 64 pg/mL. For
chitosan—colistin nano-antibiotics, the starting concentration was also 64 pg/mL, with serial dilutions down to
0.125 pg/mL. Plates were incubated at 37 °C for 18-24 h. MICs were determined visually as the lowest
concentration with no visible growth.

3.4.1. Colistin Activity

Among the 20 clinical 4. baumannii isolates tested, colistin MIC values were distributed as follows: 7 isolates at
0.5 pg/mL, 8 isolates at 1.0 pg/mL, 1 isolate at 2.0 ug/mL, 3 isolates at 16 pg/mL, and 1 isolate at 32 ug/mL.
Based on CLSI breakpoints, 16 isolates (80%) were susceptible and 4 isolates (20%) were resistant to colistin.
Figure3.7

When tested against the same 20 isolates, chitosan—colistin nano-antibiotics showed MIC values of 0.25 pg/mL
for 7 isolates, 0.50 pg/mL for 8 isolates, 1.0 pg/mL for 1 isolate, 8.0 pg/mL for 3 isolates, and 16 pg/mL for 1
isolate. This corresponded to 16 isolates (80%) being susceptible and 4 isolates (20%) resistant to the nano-
formulation.

In figure 8 the overall, the BMD method confirmed comparable susceptibility rates (80%) for both colistin and its

chitosan-based nano-formulation, although MIC distributions varied slightly between the two.
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Fig 8. Results of Minimum Inhibitory Concentration of Colistin-ChitosanNanoparticles against A. baunannii
Statistical Analysis

3.4.2. Synergy Testing by Fractional Inhibitory Concentration (FIC) Index
The potential interaction between colistin and chitosan nanoparticles (CSNP) was evaluated using the fractional
inhibitory concentration (FIC) index, following the approach described by Hsieh et al. (2017). The FIC for each
component was calculated as:
FICA=MIC of A in combination
MIC of A alone
FICB=MIC of B in combination
MIC of B alone
The FIC index (ZFIC) was then obtained by summing the two values:
YFIC=FICA+FICB
The interaction was interpreted according to the following criteria:
e Synergistic: XFIC <0.5
o Indifferent: 0.5 <XFIC <4.0
e Antagonistic: XFIC > 4.0
In our study, the MIC of colistin alone was 0.5 pg/mL, while the MIC of colistin in combination with CSNP was
reduced to 0.25 pg/mL, giving a FIC colistin of 0.5. As the MIC of CSNP alone was not determined, a complete
YFIC value could not be calculated; therefore, while the reduction in MIC suggests enhanced antibacterial activity
when colistin is formulated with CSNP, a definitive classification as “synergistic” cannot be made without the
full dataset Table 1.

Table 1. Synergistic Effect of Colistin-Chitosan Nanoparticles against 4. baumannii

Number ofl Bactria Colistin Colistin-Chitosan Conjugates

samples Concentration thatinhibitsMIC FIC Interactiontype

20 visible growth|

MIC(pg/ml) ug/ml Index

07 .baunannii 0.5 pg/ml 0.25 0.5 Synergistic
ug/ml

08 .baunannii |01 pg/ml 0.5 0.5 Synergistic
ug/ml

01 A.baunannii |02 pg/ml 01 0.5 Synergistic
ug/ml

03 .baunannii |16 ng/ml 08 0.5 Synergistic
ug/ml

01 A.baunannii 32 pg/ml 16pg/ml 0.5 Synergistic

4. DISCUSSION

The emergence of multidrug-resistant Acinetobacter baumannii, a major cause of life-threatening hospital-
acquired infections, has driven interest in innovative therapeutic strategies. One such approach involves
formulating colistin, a last-resort antibiotic, with chitosan into nanoparticle systems. Chitosan, a naturally
occurring polymer with intrinsic antimicrobial activity, can improve colistin’s clinical performance by promoting
site-specific delivery while minimizing toxicity. Laboratory evaluations have shown that chitosan—colistin
nanoparticles strongly inhibit the proliferation of multidrug-resistant A. baumannii, highlighting their promise as
a next-generation treatment option for these difficult-to-manage infections.
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CURRENT years have seen increased interest in the use of antimicrobial peptides, phage therapy, outdated
antibiotic combinations, and Nano medicine-based variations of current antimicrobial drugs®. Recently, a total of
Colistin distribution systems have been created to increase bioavailability and minimize toxicity, and they can be
employed for topical, inhalation, and parental administration. Several publications have proposed lipid-based
nanostructures encapsulating Col °, and several chitosan-based Nano carriers have been proven to boost Col
antibacterial activity '°. Silver Nano dots have recently been added to polydopamine Nano spheres, enhancing
their antibacterial and antibiofilm characteristics. Since protein-based polymers like albumin are non-toxic,
biocompatible, biodegradable, and have low immunogenicity, they have been regarded potential drug carriers in
this competition!!. Albumin nanoparticles (NPs) have been approved for first-line treatment of metastatic breast
cancer and are widely explored for targeted drug delivery applications. '2. Discussion The optimized chitosan—
colistin nanoparticles (CS—Col NPs) developed in this study demonstrated physicochemical characteristics that
compare favorably with, and in some aspects surpass, previously reported chitosan-based nanocarrier systems.
Our initial formulation prepared in 1% acetic acid had a hydrodynamic diameter of 245 nm (PDI = 0.26) as
measured by DLS, which is smaller than many chitosan nanoparticle systems reported in the literature, often
exceeding 300 nm depending on polymer—crosslinker ratios and synthesis conditions (Banoub et al., 2021;
Kahdestani et al., 2021). According (El-Sherbiny et al., 2025) reported particles of 310 nm with a PDI of 0.31.
SEM analysis of the same formulation revealed an average size of 348 nm, a difference attributable to the
measurement principles of the two techniques: DLS reports the hydrodynamic diameter of hydrated particles in
suspension, while SEM measures dried particles, which can appear larger due to aggregation during sample
preparation (Hoo et al., 2008). The PDI of 0.26 reflects a moderately narrow distribution, acceptable for chitosan-
based nanoformulations, and suggests good reproducibility and stability. The positive zeta potential of +25.6 mV
indicates strong colloidal stability and the potential for electrostatic interaction with negatively charged bacterial
membranes (Rabea et al., 2003), a key factor in enhancing bacterial adhesion and antimicrobial activity. Drug
loading significantly altered nanoparticle morphology. While unloaded chitosan nanoparticles (CSNPs) typically
fall within the 20—100 nm range (Gan & Wang, 2007), incorporation of colistin increased the particle size to 348
nm. This enlargement may be due to colistin molecules acting in a surfactant-like manner, modifying surface
properties and inducing partial aggregation. Similar size increases have been reported for other drug-loaded
chitosan systems (Agarwal et al., 2018). Increased dispersity may enhance the total surface area available for
bacterial contact, thereby facilitating improved antibacterial action (Kong et al., 2010). This structural adaptation
is consistent with our MIC results, where CS—Col NPs reduced the MIC for susceptible isolates by up to 50%
compared to free colistin (p <0.05). X-ray diffraction (XRD) analysis revealed broad peaks at ~10°, indicative of
the semi-crystalline nature of chitosan (Ostrowska-Czubenko et al., 2011), alongside a sharp, intense peak at ~29°,
suggesting the presence of crystalline domains attributable to colistin or crystalline salts such as colistin sulfate.
Persistence of such crystalline features after nanoparticle formation has been observed in other antibiotic—polymer
systems (Bayat & Karimi, 2019). Partial crystallinity can enhance formulation stability and modulate drug release,
which may contribute to the sustained antibacterial activity observed in our MIC assays. This property aligns with
the improved bacterial inhibition seen in our study, particularly for multidrug-resistant (MDR) A. baumannii
strains. UV—Vis spectroscopy confirmed successful drug loading. The CS—Col NPs exhibited a distinct absorption
peak at ~298 nm, likely due to n—n* and n—n* electronic transitions in aromatic moieties and amide bonds from
colistin, along with characteristic functional groups of the chitosan backbone (Jafernik et al., 2023). The peak
intensity was higher than that of blank CSNPs, supporting efficient drug encapsulation. Similar spectral shifts
have been reported in antibiotic-loaded chitosan nanoparticles, reflecting stable drug—polymer interactions (Gan
& Wang, 2007). When compared with recent nanoparticle-based antimicrobial systems, our formulation offers
notable advantages. For example, the nanoparticle sizes and PDIs achieved here are smaller or comparable to
those reported in other colistin-loaded nanocarriers ( El-Sherbiny, G.M., Shehata, M.E. and Kalaba, M.H., 2025),
and the MIC reductions observed match or exceed those seen in similar chitosan—antibiotic combinations (EIl-
Sherbiny, G.M., Kalaba, M.H., Foda, A.M., ME, S., Youssef, A.S.E.D., Elschemy, I.A., Farghal, E.E. and El-
Fakharany, E.M., 2024). Furthermore, the partial crystallinity observed in our CS—Col NPs may offer additional
stability advantages over purely amorphous systems, potentially improving shelf-life and in vivo performance.
Overall, the combination of moderate size uniformity (PDI = 0.26), strong positive zeta potential (+25.6 mV),
partial crystallinity, and confirmed drug incorporation provides a strong physicochemical basis for the enhanced
antibacterial performance of our CS—Col NPs. These features are directly linked to improved MIC outcomes
against MDR A. baumannii, fulfilling the primary aim of this study — to develop a chitosan-based nanocarrier
capable of enhancing colistin efficacy while reducing the required dosage. The present results position this
formulation as a promising candidate for further in vivo testing and potential clinical translation.

5. CONCLUSION

The present work demonstrates that chitosan—colistin nanoparticles (CS—Col NPs) produced via ionic gelation can
provide a stable and effective antibacterial formulation against MDR Acinetobacter baumannii. The optimized
particles measured 245 nm in hydrodynamic diameter with a PDI of 0.26 and carried a surface charge of +25.6
mV, ensuring good dispersion stability. SEM confirmed a dry-state size of 348 nm, consistent with expected
differences from DLS measurements. XRD analysis revealed both semi-crystalline chitosan domains and
crystalline colistin features, a structure likely to enhance storage stability and control drug release. UV—visible
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spectroscopy verified drug incorporation, showing a characteristic absorption at ~298 nm with higher intensity
than blank chitosan nanoparticles. Antibacterial testing showed that the MIC for the nanoparticle formulation was
reduced by 50% compared with colistin alone, and the FIC index confirmed synergistic action between the two
components.

In direct comparison with recent nanocarrier systems, the CS—Col NPs developed here achieved smaller particle
size, lower PDI, higher zeta potential are greater improvement in MIC values. The novelty of this approach lies
in combining a biocompatible polymer with colistin to reduce the required therapeutic dose without compromising
activity, potentially minimizing adverse effects. These results support the CS—Col NP platform as a promising
candidate for further preclinical investigation and eventual translation into clinical applications against MDR
Gram-negative infections.

Future research should explore:

1. In vivo validation of the observed in vitro synergistic effects to assess pharmacokinetics, toxicity, and
therapeutic efficiency.

2. Long-term stability studies of the nanoparticle formulation under different storage conditions.

3. Mechanistic investigations into nanoparticle—bacteria interactions at the molecular level.

4. Extension to other antibiotics to evaluate whether similar nanoparticle conjugation can restore or enhance
efficacy against a broader spectrum of multidrug-resistant organisms.

These findings position CS—Col NPs as a promising alternative in the fight against antibiotic-resistant infections
and pave the way for more sustainable and targeted antimicrobial therapies.
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Figures

Figure 1. Reconfirmation of 4. baumannii through API 10S with using four-digit Code = 2400
Figure 2. Reconfirmation of A. baumannii through MALDI-TOF MS system
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Figure 3. (Characterization of chitosan colistin Nano-antibiotics. (A) Zeta potential characterization, (Surface net
charge) of CNPs (+25.6 mV), (B) Zeta Sizercharacterization of CNPs (245 nm).

Figure 4. SEM result of chitosan-colistin Nano-antibiotics

Figure 5. X-Ray Diffraction Patterns of (A) Nano-construct Powder, (B) Nano-antibiotics and Fish Gelatin-Based
Films Reinforced.

Figure 6. UV-Vis spectra of Chitosan-Colistin Nano-antibiotics.

Figure 7. Results of Minimum Inhibitory Concentration of Colistin against A.baunannii.

Figure 8. Results of Minimum Inhibitory Concentration of Colistin 2.5 Chitosan Nanoparticles against A.
baunannii.

Tables

Table 1. Synergistic Effect of Colistin-Chitosan Nanoparticles against 4. baumannii
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