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Abstract

Chitosan, a natural biopolymer, has attracted attention for its potential antibacterial
properties against a wide range of pathogens. The escalating crisis of antibiotic
resistance necessitates the exploration of novel antibacterial agents effective against
both Gram-positive and Gram-negative bacteria. This study aimed to predict the
antibacterial potential of chitosan against Staphylococcus aureus (a Gram-positive
bacterium) and Escherichia coli (a Gram-negative bacterium) using a comprehensive in
silico approach. Short chitosan oligomers, specifically trimers, were used to ensure
computational feasibility and reliable molecular docking, as full-length polymers are too
large for standard docking algorithms. Molecular docking simulations were performed
using AutoDock to investigate the interactions between 13 chitosan compounds and the
essential bacterial protein DNA gyrase, a key enzyme involved in DNA replication and
repair. Binding affinities, interaction patterns (such as hydrogen bonding and
hydrophobic contacts), and conformational changes were analyzed. The ligand showing
the most favorable docking profile was further evaluated via molecular dynamics
simulations using OpenMMDL to assess the stability of the complex over time. The
results indicated that the chitosan derivatives, namely aminoethyl chitosan and
dimethylaminoethyl chitosan, interact favorably with DNA gyrase in S. aureus and E. coli,
respectively, with differential binding energies and interaction modes suggesting
potential variations in inhibitory mechanisms between Gram-positive and Gram-negative
bacteria. These computational findings support the potential of chitosan as a broad-
spectrum antibacterial agent and provide a theoretical framework to guide further in vitro
and in vivo validation of chitosan as a novel antibacterial compound.

Keywords: antibiotic, biopolymer, molecular docking, molecular dynamics

Introduction

The escalating global crisis of antibiotic resistance poses a significant threat to
public health, with multidrug-resistant (MDR) pathogens increasingly challenging
conventional treatment regimens.! This situation underscores the urgent need for the
discovery and development of novel antimicrobial agents, particularly those possessing
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broad-spectrum activity against both Gram-positive and Gram-negative bacteria. These
two major bacterial groups exhibit fundamental differences in their cell wall structures;
specifically, Gram-positive bacteria dictate their susceptibility to various antimicrobial
compounds.?

In the quest for alternative antimicrobials, natural biopolymers have garnered
considerable attention due to their biocompatibility, biodegradability, and inherent
biological activities. Among these, chitosan, a natural amino polysaccharide derived from
chitin, has emerged as a promising candidate. Chitosan is widely recognized as an
effective antibacterial agent due to its potent antimicrobial properties.>> The proposed
mechanisms for chitosan's antibacterial action are diverse, encompassing disruption of
bacterial cell membranes, chelation of essential metal ions, binding to DNA to inhibit
mRNA synthesis, and interaction with essential microbial proteins.® Chitosan's
antibacterial activity is affected by a range of intrinsic and extrinsic factors, such as pH,
concentration, bacterial strain, source of chitosan, degree of polymerization, and other
related parameters.’

Despite the growing body of evidence supporting chitosan's antimicrobial potential,
a detailed understanding of its molecular interactions with specific bacterial targets,
particularly distinguishing its efficacy and mechanisms against Gram-positive versus
Gram-negative strains, remains an area of active investigation. The structural and
physicochemical properties of chitosan, such as its molecular weight and degree of
deacetylation, are known to influence its biological activity.®° Elucidating these structure-
activity relationships at a molecular level is crucial for optimizing chitosan-based
antimicrobial therapies.

Computational, or in silico, approaches offer a powerful, robust, cost-effective, and
time-efficient platform for predicting and analyzing biomolecular interactions.
Techniques such as molecular docking can simulate the binding of a ligand, such as
chitosan oligomers—in this study, specifically chitosan trimers—to a receptor, such as
essential bacterial proteins, providing insights into binding affinities, interaction modes,
and potential inhibitory mechanisms.'* Using short oligomers like trimers ensures
computational feasibility while retaining key structural features relevant for binding. Such
predictive studies can significantly narrow down experimental efforts and guide the
rational design of more potent antimicrobial derivatives.

Therefore, this study aims to employ an in silico approach to predict and compare
the antibacterial activity of chitosan against selected Gram-positive and Gram-negative
bacterial strains. By investigating the molecular interactions between chitosan and key
essential protein targets within these distinct bacterial groups, we seek to elucidate
potential mechanisms of action and provide a computational basis for its broad-spectrum
antibacterial efficacy. The findings from this research are anticipated to contribute to a
deeper understanding of chitosan's antimicrobial properties and support its further
development as a viable alternative or adjunct to conventional antibiotics.
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Method

Equipment

The hardware used for molecular docking was a 14-inch HP with an Intel(R)
Core(TM) i3-6006U processor, 12 GB of RAM, a CPU speed of 2.00 GHz, and a 256GB
SSD. MarvinSketch was used to draw chemical structures. The docking simulations were
carried out using AutoDock Tools v1.5.6, developed by the Center for Computational
Structural Biology (USA), and BIOVIA Discovery Studio Visualizer 2025, created by
Dassault Systemes. Molecular dynamics testing was conducted using the OpenMMDL
software (Germany). Additionally, SwissSADME (Swiss Institute of Bioinformatics) was
employed to evaluate the drug-likeness of the compounds based on Lipinski's Rule of
Five and ADMET (absorption, distribution, metabolism, excretion, and toxicity)
properties. At the same time, ProTox 3.0 (Germany) was used to predict their toxicity
profiles.

Material

The target receptor, DNA gyrase crystal structures for S. aureus (PDB ID: 4P80)
and. E. coli (PDB ID: 4ZVI) were obtained from the Protein Data Bank. 13 compounds of
chitosan and its derivatives structures were collected from PubChem.

Procedure

Geometrical Optimization

The 3D molecular structures of chitosan and its derivatives were modeled and
geometrically optimized using MarvinSketch. The resulting optimized structures were
then exported in PDB format using OpenBabel software.

Receptor Preparation

Receptor preparation involved downloading the DNA gyrase structures of S.
aureus (PDB ID: 4P80) and E. coli (PDB ID: 4ZVI) from the RCSB Protein Data Bank
(https://rcsb.org) in PDB format. The selection of receptor target structures was based
on criteria such as high-resolution crystallographic data and the presence of a co-
crystallized inhibitor, considered the native ligand. The receptor structures were refined
through a cleaning process to improve their quality and accuracy, which involved
removing all bound ligands and water molecules. Subsequently, polar hydrogen atoms
were added, and Kollman charges were applied using AutoDock Tools v1.5.6.1°

Molecular Docking

The docking protocol was validated by re-docking the native ligand into the active
site of the bacterial DNA gyrase receptor. Molecular docking was performed using
previously validated parameters and the Lamarckian Genetic Algorithm (LGA). A grid
box was centered on the active site of the receptor with dimensions of 40 x 40 x 40 A
and a grid spacing of 0.375 A, covering all key catalytic residues. Subsequently, the
optimized three-dimensional structures of chitosan derivatives were docked into the
active site of bacterial DNA gyrase. The docking results were evaluated based on binding
free energy (AG), inhibition constants (Ki), and binding conformations. The ligand
exhibiting the most favorable docking performance was selected for further analysis
using molecular dynamics (MD) simulation.
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Molecular Dynamic Simulations

Molecular dynamics simulations were performed using the OpenMMDL pipeline.
The protein—ligand complex was prepared and parameterized using the appropriate
force fields. The system was solvated in an explicit water box and neutralized with
counterions. Energy minimization was performed to eliminate steric clashes, followed by
equilibration under NVT and NPT conditions. The production molecular dynamics
simulation was then run for 30 ns at constant temperature and pressure. Trajectory data
were collected for further structural and interaction analysis.

ADMET and Toxicity Profiling of Ligands

Access SwissADME at http://www.swissadme.ch, then enter a list of ligands in
canonical SMILES format. SwissADME was employed to evaluate drug-likeness based
on Lipinski's Rule of Five and to predict pharmacokinetic properties, including absorption,
distribution, metabolism, excretion, and toxicity (ADMET). Ligand toxicity was further
assessed using ProTox 3.0 (https://tox.charite.de/protox3/), which provides predicted
LD50 values, toxicity classes, and potential organ toxicity. The combined analysis
enabled the identification of compounds with favorable drug-likeness, pharmacokinetic
profiles, and low predicted toxicity, which were subsequently used for molecular docking
and molecular dynamics simulations.

Result

Table 1. Results of Molecular Docking Validation

Grid Box Binding affinity
PDB ID RMSD (A)
X Y Z (kcal/mol)
4P80 49582 -5.015 19.291 0.52 -9.17
47V -12.638 20.712 21.240 1.816 -10.10
a b

Figure 1. Validation method of molecular interaction between ligand and receptor
target (a) S. aureus DNA gyrase (4P80) (b) E. coli DNA gyrase (4ZV1)
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Table 2. Docking Results for S. Aureus DNA Gyrase

No. Ligand Binding Free Inhibition _Constant
Energy (Kcal/mol) (K1)
1 Chitosan -1.04 172.69 mM
2 Carboxymethyl Chitosan -5.90 47.21 uM
3 Glycol Chitosan +6.92 -
4 Aminoethyl chitosan -6.67 12.84 uM
5 Dimethylaminoethyl Chitosan -3.43 3.88 mM
6 Diethylaminoethyl Chitosan -0.90 220.20 mM
7 N-Succinyl Chitosan -2.31 20.31 mM
8 Chitosan trifluoroacetate -2.39 17.76 mM
9 Chitosan malate +0.49 -
10 Cinnamyl-Chitosan 0.96 197.88 mM
11 Hydroxybutyl-Chitosan -1.37 99.22 mM
12 O-hydroxyethylchitosan -5.39 111.11 uM
13 Amino-chitosan -4.82 295.17 uM
14 Native Ligand -9.17 188.37 nM

Table 3. Docking Results for E. Coli DNA Gyrase

No. Ligand Binding Free Inhibition _Constant
Energy (Kcal/mol) (Ki)
1 Chitosan -5.81 55.34 mM
2 Carboxymethyl Chitosan -5,29 132.99 uM
3 Glycol Chitosan -3,25 4.14 mM
4 Aminoethyl chitosan -5.43 105.36 uM
5 Dimethylaminoethyl Chitosan -6.95 8.07 uM
6 Diethylaminoethyl Chitosan -6,56 15.43 uM
7 N-Succinyl Chitosan -5,68 68.57 uM
8 Chitosan trifluoroacetate -3,91 1.37 mM
9 Chitosan malate -2,61 12.26 mM
10 Cinnamyl-Chitosan -6,4 20.24 uM
11 Hydroxybutyl-Chitosan -2,41 17.02 mM
12 O-hydroxyethylchitosan -3,38 3.33mM
13 Amino-chitosan -5,88 49.16 uM
14 Native Ligand -10.10 39.62 nM
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Figure 2. Two-dimensional interactions between amino acid residues of Staphylococcus
aureus DNA gyrase and the (a) native ligand, (b) aminoethyl chitosan
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Figure 3. Two-dimensional interactions between amino acid residues of E. coli DNA
gyrase and the (a) native ligand, (b) dimethylaminoethyl chitosan
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Figure 4. RMSD plot of the protein backbone for the S. aureus DNA gyrase complexes
with aminoethyl chitosan (blue) and the native ligand (orange)
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Figure 5. RMSF plot of the protein backbone for the S. aureus DNA gyrase complexes
with aminoethyl chitosan (blue) and the native ligand (orange)
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Figure 6. RMSD plot of the protein backbone for the E. coli DNA gyrase complexes
with dimethylaminoethyl chitosan (blue) and the native ligand (orange)
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Figure 7. RMSF plot of the protein backbone for the E. coli DNA gyrase complexes
with dimethylaminoethyl chitosan (blue) and the native ligand (orange)
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Table 4. Predicted Pharmacokinetic Properties of Chitosan Compounds

_ _ Gl D_istribgtjo_n Metabolism

No Derivat Kitosan AbSOrpti (Lipophilicity (Cytochrome

ption :
Log P o/w) metabolism)

1 Chitosan Low -4,64 -

2 Carboxymethyl Chitosan Low -5,57 -

3 Glycol Chitosan Low -5,58 -

4 Aminoethyl chitosan Low -5,80 -

5 Dimethylaminoethyl Low -5,34 -
Chitosan

6 Diethylaminoethyl Low -5,08 -
Chitosan

7 N-Succinyl Chitosan Low -5,28 -

8 Chitosan trifluoroacetate Low -4,93 -

9 Chitosan malate Low -5,84 -

10 Cinnamyl-chitosan Low -3,59 -

11  Hydroxybutyl chitosan Low -5,17 -

12 O-hydroxyethylchitosan Low -5,42 -

13 Amino-chitosan Low -6,44 -

Table 5. Toxicity Prediction of Chitosan Compounds

No Derivat Kitosan Hepatotoxicity Mutagenicity Carcinogenicity
1 Chitosan Inactive Inactive Inactive
2  Carboxymethyl Chitosan Inactive Inactive Inactive
3 Glycol Chitosan Inactive Inactive Inactive
4 Aminoethyl chitosan Inactive Inactive Inactive
5 Dimethylaminoethyl Inactive Inactive Inactive

Chitosan
6 Diethylaminoethyl Inactive Inactive Inactive
Chitosan
7 N-Succinyl Chitosan Inactive Inactive Inactive
8 Chitosan trifluoroacetate Inactive Inactive Inactive
9 Chitosan malate Inactive Inactive Inactive

10 Cinnamyl-chitosan Inactive Inactive Inactive
11 Hydroxybutyl chitosan Inactive Inactive Inactive
12  O-hydroxyethylchitosan Inactive Inactive Inactive
13 Amino-chitosan Inactive Inactive Inactive

Table 6. Drug-Likeness Evaluation Based on Lipinski's Rule of Five

Lipinski's Rule of Five

No. Derivat Kitosan MW (Da) LogP HBD HBA  Lipinski
(MLOGP)
1 Chitosan 610.87 -5.47 11 16 No
2 Carboxymethyl 543.52 -6.16 11 16 No
Chitosan
3 Glycol Chitosan 649.68 -6.79 11 19 No
4 Aminoethyl chitosan 544.55 -6.42 12 17 No
5 Dimethylaminoethyl 572.60 -5.98 11 17 No
Chitosan
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Table 6. (Extension)

Lipinski's Rule of Five

No. Derivat Kitosan MW (Da) LogP HBD HBA  Lipinski
(MLOGP)
6 Diethylaminoethyl 600.66 -5.56 11 17 No
Chitosan
7 N-Succinyl Chitosan 583.54 -5.74 10 17 No
8 Chitosan 613.49 -5.74 11 21 No
trifluoroacetate

9 Chitosan malate 761.68 -7.42 14 21 No
10 Cinnamyl-chitosan 617.64 -4.65 11 16 No
11 Hydroxybutyl chitosan 573.59 -5.98 12 17 No
12  O-hydroxyethylchitosan  545.54 -6.02 11 17 No
13 Amino-chitosan 516.50 -6.48 12 17 No

Discussion

Geometrical Optimization

The first step in this study involved optimizing the 3D structures of chitosan and its
derivatives. Geometry optimization plays a crucial role in modern computational
chemistry, particularly in electronic structure calculations related to chemical properties
and reactions. It is essential for identifying the most stable conformation of a ligand's 3D
structure and determining its minimum energy.! In this research, geometry optimization
was performed using the MMFF94 force field.

Molecular Docking

Molecular docking in this study was conducted using AutoDock Tools, a software
tool that had been previously validated. Validation of the docking method was assessed
based on the Root Mean Square Deviation (RMSD) value, with a threshold of less than
2.0 A indicating acceptable accuracy. The method met this criterion, as shown in Table
1. Docking validation on both S. aureus and E. coli DNA gyrase yielded RMSD values of
less than 2.

Preparation for docking the 16 selected ligands was performed using AutoDock
Tools v1.5.6. The docking procedure, executed in AutoDock, generated predictions of
binding free energy (AG) and visualizable interaction poses. The AG value reflects the
binding affinity and stability of the ligand—receptor complex, with lower values indicating
stronger and more stable interactions. This molecular docking analysis compared the
AG values of the 16 compounds to the AG value of a reference ligand bound to bacterial
DNA gyrase. Tables 2 and 3 present the docking results of chitosan and its derivatives
against the bacterial DNA gyrase, with the reference ligand originating from the same
receptor. Based on the docking results, none of the chitosan compounds or their
derivatives had a lower binding free energy than the native ligand. In the case of S.
aureus DNA gyrase, it was found that several compounds exhibited positive binding free
energy values. In molecular docking studies, the binding free energy (AG) serves as an
indicator of the thermodynamic favorability of the interaction between a ligand and its
target protein. A negative AG value implies that the binding process is exergonic,
spontaneous, and energetically favorable, suggesting a stable ligand—protein complex
formation. Conversely, a positive binding free energy reflects an unfavorable interaction,
indicating that the ligand does not bind spontaneously to the target and that the formation
of the complex would require an input of energy. Among the chitosan derivative
compounds evaluated, aminoethyl chitosan demonstrated the lowest binding free energy
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upon docking to S. aureus DNA gyrase; however, its binding affinity remained inferior to
that of the native ligand.

The docking results of chitosan and its derivatives against E. coli DNA gyrase
indicate that all compounds exhibit antibacterial activity, as evidenced by their negative
binding free energy values. However, none of them showed a binding energy lower than
that of the native ligand. The lowest binding free energy was observed for
dimethylaminoethyl chitosan, with a value of -7.85 kcal/mol. Although the precise
mechanism underlying chitosan's antibacterial effects remains incompletely
characterized, its antimicrobial activity is widely regarded as multifaceted and influenced
by multiple independent factors. The most commonly proposed mechanism involves
electrostatic interactions: the polycationic nature of chitosan enables it to bind to the
negatively charged bacterial cell surface, compromising membrane integrity and
increasing permeability, which ultimately leads to leakage of intracellular components
and cell death.*?13 Additionally, low-molecular-weight chitosan can penetrate bacterial
cells and interfere with fundamental processes such as MmRNA synthesis, DNA
transcription, and protein translation. This docking result is consistent with several other
studies, which state that chitosan has bactericidal/bacteriostatic effects against various
common bacteria, including both Gram-positive and Gram-negative strains.#16

Aminoethyl chitosan and dimethylaminoethyl chitosan were selected for further
analysis. The interaction poses of the two compounds on the active site of the bacterial
DNA gyrase were compared, which refers to the ligand reference binding pose. The
purpose is to determine which features of the interaction occur at the active site of
bacterial DNA gyrase in relation to its antibacterial activity. The results of the 2D
visualization of the reference ligand, aminoethyl chitosan, and dimethylaminoethyl
chitosan are presented in Figures 2 and 3, respectively. From the visualization, it can be
seen that the interaction poses between aminoethyl chitosan and dimethylaminoethyl
chitosan exhibit different numbers of interaction profiles. The visualization of the complex
between aminoethyl chitosan and S. aureus DNA gyrase revealed multiple hydrogen-
bond interactions involving lle51, Ser55, Asp81, Asn54, and Glu58. Meanwhile, the
complex of dimethylaminoethyl chitosan with E. coli DNA gyrase exhibited hydrogen-
bond interactions with four amino acid residues: Asp73, Asp49, Asn46, and Glu50. The
chitosan interacted with key active-site residues also involved in native ligand binding,
although through different interaction types.

Molecular Dynamic Simulation

Molecular dynamics (MD) simulations estimate the movements of every atom in a
protein or other molecular system over time by applying a general physical model of how
atoms interact. These simulations are capable of capturing a wide range of crucial
biomolecular processes, such as conformational changes, ligand binding, and protein
folding, while providing atomic positions with femtosecond-level temporal resolution.
Additionally, MD simulations can predict how biomolecules respond at the atomic scale
to various perturbations, including mutations, phosphorylation, protonation, or the
addition or removal of ligands.*”*8 The RMSD analysis of the complex between S. aureus
DNA gyrase backbone and aminoethyl chitosan (Figure 4) showed that both complexes
equilibrated within the first few nanoseconds and maintained stable conformations
throughout the 30 ns simulation. The aminoethyl chitosan complex displayed RMSD
values around 2.0-2.8 A, while the native ligand complex had slightly higher fluctuations
up to 3.5-4.0 A toward the end of the simulation. Still, neither exhibited signs of
significant structural destabilization. Complementary RMSF analysis (Figure 5) revealed
that most residues fluctuated below 1.5 A, indicating overall protein rigidity, with higher
flexibility localized at the N-terminus and loop regions near residues 70, 120, and 175—
180, typical of solvent-exposed areas. Importantly, binding site residues remained
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relatively stable, supporting sustained ligand interactions. Together, these findings
indicate that both ligand—protein complexes are structurally stable and maintain
functional conformations under dynamic conditions, consistent with reliable docking
predictions.

The root mean square deviation (RMSD) analysis was employed to assess the
overall structural stability of E. coli DNA gyrase in complex with dimethylaminoethyl
chitosan during the 30 ns molecular dynamics simulation and was compared with the
native ligand—bound system (Figure 6). Both complexes exhibit a rapid increase in
RMSD during the initial 1-2 ns, corresponding to the equilibration phase in which the
protein adapts to the solvated environment and optimizes protein—ligand interactions.
Following equilibration, the dimethylaminoethyl chitosan—DNA gyrase complex exhibits
a stable RMSD profile, fluctuating narrowly between 2.0 and 2.5 A throughout the
simulation. This relatively low and consistent RMSD indicates that the binding of
dimethylaminoethyl chitosan contributes to maintaining the structural integrity of the
protein backbone, suggesting a well-stabilized complex.*® In contrast, the native ligand—
DNA gyrase complex shows comparatively higher RMSD values, ranging from
approximately 2.3 to 3.5 A, with increased fluctuations particularly toward the later stages
of the simulation. These deviations suggest greater conformational flexibility of the
protein backbone and potential rearrangements within the binding region when the
protein is bound to its native ligand. Importantly, RMSD values for both systems remain
below 4 A, indicating that no significant structural destabilization or unfolding occurs.
Nevertheless, the lower RMSD observed for the dimethylaminoethyl chitosan complex
suggests enhanced stability and stronger protein—ligand interactions compared to the
native ligand. The root mean square fluctuation (RMSF) analysis was conducted to
evaluate the residue-specific flexibility of E. coli DNA gyrase in the presence of
dimethylaminoethyl chitosan (Figure 7). Overall, the RMSF profile indicates that most
residues fluctuate by less than 1.5 A, suggesting a generally stable protein structure
during the simulation. Crucially, residues within the presumed binding region display
moderate to low RMSF values, implying that dimethylaminoethyl chitosan binding
restricts excessive residue motion and contributes to local stabilization of the active site.
This reduced flexibility near the binding interface supports the RMSD findings and
indicates that the ligand effectively anchors key protein regions. The relatively low RMSF
values across the core regions of DNA gyrase imply that the protein maintains its
functional conformation throughout the simulation. The absence of extreme fluctuations
further confirms that ligand binding does not induce destabilizing structural perturbations.

ADMET and Drug-Likeness Prediction

Early drug development requires the prediction of absorption, distribution,
metabolism, and elimination (ADME) profiles to facilitate the selection of promising
candidates before synthesis. Since in vivo ADME evaluation is expensive, time-
consuming, and ethically challenging, in silico approaches offer a faster, safer, and more
cost-effective alternative. In this study, SwissSADME was employed to predict the ADMET
properties of chitosan and its derivatives. The development of effective and safe drugs
depends on a balanced interplay between pharmacodynamic activity and favorable
pharmacokinetic behavior, including acceptable ADMET characteristics.?%?! The ADMET
prediction and drug-likeness assessment of aminoethyl chitosan and dimethylaminoethyl
chitosan provide essential insights into their pharmacokinetic behavior, safety profile,
and suitability as drug-related materials. Both derivatives exhibit comparable ADMET
characteristics, reflecting their shared chitosan backbone while highlighting the influence
of chemical substitution on physicochemical properties. The predicted gastrointestinal
(GI) absorption for both aminoethyl chitosan and dimethylaminoethyl chitosan is low,
which is consistent with their high molecular weights (544.55 and 572.60 g/mol,
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respectively) and pronounced hydrophilicity. Their extremely low lipophilicity values (log
P ranging from -5.80 to -6.42 for aminoethyl chitosan and -5.34 to -5.98 for
dimethylaminoethyl chitosan) indicate poor membrane permeability, a known limitation
for oral bioavailability. Such characteristics are typical of polysaccharide-based
polymers, suggesting that neither derivative is well-suited for passive diffusion across
biological membranes when administered orally. From a drug-likeness perspective, both
compounds markedly violate Lipinski's rule of five, primarily due to their high molecular
weights and excessive numbers of hydrogen bond donors (HBDs) and acceptors
(HBAs). Aminoethyl chitosan presents 12 HBDs and 17 HBAs, while dimethylaminoethyl
chitosan shows a slightly reduced HBD count of 11 with the same number of HBAs.
These features contribute to strong intermolecular hydrogen bonding and high aqueous
solubility but significantly limit permeability and classical small-molecule drug behavior.
Consequently, these chitosan derivatives should not be considered conventional drug
candidates but rather functional excipients or carrier systems. Despite their unfavorable
drug-likeness metrics, both aminoethyl chitosan and dimethylaminoethyl chitosan
demonstrate a favorable safety profile based on in silico toxicity predictions. The absence
of predicted hepatotoxicity, carcinogenicity, and mutagenicity suggests low intrinsic
toxicity, supporting their potential for biomedical applications.

Conclusion

The in silico molecular docking analysis indicates that chitosan derivatives exhibit
promising antibacterial activity, with aminoethyl chitosan showing the strongest binding
affinity against Staphylococcus aureus and dimethylaminoethyl chitosan demonstrating
favorable interactions with Escherichia coli. These results support their potential as
antibacterial agents. However, ADMET and drug-likeness assessments suggest that
both derivatives are unsuitable as orally active small-molecule drugs due to low
gastrointestinal absorption and unfavorable physicochemical properties. Despite this
limitation, their low predicted toxicity, metabolic stability, and high hydrophilicity highlight
their promise as drug-delivery carriers, absorption enhancers, or biomaterials,
particularly for nanoparticle-based, localized, or parenteral applications. Further
experimental studies are required to validate their translational potential.
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