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Abstract

Motivated by the potential use of hydroxyapatite and chitosan as drug delivery systems for the antibiotic gentamicin in the coating of metal
implants, a theoretical study was conducted to investigate the interaction mechanisms among these three compounds, assess the stability of
the resulting coating, and evaluate the inhibitory potential of chitosan and gentamicin against Protein A from Staphylococcus aureus. The
results of this study demonstrate that hydroxyapatite, chitosan, and gentamicin exhibit a low HOMO-LUMO energy gap, indicating that electron
transfer between their molecular orbitals can occur readily due to the molecules’ structural flexibility. Additionally, chitosan shows a stronger
binding affinity for gentamicin than hydroxyapatite, and both chitosan and gentamicin display a significant inhibitory effect against Protein A.
Two theoretical approaches were employed: density functional theory using the B3LYP functional (Becke’s three-parameter hybrid functional
combined with the LYP correlation functional) and the 3-21G basis set, as well as a molecular docking study using the MOE software (version
2015). The docking simulations generated 30 binding poses, which were evaluated using the London dG scoring function and refined twice using
the Triangle Matcher placement method.
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1. Introduction

Corrosion and osteomyelitis are the most common compli-
cations associated with metal implants used in dental and sur-
gical applications. Researchers have focused on these issues
to develop effective prevention strategies and improve patient
care [1, 2]. Osteomyelitis is a deep bone marrow infection
characterized by interrupting blood flow around the infected
area. It is often caused by surgical procedures or open fractures
[3, 4]. The main bacterial agents responsible for osteomyelitis
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are Gram-positive species, particularly Staphylococcus aureus
and Staphylococcus epidermidis [4]. In S. aureus, the cell wall
protein A is the most extensively studied receptor [5], as it binds
specifically to the Fc region of immunoglobulin G (IgG) in var-
ious mammalian species [6]. Numerous studies have focused
on developing drug-delivery systems to combat bacterial infec-
tions associated with metallic implants [7]. Among the mate-
rials used, hydroxyapatite (HAP) stands out as one of the most
widely adopted coating polymers due to its excellent biocom-
patibility and non-toxicity [7].

Furthermore, extensive research has demonstrated that
combining HAP with chitosan (CHI) enhances the coating’s
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(a)

(b)

(c)

Figure 1: Optimized structures of (a) Hydroxyapatite, (b) Gen-
tamicin, and (c) Chitosan.

performance. Chitosan offers several advantages, including low
allergenicity, notable antimicrobial activity, and excellent film-
forming properties [7, 8]. Given that osteomyelitis is a bacte-
rial infection primarily caused by S. aureus, incorporating an
antibiotic into the coating is essential. Gentamicin (GEN) is
commonly used to treat osteomyelitis [7, 8]. Therefore, this re-
search aimed to evaluate the interactions between gentamicin,
HAP, and chitosan, as well as to assess the inhibitory poten-
tial of CHI and GEN against Protein A. The theoretical ap-
proaches employed in this study included density functional
theory (DFT) and molecular docking using the MOE software.
DFT is one of the most commonly used methods in theoretical
chemistry due to its high accuracy and efficiency when mod-

(a) Hydroxyapatite

(b) Gentamicin

(c) Chitosan

Figure 2: The 3D structures of HAP, CHI, and GEN obtained
from the MOE docking (vs. 2015).

eling large molecular systems [9–13]. DFT calculations were
carried out on HAP, CHI, and GEN to optimize the geome-
try of the three compounds using the B3LYP functional with
the 3-21G basis set [14]. Following geometry optimization,
MOE docking simulations were performed to predict the stabil-
ity of the coating through the analysis of interactions between
the polymers and the antibiotic. The docking study also aimed
to estimate the inhibitory effect of CHI and GEN on Protein A
[15]. This work provides valuable theoretical insights to sup-
port and complement experimental findings, enrich the existing
scientific literature, and offer guidance for future research and
development in the field.

• HA with CHI interaction (Table 3)
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Residue % Protein A
ALA 13.00
ASN 13.00
LEU 11.66
GLN 10.00
LYS 10.00
GLU 8.30
ASP 6.66
PRO 5.00
SER 5.00
PHE 5.00
ILE 3.33
THR 1.66
HIS 1.66

ARG 1.66
GLY 1.66
TYR 1.66

Figure 3: 3D modeled structure of protein A and % residue.

Table 1: The representation of the molecular orbitals of HAP, CHI, and GEN optimized and their HOMO-LUMO energy levels.

Hydroxyapatite
HOMO LUMO

E = −0.17835 eV E = −0.02921 eV

Chitosan
HOMO LUMO

E = −0.36480 eV E = 0.22794 eV

Gentamicin
HOMO LUMO

E = −0.17835 eV E = 0.05253 eV

• HA with GEN interaction (Table 4) • CHI with GEN interaction (Table 5)
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Table 2: ∆E = ELUMO − EHOMO, GAP energy and reactivity in-
dices, hardness (η), and softness (S ) for the studied compounds.

Compounds ∆E [eV] Gap η S
HAP 0.149 -0.149 0.0745 13.422
CHI 0.592 -0.592 0.296 3.378
GEN 0.247 -0.247 0.1235 8.097

(a) (b)

(c)

Figure 4: Electrostatic potential map (MEP) for HAP (a), GEN
(b), and CHI (c).

2. Computational studies

2.1. Conformational strategy
All calculations were performed using Gaussian 09 soft-

ware [16], and molecular structures were visualized using
GaussView 5.09 [17]. The frequency calculations confirmed
the absence of imaginary frequencies, indicating that all opti-
mized structures correspond to true energy minima. Density
Functional Theory (DFT) accounts for electron correlation by
evaluating the interaction of an electron with the total elec-
tron density. DFT orbitals are constructed using basis func-
tions, and among the available methods, B3LYP (Becke’s three-
parameter hybrid functional combined with the LYP correlation
functional) is one of the most widely applied [9]. In this study,
DFT calculations were performed on hydroxyapatite (HAP),
chitosan (CHI), and gentamicin (GEN) using the B3LYP func-
tional and the 3-21G basis set [14]. The optimized structures
of all the studied compounds are presented in Figure 1. Fur-
thermore, key electronic parameters such as the HOMO-LUMO
energy gap (∆E), absolute hardness (η), and softness (S) were
calculated at the B3LYP/3-21G level [14, 18].

The difference between the HOMO and the LUMO is the
gap energy [19]:

Gap = HOMO − LUMO. (1)

The hardness η is:

η = (LUMO − HOMO)/2, (2)

the inverse of hardness is softness (S):

S = 1/η. (3)

2.2. Molecular operating environmental docking (MOE) ap-
proach

A 3D ligand structure consisting of hydroxyapatite (Sym-
bol: HAP, Formula: Ca5HO13P3), chitosan (Symbol: CHI, For-
mula: C56H103O39), and gentamicin (Symbol: GEN, Formula:
C21H43N5O7) was used in this study to evaluate their inhibitory
potential against Protein A of Staphylococcus aureus. The 3D
structure of Protein A (PDB ID: 1BDC - Immunoglobulin-
Binding B Domain, determined by NMR, 10 structures) was
obtained from the RCSB Protein Data Bank (RCSB.org). The
RCSB PDB is the U.S. data center for the global Protein Data
Bank (PDB), which provides access to 3D structural data of
large biological molecules such as proteins, DNA, and RNA-
data that is essential for research and education in biology,
health, energy, and biotechnology. The docking simulations
were conducted using the Molecular Operating Environment
(MOE) software (version 2015), a widely recognized tool for
predicting molecular interactions and evaluating inhibition po-
tential against target proteins [14]. The docking procedure was
performed for all three compounds (HAP, CHI, GEN) in com-
bination with the protein target. Before docking, the struc-
tures were prepared by adding hydrogen atoms using the Pro-
tonate3D function, repairing any missing bonds or connections,
and minimizing the potential energy. The optimized 3D confor-
mations of the ligands following the docking process are pre-
sented in Figure 2.

Additionally, the Site Finder tool was applied to identify the
active sites on Protein A, and the processed protein structure
along with the percentage of interacting residues is illustrated
in Figure 3 [14]. The simulation produced 30 initial binding
poses, which were evaluated using the London dG scoring func-
tion and subsequently refined twice using the Triangle Matcher
placement method [14]. From these, the five poses with the best
scores and interaction geometries were selected for further anal-
ysis. The significance of compound-compound and compound-
protein interactions was assessed based on the hydrogen bond
length (H-distance), which must be ≤ 3.5Å [14], and the energy
score (S). Electrostatic potential maps were also generated to
visualize the distribution of charge across the molecular surface
and clarify the nature of the interactions within linear domains
[15].

3. Results and discussion

3.1. Molecular properties

The optimized structures of Hydroxyapatite, Gentamicin,
and Chitosan are represented in Figure 1.

3.2. Orbital study

We performed electronic structure calculations using Den-
sity Functional Theory (DFT) to analyze hydroxyapatite
(HAP), chitosan (CHI), and gentamicin (GEN) to investigate
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Table 3: 3D structures, score energy, and bond length H of HAP-CHI interaction.

Pose S (energy score) Distance (Å) 3D structures

1 -4.31 6.64

2 -4.26 5.01

3 -3.90 4.37

4 -3.88 3.43

5 -3.86 4.24

their chemical bonding characteristics in greater detail [20].
The energy gap between the highest occupied molecular or-
bital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), as defined in equation (1), is a critical parameter for
assessing molecular stability. In addition to indicating chem-
ical hardness (η, equation (2)) and softness (S, equation (3)),
the HOMO-LUMO gap also reflects a molecule’s electronega-
tivity and chemical reactivity. Molecules with a small HOMO-

LUMO gap are generally classified as soft; they are highly po-
larizable, chemically reactive, and exhibit low kinetic stability
[21, 22]. The frontier molecular orbitals, HOMO and LUMO,
play a key role in governing how a molecule interacts with other
species [22]. The HOMO represents a molecule’s tendency to
donate electrons, while the LUMO indicates its capacity to ac-
cept electrons [9]. The HOMO and LUMO energies, energy
gap (∆E), absolute hardness (η), and softness (S ) for HAP,
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Table 4: 3D structures, score energy, and bond length H of HAP-GEN interaction.

Pose S (Energy score) Distance (Å) 3D structures

1 -3.18 10.48

2 -3.01 4.51

3 -2.94 8.78

4 -2.80 6.35

5 -2.78 9.30

CHI, and GEN were computed using the DFT/B3LYP method,
and the results are presented in Tables 1 and 2. Moreover, the
molecular electrostatic potential (MEP) maps were generated to
identify regions prone to nucleophilic and electrophilic attacks,
following the approach described by Gamil A.A. Al-Hazmi et
al. [15]. In the MEP visualizations of hydroxyapatite, chitosan,
and gentamicin shown in Figure 4, three distinct colors are ob-
served:

(i) Blue indicates electron-deficient (positively charged) re-
gions, which are favorable for nucleophilic attack.

(ii) Red highlights electron-rich (negatively charged) areas,
which are susceptible to electrophilic attack.

(iii) Green represents regions of neutral electrostatic poten-
tial.

6
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Table 5: 3D structures, Score Energy, and bond length H of CHI-GEN interaction.

Pose S (Energy score) Distance (Å) 3D structures

1 -3.95 2.47

2 -3.53 4.36

3 -3.48 5.33

4 -3.33 3.72

5 3.26 3.93

These visualizations help to better understand the reactivity and
interaction potential of the compounds at the molecular level.

According to Tables 1 and 2, the three compounds-HAP,
CHI, and GEN-exhibit a low HOMO-LUMO energy gap. As
reported in the literature [21, 22], a low gap energy is associated
with high polarizability, low kinetic stability, and high chemi-
cal reactivity. Therefore, HAP, CHI, and GEN can be classified
as soft molecules [22]. As a result, electron transfer between

the molecular orbitals of these compounds can occur more eas-
ily [23]. The Molecular Electrostatic Potential (MEP) maps
in Figure 4 further support this analysis. They show that the
oxygen atoms in chitosan (c) and gentamicin (b) represent the
primary active (negatively charged) sites, which are favorable
for interaction with hydroxyapatite (a), whose surface regions
appear positively charged. This electrostatic complementarity
facilitates the formation of stable interactions between the three

7
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(a) Hydroxyapatite

(b) Gentamicin

(c) Chitosan

Figure 5: Best interection of hydroxyapatite with chitosane (a),
hydroxyapatite with gentamicin (b); and gentamicin with chi-
tosane (c).

components.

3.3. Molecular operating environment (MOE)
The MOE Docking approach is one of the most widely

adopted methods in the pharmaceutical industry for drug dis-
covery, as it provides a virtual simulation of the interaction
between a candidate compound (proposed drug) and a target
pathogenic protein within the cell [24]. In this study, we em-
ployed this method for two main objectives: to investigate the
molecular interactions between hydroxyapatite (HAP), chitosan
(CHI), and gentamicin (GEN), and to theoretically evaluate the
inhibitory effect of chitosan on Staphylococcus aureus Protein
A, as well as to confirm, from a computational perspective, the
antibiotic activity of gentamicin against the same protein, which
plays a key role in osteomyelitis pathogenesis [4]. The interac-
tion parameters are shown in Tables 3, 4, 5, 6, and 7.

• CHI with Protein A interaction (Table 6).

• GEN with protein A interaction (Table 7)

(a) Chitosan

(b) Gentamicin

Figure 6: Surface maps of best interactions of Chitosan and
gentamicin against protein A.

3.3.1. Interaction compound-compound
Molecular docking commonly predicts the binding orien-

tation of drugs and small molecules. In this study, [25] we
used MOE docking to compare the interaction of hydroxya-
patite and chitosan as a drug delivery system for gentamicin.
Three interactions are carried out: HAP-CHI, HAP-GEN, and
CHI-GEN. The interaction parameters compared and discussed
in this study are; ligand site, amino acid receptors, interaction
type, bond length H (Distance (Å)), and scoring energy (S) ))
shown in Tables 3, 4, and 5, respectively. In addition, anchor-
ing patterns, as well as electrostatic maps Figure 5 were delib-
erately examined to determine the degree and type of occlusion
with amino acid receptors [15]. According to Tables 3, 4, and
5, the CHI-GEN interaction is the most important, with a lower
H distance, especially in pose1 (2.47Å), and an average energy
score (-3.95). These results mean that the binding of gentam-
icin to chitosan is stronger due to the hydrogen bonds formed,
and the site of interaction of HAP and GEN is in the oxygen
part. The electrostatic maps shown in Figure 5 confirm the im-
portance of gentamicin’s interaction with chitosan, reflected by
the observable occlusion of chitosan’s electron cloud with gen-
tamicin’s electron cloud [15].

3.3.2. Interaction compound-protein
CHI plays a significant role in the drug delivery system.

According to the results obtained by Gaussian 09 of the in-
teraction of CHI with HAP and GEN, CHI ensures the bind-
ing of GEN to HAP. This binding aims to build a complex to
avoid osteomyelitis. We used Docking MOE to estimate the
degree of inhibition of CHI and GEN against protein A, the el-
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Table 6: 3D structures, score energy, and bond length H of CHI-Protein A interaction.

Pose S Rmsd- 3D structures
refine

1 -7.18 2.31

2 -6.92 2.55

3 -6.89 6.91

4 -6.87 1.49

5 -6.85 5.11

ement responsible for osteomyelitis. The tables below 6, and 7
present the interaction parameters of CHI and GEN compounds
with Protein A, interaction validation schemes, and 3D struc-

tures. CHI shows moderate inhibition, with an average energy
score of -6.94 and an average distance of 3.67 in the 5 poses
extracted. The most important pose is pose 4, with a score of
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Table 7: 3D structures, Score Energy, and bond length H of GEN- Protein A interaction

-

Pose S Rmsd- 3D structures
refine

1 -5.28 2.07

2 -5.25 1.13

3 -5.25 1.55

4 -5.16 2.61

5 -5.14 1.29

−6.87 and a distance of 1.49 ≤ 3.5Å, which according to the
interaction validity schema makes 5 hydrogen interactions with

amino acid residues: ASN4, which accounts for 13% of the pro-
tein A sequence, LYS35 (%10), ASP (%6.66) and Pro35 (%5).
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Asparagine (ASN4) was found to establish two polar hydrogen
bonds with two CHI oxygens. Lysine (LYS35) established a
basic bond with the CHI nitrogen atom. Proline (Pro35) forms
a greasy bond with the nitrogen atom.

GEN shows significant inhibition compared to CHI, with
an average energy score of -5.21 and an average distance of
1.73 ≤ 3.5Å in the 5 extracted poses. These results are in ac-
cord with the experimental results of Stevanović et al. [7, 8].
The most significant pose is pose 1, with a score of -5.28 and
a distance of 2.07Å, which, according to Schema interaction
validity, establishes 6 hydrogen interactions with amino acid
residues: ASN29, which accounts for 13% of the protein A
sequence, LYS36 (%10), Glu25 (%8.3) and Phe14 (%5). As-
paragine (ASN4) establishes a polar hydrogen bond with the
CHI nitrogen atom. Lysine (LYS35) establishes a basic bond
with CHI oxygen. Glutamine (Glu25) forms three acidic bonds
with three nitrogen atoms.

Figure 6 shows the electrostatic maps of the best interac-
tions of chitosan and gentamicin with protein A. An occlusion
is observed for both ligands with the electron cloud in protein
A [15].

4. Conclusion

In this study, based on DFT calculations and molecular
docking simulations performed using Gaussian 09, the theoret-
ical results show that electron movement between the orbitals
of HAP, CHI, and GEN can easily occur due to the molecules’
softness. Chitosan exhibits a higher binding affinity for gentam-
icin than hydroxyapatite, indicating a stronger CHI-GEN com-
plex interaction. The primary interaction site between hydrox-
yapatite and gentamicin with chitosan is located on the oxygen
atoms, identified as nucleophilic regions through electrostatic
potential maps. Chitosan shows moderate inhibition against
Protein A, with an average docking score of -6.94 and an av-
erage bond length of 3.67Å, close to the threshold (≤ 3.5Å) for
significant interactions. In contrast, gentamicin shows stronger
inhibition, with an average docking score of -5.21 and a shorter
bond length of 1.73Å, confirming its high affinity for the target
protein. These results suggest that chitosan plays a critical role
in the drug delivery system by facilitating the binding of gen-
tamicin to hydroxyapatite, due to the molecules’ softness and
the stronger interaction between CHI and GEN. This binding
mechanism may be key to preventing Staphylococcus aureus-
induced osteomyelitis. In conclusion, this theoretical study pro-
vides valuable insights into the interactions of biomaterials in
drug delivery systems. It underscores the synergistic behavior
of hydroxyapatite, chitosan, and gentamicin, and paves the way
for innovative applications in biomedical fields, including the
design of antibacterial implant coatings and targeted antibiotic
delivery systems.

Data availability

The data will be available on request from the correspond-
ing author.
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