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Bioactive Chitosan/p-Tricalcium Phosphate Coatings on Titanium:
Experimental Optimization and DFT Insight

The development of bioactive coatings combining biopolymers and calcium phosphate ceramics offers an ef-
fective strategy to improve osseointegration and functional performance of titanium-based implants. In this
study, highly purified Bombyx mori chitosan (CS-BM) and B-tricalcium phosphate (B-TCP) were used to fab-
ricate hybrid coatings on titanium substrates via electrochemical deposition under optimized conditions
(52 °C, pH 6.6-7.0, 2.0-4.0 mA-cm2). SEM and AFM analyses revealed uniform, strongly adherent two-
layer structures with microtopography (1-10 um roughness) favorable for bone ingrowth, while elemental
analysis confirmed complete Ca- and P-rich coverage. Density functional theory (DFT) modeling confirmed
the cooperative role of Ca®* and PO,> in bridging CS-BM to TiO,, contributing to coating stability. In vivo
studies demonstrated that CS-BM/TCP-coated implants accelerated early contact osteogenesis, dense trabecu-
lar bone formation, and stable bone—implant integration compared to uncoated controls. In an experimental
osteoporosis model, intramuscular administration of CS-BM with active calcium or calcium-—vitamin D; sig-
nificantly enhanced fibroblast-to-osteoblast differentiation, stimulated osteoid synthesis, and led to complete
restoration of bone microarchitecture within 21 days. These findings highlight CS-BM/TCP coatings as a sus-
tainable, locally sourced, and highly effective platform for orthopedic and dental implant applications, with
additional therapeutic potential in osteoporosis management.

Keywords: chitosan, Bombyx mori, DFT modeling, chitosan coating, B-tricalcium phosphate, TiO,(110),
electrochemical deposition, implant, osteogenesis

Introduction

The design of bioactive surfaces for titanium-based implants remains a pivotal objective in contempo-
rary biomedical materials research. Titanium and its alloys are extensively employed in orthopedic and den-
tal applications owing to their excellent mechanical performance, corrosion resistance, and intrinsic biocom-
patibility. Nevertheless, the inherently bioinert nature of their surfaces restricts direct bonding with bone tis-
sue, thereby limiting long-term clinical performance. To overcome this limitation, extensive efforts have
been directed toward surface functionalization strategies that integrate biopolymers with calcium phosphate
ceramics, aiming to enhance osseointegration and biological activity [1-10].

One of the key challenges in biomedical materials science is enhancing the physico-mechanical and
biological performance of implants to improve their long-term biocompatibility. A widely adopted approach
to achieving this goal is the surface modification of the underlying implant material. Among the diverse ma-
terials investigated for such applications, chitosan (CS), a B-(1—4)-linked D-glucosamine polysaccharide,
has garnered considerable attention due to its intrinsic biocompatibility, biodegradability, and strong affinity
for biological molecules via its amino and hydroxyl functional groups. These characteristics make CS a par-
ticularly promising candidate for advanced prosthetic applications, positioning it at the forefront of bioactive
surface engineering strategies [11-14].

Globally, the production of chitin and its derivative, CS, is predominantly based on shellfish exoskele-
tons as the primary raw material source. However, this approach is constrained by seasonal and geographic
limitations in shellfish harvesting, which restrict large-scale and consistent supply. In Uzbekistan, where ser-
iculture has been historically well-developed, an alternative and underutilized resource is available in the
form of Bombyx mori silkworm pupae—by-products of the silk production process. These pupae represent a
sustainable source of chitin that can be chemically processed into CS, a polymer of equally high industrial
and biomedical value [15-21].
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Tricalcium phosphate (TCP), particularly in its B-phase, is a well-recognized osteoconductive material
extensively applied in bone regeneration owing to its close compositional resemblance to the mineral phase
of natural bone. Compared with hydroxyapatite, B-tricalcium phosphate demonstrates more favorable
resorption kinetics and pronounced osteoinductive potential, which makes it especially suitable for use in
coating systems designed to enable controlled ion release and facilitate progressive bone remodel-
ing [22, 23].

Recent research has increasingly focused on combining CS with TCP to develop composite materials
that provide both structural reinforcement and enhanced biological functionality. Among the various deposi-
tion techniques, electrochemical methods are particularly attractive for producing uniform, strongly adherent
coatings under low-temperature conditions [24]. Literature reports indicate that promising coating compo-
nents include phosphate, calcium, copper, and gold ions, as well as macromolecular bioactive polymers such
as CS, fibroin, and TCP [25-32]. Comprehensive investigations into the use of these constituents in implant
coatings are regarded as highly promising, with the potential to markedly improve both the mechanical per-
formance and the biological activity of dental implant surfaces.

Given the high incidence and increasing frequency of bone fractures—driven in part by technological
progress and industrialization—post-traumatic osteoporosis has become increasingly prevalent. Recent stud-
ies have emphasized the important role of CS in bone tissue metabolism and in the treatment of osteoporosis
of various etiologies [33—36]. Composite coatings combining chitosan with calcium phosphate significantly
enhance cell adhesion and osteoblastic differentiation (e.g., MG-63, MC3T3-EL), while increasing surface
hydrophilicity—Kkey properties for improved osseointegration [37]. CS is of particular interest as a potential
therapeutic agent for osteoporosis due to its ability to enhance calcium absorption, stimulate bone formation,
and provide targeted drug delivery. CS-calcium complexes for osteoporosis treatment are especially promis-
ing owing to their biocompatibility, drug delivery potential, and osteogenic properties. An underexplored
alternative to conventional marine-sourced chitosan is Bombyx mori chitosan, which, due to its lower
crystallinity, high purity, and enhanced solubility, offers unique advantages for biomedical coatings; given
the growing demand for sustainable, locally available biomaterials and the complete absence of studies ap-
plying CS-BM in implant surface engineering, its investigation is both timely and scientifically relevant. De-
spite promising experimental advances, a detailed understanding of the interactions at the atomic level be-
tween coating components and titanium dioxide surfaces remains limited. Density functional theory (DFT)
and atomistic modeling can provide insights into surface binding, charge redistribution, and electronic ef-
fects, offering valuable guidance for experimental design.

This study aims to develop and optimize electrochemically deposited chitosan Bombyx mori/B-
tricalcium phosphate (CS-BM/TCP) hybrid coatings on titanium substrates, elucidating their interfacial bind-
ing mechanisms and evaluating their potential to enhance osseointegration and bone regeneration. The exper-
imental approach is complemented by DFT simulations of the rutile TiO,(110) surface, focusing on its inter-
actions with individual and cooperative adsorbates, including a chitosan dimer, Ca®*, and PO,> ions. This
combined methodology aims to elucidate the underlying binding mechanisms responsible for improved coat-
ing adhesion and enhanced bioactivity.

Experimental

Isolation of Chitin from Bombyx mori and Synthesis of Chitosan.

The first stage of chitin production involves multiple extractions of oil using organic solvents, including
ethanol, at elevated temperature. Chitin was extracted from Bombyx mori silkworm pupae using 5-7 %
NaOH or KOH solutions (1:10 ratio) at 90 °C for 3 hours, followed by extensive washing and drying. Pro-
teins are removed by treating the defatted raw material with an alkali solution. Chitosan Bombyx mori (CS-
BM) was obtained by deacetylating chitin in 50 % NaOH (1:10 ratio) at 120 °C for 3 h. The resulting product
was washed to neutrality, lyophilized at —50 °C under 0.5 mbar pressure, yielding a yellowish powder readily
soluble in 2 % acetic acid. Purification involved dissolving crude CS-BM in 2 % acetic acid, coagulating at
controlled pH, washing with ethanol, centrifugation, and subsequent lyophilization, as described previously.

Characterization Techniques

The characterization of the obtained samples was carried out using a set of complementary analytical
techniques. Fourier transform infrared (FTIR) spectra were acquired with a Shimadzu 84005 spectrometer
(Japan) in the range of 4000400 cm ™ using KBr pellet preparation. The phase composition was analyzed by
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X-ray diffraction (XRD) on a Rigaku Miniflex 600 diffractometer (Japan) employing Cu Ko radiation
(L =1.5406 A). The elemental composition was determined with a Flash Smart elemental analyzer (Thermo
Scientific, USA). Surface topography was examined by atomic force microscopy (AFM) using an Agilent
Technologies 5500 system (USA), while morphological features were observed by scanning electron micros-
copy (SEM) on an EVO MA10 instrument (ZEISS, Germany).

Preparation of Electrolyte Solutions and Coating Deposition

The electrolyte solution was prepared by dissolving chitosan derived from CS-BM, 0.5 g L™ in 2 %
acetic acid, followed by mixing with a saturated 0.2 M TCP solution. Titanium plates (30x10x1 mm, surface
roughness 4.0 um) were thoroughly cleaned and subsequently immersed in the prepared electrolyte. Electro-
chemical deposition was carried out at 52 °C for 15 h under a constant current density of 2.0-4.0 mA-cm in
a pH 6.6-6.7 buffer solution. Previous studies have demonstrated that lower pH values (<6.5) negatively im-
pact the adhesion strength of calcium phosphate coatings, primarily due to the accelerated dissolution of pre-
cursor species and reduced nucleation efficiency on titanium substrates [37, 38]. After electrolytic deposi-
tion, the titanium plates were rinsed thoroughly with demineralized water and dried in an oven at 50 °C for
12 h.

Biomedical Studies of Titanium Implantation in Vivo

The in vivo biomedical study was conducted on 18 clinically healthy, non-breed rabbits weighing
4200-4300 g. The animals were maintained under standard vivarium conditions at the Interuniversity Scien-
tific Research Laboratory of the Tashkent Medical Academy and provided with a standard diet. All experi-
mental procedures were performed in strict compliance with the international guidelines for the ethical
treatment of laboratory animals, as outlined in the European Communities Council Directive 86/609/EEC of
24 November 1986.

Titanium dental implants coated with a bioactive TCP/CS-BM composite, as well as uncoated titanium
implants, were surgically placed under general anesthesia. The animals were randomly assigned to three ex-
perimental groups:

Group 1 — Intact control;

Group 2 — Implant without bioactive coating;

Group 3 — Implant with bioactive coating.

General anesthesia was induced via intravenous injection of a freshly prepared sodium ethaminal solu-
tion (40 mg-kg™) into the auricular vein. Upon achieving deep anesthesia, 0.5 % novocaine solution was
administered subcutaneously at the surgical site. Osteoplastic surgery for implant insertion was performed
using a 1 mm diameter drill operating at 1000 rpm under continuous saline irrigation. Implant placement was
completed using a rotating torque key to ensure controlled insertion.

Postoperative monitoring of the animals’ general condition was carried out hourly during the first 24
hours and subsequently once daily over a 90-day period. Radiographic assessments of the implant sites were
performed at 1, 2, and 3 months post-surgery to evaluate the progression of osseointegration.

Biomedical Evaluation of Modified Chitosan for Osteoporosis Treatment

The biomedical evaluation of modified chitosan for osteoporosis treatment was conducted on 50 healthy
female Chinchilla rabbits weighing 2.0-2.5 kg. Osteoporosis was experimentally induced by performing an
osteotomy of the right femur, followed by immobilization of the limb. After 40-50 days, radiographic exam-
inations confirmed the development of osteoporosis, and the animals were divided into three experimental
groups. The first group (n = 10) served as the control and, after removal of immobilization, was kept under
standard conditions without treatment. The second group (n = 15) received intramuscular injections of CS-
BM combined with active calcium for 20 days, while the third group (n = 15) received CS-BM in combina-
tion with “Calcium-D3 Nycomed” for the same duration. At the end of the treatment period, all animals were
euthanized, and samples from the femoral epiphysis and diaphysis were collected for micromorphological
analysis. The specimens were fixed in 10 % neutral buffered formalin and decalcified in 5 % nitric acid in
preparation for histological examination.

Statistical Analysis

The experimental data were processed statistically using Microsoft Excel software. Calculated parame-
ters included the arithmetic mean (M), standard deviation (o), standard error of the mean (m), and relative
values expressed as percentages. Differences between mean values were evaluated for statistical significance
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using Student’s t-test, with a threshold of p <0.05 considered significant. All statistical analyses were per-
formed in accordance with established guidelines for the processing of clinical and laboratory research data.

Computational Details

Density functional theory (DFT) calculations were performed using the Vienna Ab-initio Simulation
Package (VASP) [39-42]. The Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) [43] was used for the exchange-correlation functional, and projector augmented-wave (PAW)
pseudopotentials [44] were employed.

A kinetic energy cutoff of 500 eV was chosen after convergence tests, ensuring total energy variation
below 10°° eV/atom. Brillouin zone sampling was performed using a Monkhorst—Pack grid [45] of 2x2x1 for
the slab moldels. Atomic structures were fully optimized until the residual forces on each atom were less than
0.02eVA™

The rutile TiO, structure was obtained from the Materials Project (mp-2657) and used as the model for
the TiO,(110) surface. The rutile TiO,(110) surface was modeled as a 2x2 supercell slab composed of four
atomic layers separated by a vacuum region of 20 A along the surface normal (z-axis). The bottom two layers
were fixed to represent the bulk structure, while the top layers were relaxed. Dipole corrections were applied
along the z-direction (LDIPOL = TRUE, IDIPOL = 3) to eliminate artificial electrostatic interactions caused
by asymmetry in the slab geometry.

The chitosan repeating unit was represented by the protonated glucosamine monomer ([GIcNHs]"), op-
timized separately in the gas phase. To maintain overall charge neutrality in periodic boundary conditions, a
uniform compensating background charge was applied, following standard procedures for charged
adsorbates [46]. This approach enables reliable estimation of local binding energetics and charge redistribu-
tion while avoiding long-range Coulomb artifacts.

Adsorption models included: (i) isolated [GIcNH;]" interacting with TiO,(110); (ii) single Ca?" and
PO,* ions; and (iii) a cooperative CS-Ca**~P0O,* composite cluster. p-Tricalcium phosphate (B-TCP) was
modeled in its rhombohedral R3c phase (space group No. 161) using crystallographic parameters from the
ICSD database, cross-validated with data from the Materials Project (mp-3487).

The adsorption energy (E.qgs) Was calculated using:

Eads = E(surface + adsorbate) ~ E(surface) - E(adsorbate)a

where Eyrface + adsorbate) 1S the total energy of the adsorption system, and Esyrtace) aNd Eagsorbate) COrrespond to the
isolated surface and molecule/ion, respectively.

Charge transfer analysis was performed using the Bader method [47, 48]. The chosen DFT-PBE/PAW
level of theory provides a good balance between accuracy and computational efficiency for describing ox-
ide—biomolecule interfaces and has been widely validated for TiO, and calcium phosphate systems [49].
Charge transfer was estimated using Bader charge analysis.

Results and Discussion

Physicochemical Properties of CS and TCP

For the purposes of this study—given the intended biomedical application—highly purified CS-BM
was required. CS-BM purification was carried out according to a previously developed method [15, 16]. The
physicochemical properties of the starting material were characterized using elemental analysis, IR spectros-
copy, and X-ray diffraction. Additionally, the degree of deacetylation (DDA) and viscosity-average molecu-
lar weight (M,,) of the CS-BM samples were determined. Purified CS-BM exhibited high nitrogen content
(8.52 %), low ash content (1.43 %), and high solubility in acetic acid (98.85 %). TCP powder displayed lim-
ited solubility in water but dissolved well in acetic acid, forming hydrophosphates.

FTIR spectra confirmed characteristic CS-BM functional groups (OH, NH,, and C-O-C) and complete
deacetylation. TCP spectra showed strong phosphate group vibrations, while XRD confirmed the crystalline
phase of single-phase tricalcium phosphate. The broad and intense absorption band observed in the 3500—
3100 cm™ region corresponds to the stretching vibrations of hydroxyl (OH) and amino (NH) groups involved
in hydrogen bonding. The stretching vibrations of the C—H and CH, groups were observed at 2917 and
2873 cm™, respectively. The absorption bands within 900-1150 cm™ are associated with various defor-
mation vibrations of C-O-C, NH, and C-C groups (Figure S1 of the Supplementary Materials file). The
spectrum lacked the absorption peak of the acetamide group characteristic of chitin, while the amide Il band
appeared as a distinct single peak at 1578 cm™. The nitrogen content and solubility of the purified CS-BM
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reached 8.52 % and 98.8 %, respectively. A low ash content (1.43 %) also confirmed the high purity of the
obtained material (Table 1).

TCP powder was used as the calcium-containing component of the coating. TCP belongs to the group
of bioactive materials capable of participating in ion exchange and metabolic processes within the bone ma-
trix, being partially or completely replaced by bone tissue during regeneration. Due to its osteoconductive
properties, TCP serves as a scaffold that is gradually substituted by newly formed bone.

Table 1
Physicochemical characteristics of CS-BM and TCP
Sample Nitrogen | Ash con- |Solubility in 2 % | Solubility in | pH of 1 % aque- | Intrinsic vis- | Moisture
P content, % | tent, % | acetic acid, % water, % ous suspension | cosity, dl/g | content, %
Bombyx mori| g g, 1.43 98.85 1.15 75 25 3.17
chitosan
TCP —
- 58.40 96.10 43.68 - - 1.68
Caz(POy),

One of its most valuable characteristics is its osteoinductivity, which makes it widely applicable as a bi-
omaterial for bone defect repair. However, osteoinductivity alone is insufficient to ensure complete bone re-
generation and remodeling in composite materials based solely on tricalcium phosphate [50, 51]. Successful
bone growth also requires additional factors, such as bioactive scaffolding materials (e.g., CS) and specific
growth factors capable of inducing cellular differentiation toward bone tissue. Therefore, the bone-
regenerative potential of TCP can be significantly enhanced by the incorporation of osteoinductive growth
factors stimulating osteoblast differentiation [52-54]. Tricalcium phaosphate is a tertiary calcium phosphate,
also referred to as bone ash, serving as a rich and bioavailable source of calcium and phosphorus for cells.

The TCP used in this study was a grayish powder with a molecular weight of 310.18 g/mol and a densi-
ty of 2.81 g/cm®, measured under standard conditions (25 °C, 100 kPa). The physicochemical characteristics
of purified CS-BM and TCP used for implant coatings are summarized in Table 1.

The purified CS-BM was subsequently utilized for the fabrication of composite coatings on titanium
substrates in combination with TCP. The TCP employed in this study was characterized by a high content of
ash-forming elements (~60 %). While TCP demonstrated low solubility in water, it readily dissolved in 2 %
acetic acid, resulting in the formation of hydrophosphate species. Structural characterization of the TCP
powder was performed using Fourier-transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD)
(Figure S2 of the Supplementary Materials file).

The FTIR spectrum of Caz(POy), confirmed the presence of phosphate anions, as evidenced by a broad,
intense absorption band centered at 1452 cm ™, accompanied by shoulders at 1138 cm™ and 1065 cm™, cor-
responding to the antisymmetric stretching vibrations of the phosphate group. Additionally, a deformation
vibration was observed at 528 cm™ (Figure S2, a of the Supplementary Materials file).

The XRD pattern of the TCP sample (Figure S2, b) displayed distinct diffraction peaks characteristic of
single-phase tricalcium phosphate, with prominent reflections at 26 = 30.0°, 34.2°, and 36.5°. The peak at
20 = 30.0° serves as a definitive marker for TCP, in agreement with previously reported crystallographic da-
ta [55, 56].

Preparation of Calcium Phosphate/Chitosan Coatings

Titanium plates were prepared according to the procedure described in Experimental section. A deposi-
tion setup was assembled, consisting of a thermostated electrochemical cell equipped with a temperature sen-
sor, two electrodes (a reference electrode and a counter electrode), and a cathode onto which the titanium
plate was fixed (Fig. 1).

The electrochemical deposition parameters for bioactive coatings were systematically optimized, with
the following key factors identified: applied current density (0.1-10 mA), temperature range (30-70 °C),
solution and bioactive mixture concentrations (0.1-10 %), and deposition time (1-20 h). Prior to electrolysis,
all raw materials, solutions, and mixtures were carefully prepared and purified. Special emphasis was placed
on the physical surface characteristics of the titanium substrates, particularly smoothness and roughness, as
micro-scale surface irregularities were found to be critical for effective electrolytic deposition and stable fix-
ation of the bioactive layer. This effect is attributed to the enhanced reduction of ions and macroions during
electrochemical processing.
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Figure 1. Schematic diagram of the installation for electrolytic deposition of coatings on titanium plates

Titanium plates were mechanically treated to achieve the desired roughness. Previous studies have
shown that increasing surface roughness significantly improves the primary mechanical stability of implants
and supports their long-term performance [57-59]. While roughness enhances the bone—implant contact area,
thereby facilitating osseointegration, it is not the sole determinant of success. Surface chemistry, particularly
the incorporation of bioactive ions, plays an equally important role during the initial stages of reparative
osteogenesis by promoting osteogenic activity.

Surface roughness of the plates was measured using an atomic force microscope (Agilent Technologies
5500, USA) (Figure S3 of the Supplementary Materials file).

A developed surface topography facilitates mechanical interlocking between the newly formed bone tis-
sue and the implant surface. A robust process of reparative regeneration is a key factor determining the me-
chanical integrity of the bone-implant interface. The microscopic level of roughness reflects the
microgeometry of the implant surface, with surface irregularities in the range of 1 to 10 pm.

The obtained surface roughness range was found to provide optimal adhesion between the implant and
mineralized bone tissue. According to literature data, the most favorable topography for osseointegration in-
cludes hemispherical pores approximately 1.5 um deep and 4 um in diameter.

SEM analysis confirmed the successful formation of TCP coatings on titanium substrates, with thick-
nesses ranging from 10 to 14 um (Fig. 2). Under optimized electrolytic deposition conditions—CS-BM con-
centration of 0.41 g/dL, TCP in a supersaturated solution at pH 7.0, temperature of 52 °C, deposition time of
15 h, and applied current density of 2.0 mA/cm°—the resulting composite coating reached a total thickness
of 58 um, of which 16 um corresponded to the CS-BM layer.

Surface roughness measurements, performed using an atomic force microscope (Agilent Technologies
5500, USA), are presented in Figure S3 of the Supplementary Materials file. The resulting microtopography
enables mechanical interlocking between the implant and the newly formed bone tissue, which is a decisive
factor for the long-term integrity of the bone—implant interface. At the microscopic scale, the implant surface
exhibited irregularities in the 1-10 um range, corresponding to the optimal geometry for enhanced
osteointegration.
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Figure 2. Electrolytically deposited two-layer coating based on CS-BM and TCP on a titanium plate:
(a) SEM image of the coating surface at 250x magnification. CS-BM concentration: C = 0.41 g/dL; T =52 °C;
deposition time: 15 h; in supersaturated TCP solution (buffer pH 7.0); current density: |1 = 2.0 mA/cm?;
(b) SEM image of the coating cross-section at 250x magnification. Outer layer: TCP; inner (darker) layer: CS-BM;
intermediate connecting layer: TCP; layer thicknesses: 1 — 32 um, 2 — 16 pm, 3 — 8 um

A moderate increase in CS-BM concentration to 0.46 g/dL, while keeping all other deposition parame-
ters unchanged, resulted in a pronounced reduction in total coating thickness to 24 pm. Correspondingly, the
CS-BM layer thickness decreased to 10 um (Fig. 3).

These results align with previous reports [60, 61], which also documented a progressive reduction in
coating thickness with increasing CS-BM concentration in the electrolyte. Experimental data demonstrated
that raising the CS-BM concentration to 0.48 g/dL, while simultaneously shortening the deposition time and
increasing the current density to 4.0 mA/cm?, yielded a total coating thickness of 30 um, with the CS-BM
layer reduced to 6 um (Fig. 4). Both the overall coating thickness and surface roughness exhibited a con-
sistent downward trend with higher CS-BM concentrations. Importantly, the combination of reduced pro-
cessing time and elevated current density produced coatings comparable in quality to those formed under
prolonged deposition, offering a more cost-effective and time-efficient manufacturing approach.

Experimental results confirmed that the developed bioactive coating comprises three structurally dis-
tinct layers: a CS-BM matrix, an intermediate TCP layer, and an outer TCP layer. Each layer fulfills a specif-
ic function in enhancing implant performance. The CS-BM matrix acts as a reservoir for the sustained re-
lease of bioactive molecules, supporting local therapeutic action.

The outer TCP layer promotes bone tissue ingrowth, while the intermediate TCP layer ensures robust
adhesion between the matrix and the implant surface. Owing to the ionic exchange capacity of TCP in com-
bination with CS-BM, the coating undergoes gradual resorption, facilitating its replacement by newly formed
bone tissue during the regenerative process.
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a b

Figure 3. Electrolytically deposited two-layer coating based on CS-BM and TCP on a titanium plate:
(a) SEM image of the coating surface at 500x magnification. CS-BM concentration: C = 0.46 g/dL; T = 52 °C;
deposition time: 15 h; in supersaturated TCP solution (buffer pH 6.6); current density: | = 2.0 mA/cm?;
(b) SEM image of the coating cross-section at 500x magnification. Outer layer: TCP;
inner (darker) layer: CS-BM; layer thicknesses: 1 — 10 pym, 2 — 10 um, 3 — 4 pm

a b

Figure 4. Electrolytically deposited two-layer coating based on CS-BM and TCP on a titanium plate:
(a) SEM image of'the coating surface at 500x magnification. CS-BM concentration: C = 0.48 g/dL; T = 52 °C;
deposition time: 7 h; in supersaturated TCP solution (buffer pH 6.65); current density: | = 4.0 mA/cm?2,;
(b) SEM image of the coating cross-section at 500x magnification. Outer layer: TCP;
inner (darker) layer: CS-BM; layer thicknesses: 1 — 10 ym, 2 — 6 um, 3 — 14 pm

Optimization of Titanium Surface

Surface roughness significantly affects osseointegration. AFM revealed optimal roughness values of
~4.0 um after progressive processing, enhancing implant stability and bone integration. The microstructural
characteristics of the coating were further examined using scanning electron microscopy (SEM, EVO MA10,
ZEISS, Germany) at varying magnifications (Fig. 5, a, b), providing detailed visualization of surface mor-
phology and coating uniformity.

As shown in Figure 5, a the untreated titanium plate surface displays distinct roughness characterized
by pronounced scratches. After coating, the surface is covered with TCP microspheres ranging from 10 to
30 um in diameter (Fig. 5, b), around which the CS-BM film aggregates. These CS-BM domains are inte-
grated with both the calcium phosphate spheres and each other, forming cross-linked structural networks.
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Figure 5. (a) Image of the CS-BM/TCP coating on a titanium plate, scale bar: 100 um;
(b) Image of the CS-BM-TCP coating on a titanium plate, scale bar: 10 um

Elemental analysis of the uncoated titanium plate (Fig. 6) confirmed a predominantly homogeneous
composition, with titanium comprising 96.2 % of the material and minor inorganic impurities such as Al,
Mn, and residual Ca. In contrast, the spectrum of the TCP-coated surface (Figure S4 of the Supplementary
Materials file) showed a sharp reduction in titanium content to 7.1 %—a nearly 13.5-fold decrease—
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indicating almost complete substrate coverage. The detected Ca (25.5 %), P (12.7 %), and O (53.7 %) con-
tents are in close agreement with the theoretical stoichiometry of TCP.

The elemental spectrum of the CS-BM film reveals a carbon content of 9.9 %, confirming the incorpo-
ration of the CS-BM polymer into the coating. Along with carbon, calcium (Ca), phosphorus (P), and oxy-
gen (O) were also detected, indicating the successful formation of a composite CS-BM/TCP layer.

Overall, SEM analysis confirmed that the coating on the titanium plates consists of TCP microspheres
(10-30 um in diameter) embedded within a continuous CS-BM film, forming a structurally integrated com-
posite surface.

W spectrum 2
Wi ©
0 504 13
Cs 330 0
» 167 10

b

Figure 6. (a) Image of the TCP layer from the cross-sectional side of the titanium plate;
(b) Elemental composition of TCP within the CS-BM layer

The CS-BM/TCP coating applied to the end surface of titanium plates was examined (Fig. 6). Elemental
analysis of the CS-BM layer deposited atop the TCP surface revealed the following composition: oxygen—
50.4 wt%, phosphorus—33.0 wt%, and calcium—16.7 wt%. This composition confirms complete (100 %)
coverage of the TCP layer over the titanium substrate. Therefore, the electrolytic deposition technique ena-
bles the fabrication of a continuous bioactive CS-BM/TCP coating on titanium surfaces.
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Theoretical Insights into Component Adsorption on Rutile TiO,(110)

To elucidate the molecular-level mechanisms underlying CS and TCP deposition on titanium substrates,
ab initio density functional theory (DFT) calculations were performed. The rutile TiO,(110) surface—
representing the stable native oxide layer formed on titanium implants—was modeled using a four-layer slab
with a 20 A vacuum gap in the z-direction. The bottom two layers were fixed to preserve the bulk crystal
structure, while the upper layers were fully relaxed.

Adsorption of Protonated Glucosamine on TiO,(110)

The glucosamine molecule, representing the repeating unit of chitosan, was considered in its protonated
form ([GIcNH;]"), which dominates at physiological and mildly acidic pH (~6.6). The molecule adsorbs fa-
vorably onto the TiO,(110) surface via electrostatic interactions between the —~NH;" group and surface bridg-
ing oxygen atoms O atoms TiO,(110) surface. Hydrogen bonding involving hydroxyl groups (-OH) and
five-fold coordinated Ti’c atoms. The calculated adsorption energy (Eags) of the NHz* group on the TiO, sur-
face is —1.27 eV, indicating a strong exothermic interaction and thermodynamically favorable adsorption.
The optimized geometry reveals a bonding configuration involving the nitrogen atom of NH;" interacting
with a bridging oxygen atom) of the surface at a distance of approximately 2.89 A. Additionally, hydrogen
bonding between the hydroxyl group and a five-coordinated titanium site (Ti’c) is observed, with an OH-Ti
distance of ~2.13 A. Bader charge analysis shows a net charge transfer of approximately 0.11 electrons from
the adsorbed NH* moiety to the Ti’c site, further confirming electronic interaction and partial covalent char-
acter of the adsorption. Molecular orientation: nearly parallel to the surface, stabilized by multiple interaction
sites. These findings indicate strong adhesion of the chitosan monomer to the oxide surface, favoring the
formation of a stable initial polymer layer during electrochemical deposition.

Adsorption of Ca** and PO,> lons

To investigate ion-surface interactions relevant to calcium phosphate nucleation, adsorption of Ca®* and
PO,> ions on the TiO,(110) surface was studied using DFT calculations. The Ca®* ion was initially posi-
tioned above the O-terminated region of the TiO,(110) slab. Upon full structural relaxation, it coordinated
with three bridging oxygen atoms (O), forming a distorted planar complex. The calculated adsorption energy
was —1.85 eV, and the Ca—O bond distances ranged from 2.27 to 2.36 A. Bader charge analysis revealed no
significant charge transfer between Ca?* and the surface, consistent with a predominantly electrostatic nature
of the interaction. For the phosphate species, PO,> was modeled as a free tetrahedral ion and adsorbed in a
tridentate fashion on the TiO, surface, establishing three Ti—O-P linkages. The adsorption energy was calcu-
lated as —1.43 eV, and the Ti—O distances varied between 2.01 and 2.17 A. Notably, Bader analysis indicated
a partial charge transfer of approximately 0.21 electrons from the surface Ti atoms to the phosphate ion, im-
plying the presence of partial covalent bonding and a chemisorption component.

Overall, both Ca®* and PO,* ions exhibited strong affinity for the TiO,(110) surface. Their co-
adsorption is expected to promote the nucleation and stabilization of calcium phosphate phases, providing
mechanistic insight into early-stage biomineralization processes. The calcium ion was placed above the
O-terminated region of the TiO,(110) slab. After full relaxation, Ca** coordinated with three bridging O at-
oms, forming a distorted planar complex.

Co-Adsorption of Chitosan, Ca** and PO,>

To replicate the multi-ion environment characteristic of the electrolytic deposition process, a composite
adsorption model was developed, incorporating a chitosan dimer, calcium ions (Ca®*), and phosphate anions
(PO,*) on the TiO,(110) surface (Fig. 7, a, b, c). Following full structural relaxation, the system converged
to a stable configuration in which the Ca®* ion adopted a bridging role—coordinating simultaneously with a
surface oxygen atom and an oxygen atom from the phosphate group. The protonated amine group (—-NH;") of
chitosan exhibited a pronounced electrostatic attraction toward the negatively charged PO,*" moiety, further
reinforcing the interfacial complex. In addition, hydroxyl groups along the chitosan backbone formed multi-
ple hydrogen bonds with both TiO, surface oxygens and phosphate species, contributing additional stabiliza-
tion.

The calculated total adsorption energy for the composite system was —3.62 eV, indicative of strong co-
operative binding among all components. Charge density difference mapping revealed marked ionic redistri-
bution, with Ca®* functioning as a coordination bridge that electrostatically links the chitosan polymer to the
TiO, surface through the phosphate group. These in silico findings align with experimental observations,
supporting the hypothesis that Ca**~PO,* mediated ionic cross-linking is a key factor in promoting the me-
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chanical stability, chemical integrity, and long-term adhesion of bioactive chitosan-based coatings generated
via electrolytic deposition.

HO

Figure 7. (a) Schematic diagrams showing the CS/TCP/TiO, interaction (bottom TiO,, top left — TCP,
top right — CS, (b) Vander Waals Spheres diagram and (c) schematic representation of the chemical process

Adsorption analysis revealed varying interaction strengths between the individual components and the
TiO,(110) surface. Glucosamine ([GIcNH3]") showed moderate binding (—1.27 eV) through NH;"—O and H—
Ti interactions, with slight charge transfer (~0.11 ") (Table S1 and Figure S5 of the Supplementary Materi-
als file). Ca®* adsorbed more strongly (~1.85 eV) via coordination to surface O atoms, but without significant
electron transfer. PO,* formed P-O—Ti bonds with —1.43 eV binding and notable charge donation (~0.21 €").
The combined CS-Ca*~PO,* system exhibited the strongest adsorption (-3.62 ¢V), indicating cooperative
multisite interactions and enhanced stability, with cumulative charge transfer (~0.25 €7). These results sup-
port the synergistic nature of CS/TCP hybrid adsorption on TiO,, relevant for bioactive surface design.

To gain deeper insight into the interfacial binding mechanisms, the electrostatic potential (ESP) distri-
bution of the rutile TiO,(110) surface was calculated and analyzed (Figure S6 of the Supplementary Materi-
als file). The resulting ESP map highlights a pronounced polarity across the surface, characterized by nega-
tively charged bridging and in-plane oxygen atoms and positively charged titanium cations.

Such spatial charge separation creates distinct adsorption “hot spots”, where electropositive titanium
centers can attract electron-rich functional groups (e.g., oxygen atoms from phosphate or hydroxyl groups),
while electronegative oxygen sites can bind to protonated amines (-NHs") of CS. For phosphate-containing
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phases such as B-tricalcium phosphate, these regions facilitate simultaneous coordination to both titanium
and oxygen centers, enhancing interfacial bonding.

This polarity-driven anchoring mechanism provides a strong electrostatic driving force for the initial
immobilization of bioactive species, thereby enabling the formation of a stable, chemically integrated coating
and promoting long-term biointegration with the titanium substrate.

A partial density of states (PDOS) analysis was performed to elucidate the electronic structure changes
occurring upon adsorption of the bioactive components on the TiO,(110) surface (Fig. 8). In the glucosa-
mine-TiO, system (Fig. 8, a) minimal orbital overlap between Ti 3d and N 2p states suggests weak chemi-
sorption dominated by electrostatic attraction. In contrast, 3-TCP adsorption (Fig. 8, b) induces noticeable
hybridization between O 2p and Ti 3d orbitals, consistent with the formation of partial Ti—-O-P bonds. The
PDOS spectra (Fig. 8, c) reveal distinct signatures from the Ti 3d and O 2p orbitals of the rutile substrate,
alongside contributions from Ca 3d and P 3p states associated with the B-tricalcium phosphate cluster. Car-
bon and nitrogen states from the chitosan dimer are mainly localized within the valence band, with limited
extension into the conduction region, indicating weak orbital hybridization with the TiO, surface. Notably, a
measurable overlap between O 2p and Ca 3d states appears near the Fermi level, consistent with the for-
mation of ionic and partially covalent Ca—O bonds at the interface. This electronic coupling is expected to
strengthen adhesion between B-TCP particles and the oxide layer.

The combined contributions of chitosan and B-TCP to the PDOS suggest that adsorption induces local

electronic reorganization, which could modulate surface charge distribution and thereby influence protein
adsorption, osteoblast attachment, and overall bone—implant integration.
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Figure 8. Partial density of states (PDOS): (a) CS/TiO,(110); (b) TCP/TiO,(110)
and (c) CS/TCP/TiO, (110) interactions

DFT simulations on rutile TiO,(110) confirm that chitosan, Ca**, and PO,*" each adsorb strongly onto
the oxide surface, with the most stable configurations arising from the simultaneous presence of all species.
This cooperative binding is driven by synergistic electrostatic and coordinative interactions, with Ca®* acting
as a bridging ion between chitosan and phosphate groups. These results provide a theoretical explanation for
the experimentally observed stability and bioactivity of CS/TCP coatings. The charge density and PDOS
analyses reveal interfacial electronic reorganization, consistent with enhanced adhesion and biointegration.
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Compared to hydroxyapatite (HA) coatings, B-TCP offers greater resorbability and controlled ion release,
aligning with previous reports of improved osteoconductivity in biphasic HA/TCP systems [62]. This study
thus provides the first atomistic-level evidence of the cooperative adsorption mechanism underlying the for-
mation and performance of CS/TCP—modified titanium implants.

Effectiveness of the Bioactive Coating on Titanium Dental Implants

Radiographic and histomorphological studies demonstrated that titanium implants coated with CS-
BM/TCP promoted early contact osteogenesis, with bone tissue formation beginning by day 30 in Group 3.
The coating enhanced protein adsorption, osteogenic cell migration, and cell adhesion, facilitating integration
with both organic and mineral phases of the bone matrix. Compared to uncoated implants (Group 2), CS-
BM/TCP-coated implants showed faster and more pronounced organotypic remodeling: dense bone
trabeculae and hematopoietic sites appeared by day 60 (occupying ~4.0 % of the defect area versus 2.3 % in
Group 2), and remodeling quality remained superior throughout the study. By 3 months, lamellar bone
trabeculae with compact structure and few osteocytes were observed, confirming the coating’s
osteoconductive and osteointegrative properties (Fig. 9).

c

Figure 9. Results of X-ray examinations of rabbit bone tissue after implantation:
(a) Bone tissue around the coated implant on day 7. Peri-implant bone showed signs of structural rarefaction;

(b) Bone tissue around the coated implant after 1 month. The implant surface was found to be covered externally with
loose, and in some areas dense, connective tissue; (c) Bone tissue around the coated implant after 2 months.
Pronounced integration of the coated implant with the surrounding bone was observed; (d) Bone tissue around the coat-
ed implant after 90 days. Complete healing of the bone tissue surrounding the coated titanium implant was observed

Histological analysis revealed channels containing loose, immature connective tissue populated by fi-
broblasts and fibrocytes between newly formed bone trabeculae, along with isolated microvessels of the mi-
crocirculatory bed. Both histological and radiographic evaluations confirmed active osteogenesis following
placement of CS-BM/TCP—coated titanium implants. The bioactive coating did not interfere with bone
formation and supported stable implant integration. Clear indicators of osseointegration were observed, in-
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cluding implant immobility (ankylosis), intimate bone—implant contact without inflammation, absence of
radiolucency or interfacial gaps, and preservation of adjacent tissues. The CS-BM/TCP composite exhibited
osteoinductive properties and functioned as a scaffold for bone regeneration, in agreement with previous re-
ports [63-66]. Gradual resorption of the bioactive layer coincided with progressive bone healing, confirming
its safety and effectiveness for dental implant applications without notable adverse effects.

Histological Evaluation of Bone Regeneration in Osteoporotic Models Treated

The rising incidence of bone fractures has been accompanied by an increase in post-traumatic osteopo-
rosis, a trend closely linked to rapid technological advancement and industrialization. A cornerstone of oste-
oporosis management is the administration of calcium supplements as baseline therapy, which ensures timely
formation of a strong bone callus. The pivotal role of calcium in maintaining bone tissue structure and regu-
lating intracellular processes during fracture healing has been confirmed by numerous experimental and clin-
ical studies [67, 68]. In the present part of this study, we investigated the effects of CS-BM and its
B-tricalcium phosphate (B-TCP)-modified form on bone tissue formation and on the morphological charac-
teristics of regenerated bone. The modified CS-BM/TCP formulation was prepared using highly purified
components, including CS with a deacetylation degree of 83.5 % and a molecular weight of 71.1 kDa.

Following administration of the modified CS-BM formulations, early histological changes indicative of
activated reparative regeneration were observed as early as day 7 (Fig. 10, a). In the vascular—stromal com-
ponents of the endosteum, connective tissue cells within the Haversian canals exhibited nuclear
hyperchromasia and hypertrophy, reflecting increased metabolic activity. Most fibroblasts underwent differ-
entiation into osteoblasts and migrated toward the compact bone lamellae. Within the compact bone itself,
regenerative activity was evidenced by osteoid hyperchromasia and hypertrophy of osteocytes, indicating the
early onset of bone repair.

By day 14 (Fig. 10, b), reparative processes had intensified. Osteoporotic bone tissue displayed a
marked increase in large, hyperchromatic osteoblasts and osteoclasts within the Haversian canals, with oste-
oblasts forming direct contacts with compact bone lamellae and contributing to new osteoid deposition. Fi-
broblast proliferation was particularly prominent, with large, hyperchromatic cells actively differentiating
into osteoblasts and osteocytes. Proliferative clusters within the Haversian canals gave rise to new tissue el-
ements, serving as clear morphological evidence of accelerated bone regeneration under the influence of the
modified CS-BM.

By day 21 (Fig. 10, c), no histological signs of osteodystrophy or osteoporosis remained. Instead, active
osteogenesis dominated, with osteoblasts arranged in a continuous layer along the compact bone lamellae,
exhibiting morphological features of active osteosynthesis. Within the Haversian canals, osteoblasts pro-
duced parallel layers of osteoid bone callus, which in several areas fused seamlessly with the compact lamel-
lae, indicating robust structural integration.
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Figure 10. Results of morphological study of bone tissue regeneration:
(a) Day 7 after CS-BM administration. Presence of large osteoblasts and osteoclasts within the connective tissue
of the Haversian canals; (b) Day 14 after CS-BM administration. Enhanced proliferation of fibroblasts
and osteoblasts observed both from the periosteum and within the Haversian canals; (c) Day 21 after CS-BM
administration. Reparative regeneration of fibroblasts and osteoblasts on the surface of the bone lamella
and within the lumen of the Haversian canals

These results collectively demonstrate that the modified CS-BM formulations, particularly in combina-
tion with active calcium, promote rapid and effective reparative regeneration of osteoporotic bone tissue. The
observed proliferative response led to the formation of a primary bone callus composed of fibroblastic and
osteoblastic elements, with morphological signs of osteoporosis replaced by osteoregenerative activity within
three weeks. By day 21, complete structural restoration of both the bone lamellae and Haversian canals was
achieved, indicating that CS-BM—active calcium therapy accelerates normalization of bone structure, short-
ens treatment duration, and enhances rehabilitation outcomes.

Chitosan derived from Bombyx mori exhibits distinct physicochemical and structural characteristics
compared to marine- and fungal-sourced chitosan, offering unique advantages for biomedical coatings. The
chitin of B. mori is localized in the cuticle and peritrophic membrane, featuring low mineralization and re-
duced crystallinity, which facilitate deacetylation and yield high-purity CS with minimal ash content and ab-
sence of carotenoid pigments. CS-BM typically has a lower to medium molecular weight (50-300 kDa) and
attains a high degree of deacetylation (>85-90 %) under mild alkaline treatment, enhancing solubility in
weak acids and enabling homogeneous electrolyte dispersion during electrochemical deposition. In contrast,
marine chitosan often possesses higher crystallinity, greater polymerization degree, and significant calcium
carbonate content, necessitating harsher extraction and depolymerization. The unique impurity profile of CS-
BM, including specific B. mori proteins, may contribute to its enhanced biological activity, such as improved
antibacterial properties and stimulation of osteogenesis. These features make CS-BM particularly suitable for
forming uniform, strongly adherent coatings on titanium, ensuring controlled ion release and superior
biointegration in orthopedic and dental implant applications.
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Conclusions

This study demonstrates that titanium implants coated with a bioactive chitosan—-Bombyx mori (CS-
BM) and B-tricalcium phosphate (TCP) composite exhibit pronounced osteoinductive and osteoconductive
properties, promoting effective osseointegration and bone regeneration in both normal and osteoporotic bone
conditions. Histological, radiographic, and morphological analyses confirmed the stable integration of the
implants, absence of inflammatory response, and gradual resorption of the bioactive coating accompanied by
complete structural restoration of bone tissue.

The modified CS-BM formulations enriched with active calcium and calcium—vitamin D; further en-
hanced reparative regeneration by accelerating fibroblast-to-osteoblast differentiation, stimulating osteoid
synthesis, and normalizing bone microarchitecture within 21 days post-treatment in an experimental osteopo-
rosis model.

These findings indicate that CS-BM/TCP coatings are safe, biocompatible, and effective for orthopedic
and dental applications, providing a dual benefit of mechanical stability and biological stimulation of bone
repair. The use of calcium and vitamin Ds-modified CS-BM may represent a promising therapeutic approach
to shorten treatment and rehabilitation periods in patients with post-traumatic osteoporosis and other bone
healing impairments.
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