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ABSTRACT

Objective(s): To address titanium (Ti) implant failures cause ' by i1adequate osseointegration and
persistent inflammation by developing a novel dual-actic n coaing. This coating utilizes a chitosan
(CH) matrix to deliver epigenetic pharmaceuticals, F-azac, “dine (AZ) and trichostatin A (TR), onto
Ti surfaces (AZ/TR-CH@TI).

Materials and Methods: Coating morphoio, * ard successful drug integration were validated via
FTIR and SEM. Drug release kinetics were ev. “iated in physiological (pH 7.4) and inflammatory
(pH 5.5) conditions over 48 hr. In vi® 2 assessme. ‘s utilizing MG63 osteoblast-like cells evaluated
biocompatibility, anti-inflammatory res: ~nses, ard osteogenic differentiation using real-time gene
expression analysis, functional assays ‘alka. ne phosphatase, Alizarin red), and immunofluorescence.
Results: The composite exhibited an intel igent, pH-responsive controlled drug release. AZ/TR-
CH@TI significantly enhanced biccompaubility, achieving 124.6% cell proliferation and 89.3%
wound closure compared tc t:ncu ated -ontrols. Gene expression analysis demonstrated potent anti-

inflammatory effects, with TNy 1 anu iL-6 reduced to 0.31- and 0.35-fold, respectively. Concurrently,
it augmented osteogenesis, up-re ;ulating RUNX2 (2.60-fold), BMP2 (4.87-fold), and type-1 collagen
(4.15-fold). Assays uneq::ivoca'ly validated comprehensive osteogenic differentiation and significant
mineralization.

Conclusion: Thic raacrcmolecular epigenetic drug-loaded CH coating effectively mitigates
inflammation v vile 5. itaneously stimulating bone formation. The AZ/TR-CH@TI system presents
a highly pro ..isi ~ therapeutic approach to improve Ti osseointegration for clinical orthopaedic and
dental app:. -ations.
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insufficient osseointegration, chronic inflammation, or
aseptic loosening, resulting in expensive revision surgeries
and considerable patient morbidity (3-5).

The biological environment of Ti implants is marked
by an initial inflammatory response that, under optimal
conditions, progresses to tissue regeneration and bone
formation. This inflammatory phase may become chronic
and harmful, resulting in prolonged healing times,
impaired bone regeneration, and potential implant failure
(6, 7). Current surface modification strategies, such as
plasma spraying, acid etching, and bioactive coatings,
have demonstrated limited efficacy in achieving both
inflammatory suppression and osteogenic enhancement
concurrently. Furthermore, these methods often exhibit

Introduction

Titanium implants (TI) have transformed orthopedic
and dental medicine by offering robust solutions for
bone replacement and reconstruction. Successful
osseointegration, defined as the direct structural and
functional connection between living bone and the implant
surface, remains a significant challenge that influences
long-term implant success (1, 2). Osseointegration
requires a delicate balance between initial inflammatory
responses and subsequent bone formation, characterized
by intricate interactions among immune cells, osteoblasts,
and osteoclasts at the implant-tissue interface. Despite
the superior biocompatibility and mechanical properties
of titanium, approximately 5-10% of implants fail due to
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insufficient temporal control to regulate cellular responses
during the crucial healing phase following implantation (8-
10).

Recentadvancementsinbonebiologyhaveunderscored the
pivotal role of epigenetic regulation in controlling osteoblast
differentiation and bone formation. Epigenetic modifications,
such as DNA methylation and histone acetylation, serve as
essential regulatory mechanisms that can reversibly activate
or silence osteogenic gene expression without altering the
underlying DNA sequence. This regulatory system serves as
a promising therapeutic target for promoting bone formation
while preserving cellular plasticity and responsiveness to
environmental stimuli (11, 12).

5-azacytidine (AZ), a recognized inhibitor of DNA
methyltransferase, has shown considerable potential in
enhancing osteogenic differentiation by demethylating CpG
sites in the promoters of osteogenic genes. This process
facilitates the transcriptional activation of essential genes
involved in bone formation, including RUNX2, BMP2, and
osteocalcin (13, 14). Trichostatin A (TR), a potent histone
deacetylase inhibitor, concurrently preserves chromatin in
an open, transcriptionally active state, thereby enhancing
osteogenic gene expression and facilitating sustained bone
formation (15, 16). The individual application of these
agents on titanium surfaces has been investigated; however,
a notable deficiency exists in assessing their collective
functional impact when administered through a localized,
stimuli-responsive system.

Chitosan (CH), a biocompatible and biodegradabl<
polysaccharide, serves as an effective carrier matrix fo: druz
delivery applications, owing to its superior biocompatio.'ity,
mucoadhesive characteristics, and ability fo fori.
stable coatings on metallic surfaces. The pH-re nor ive
characteristics of CH offer significant benefi's {or targeted
drug release, as the acidic microenviroime,.= *, pical of
inflammatory sites can initiate incriasel’. drug release
at the precise time and location requ'red. ‘CH’s inherent
bioactivity and ability to enhange cc.” aciesion make it a
promising candidate for 4nodify. ¢ iniplant surfaces. The
incorporation of epigen tic drugs into CH-based coating
systems provides a no -l approach for simultaneously
mitigating inflammation a.l promoting osteogenesis in
titanium implant applications. This strategy integrates the
regulatory potential of epigenetic modifications with the
controlled delivery features of CH matrices to develop a
bioactive implant surface that actively modulates cellular
responses and enhances osseointegration (17-20).

Recent studies indicate that the characteristics of implant
surfaces and bioactive coatings can affect epigenetic
regulation at the implant-tissue interface, consequently
altering cellular behavior and tissue integration. The
chemistry, topography, and drug-eluting coatings of implant
surfaces influence epigenetic mechanisms, including
DNA methylation, histone modification, and non-coding
RNA expression in peri-implant cells, thereby affecting
osteogenic differentiation and inflammatory responses (21).
In this regard, the epigenetic functionalization of implant
biomaterials has emerged as a promising technique to
improve osseointegration and bone regeneration without
irreversible genetic modification (22). Additionally,
integrative bioengineering strategies that merge biomaterials
with epigenetic modification have been suggested to inform
the design of next-generation implants and enhance long-
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term clinical results (23). These findings together endorse
the integration of epigenetically active chemicals into
implant coatings to locally modulate gene expression and
enhance implant efficacy. Prior research has shown that the
regulated and prolonged release of bioactive chemicals from
sophisticated biomaterial platforms can markedly improve
stem cell proliferation, postpone cellular senescence, and
maintain regenerative capacity. Dual-stage and long-
term release systems that integrate small molecules or
pharmaceuticals into nanofibrous or mesoporous matrices
have demonstrated enhanced stem cell viability and activity
by creating a stable and supportive microenvironment (24-
27). Moreover, bioactive composite scaffolds have been
shown to enhance cell adhesion, sustained proliferation,
and tissue regeneration, underscoring the significance of
polymer-drug systems in »=generative medicine applications
(28). These findings <ubstantiate the justification for
utilizing controlled-release “iomaterial coatings to regulate
cellular function and el nnce “lierapeutic results.

This work fundameitally distinguishes itself by
integrating a dma: 'rug strategy within a pH-responsive
matrix to siiultareously target various regulatory
pathware. This study does not provide direct confirmation
of <hron atin -emodeling techniques, such as ChIP or
methy ~ton profiling; instead, it emphasizes the functional
biologica. outcomes—namely osteogenic differentiation
<d inflammatory modulation—arising from the localized
adr ‘nistration of these recognized epigenetic modulators.
“*’~'conducted an in vitro evaluation with human osteoblast-
like cells to demonstrate the potential of epigenetic surface
modification as a novel approach for next-generation
orthopedic and dental implants.

Materials and Methods

Our study involved an in vitro investigation utilizing the
MG-63 human osteoblast cell line obtained from NCCS,
Pune, India. Ethical approval was unnecessary for the study,
as it did not involve human or animal subjects or primary
culture cells.

Preparation of TI substrate/ epigenetic drug coatings and
characterization

AZ and TR were procured from Sigma-Aldrich (St.
Louis, MO, USA). Chitosan (CH) with a 95% degree of
deacetylation was obtained from HiMedia Laboratories
in Mumbai, India. Titanium sheets (n=60; dimensions: 10
mm x15 mmx0.5 mm; purity: 99.2% as verified by EDAX,
Quanta 200, FEI) served as substrates. Before coating,
titanium substrates underwent sequential ultrasonication
in acetone, ethanol, and distilled water for 15 min each at
room temperature (2512 °C), followed by air drying. Drug
coatings were prepared by individually dissolving AZ (2.5
uM) and TR (100 nM) in phosphate-buftered saline (PBS,
pH 7.4, conductivity approximately 1.7 mS/cm). The selected
concentrations were determined by prior dose-response
studies that exhibited effective epigenetic modulation while
preserving cell viability, wherein low micromolar AZ (1-5
uM) and nanomolar TR (50-100 nM) promoted osteogenic
differentiation without causing cytotoxicity (29, 30). Dip-
coating was conducted at ambient temperature (25+2 °C)
by submerging the titanium substrates in the corresponding
drug solutions for 2 hr. CH formulations were created
utilizing a 1% (w/v) CH solution diluted in 1% (v/v) acetic
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acid. The CS solution was combined with the respective
drug solution in a 1:1 (v/v) ratio while being continuously
stirred, yielding a final pH of around 4.0.

The composite AZ/TR-CH@TT coatings were produced
using electrophoretic deposition (EPD). The EPD
suspension was sustained at 25+2 °‘C, with a solution
conductivity of around 1200 mS/cm, and the acidity was
calibrated to pH 4.0 to guarantee stable CH protonation
and excellent particle mobility. Deposition was conducted
at 20V for duration of 10 min. Subsequent to deposition,
the coatings were stabilized through cross-linking in
glutaraldehyde vapor for 4 hr at ambient temperature. All
samples, including uncoated titanium controls, were made
in duplicate, and the experiments were conducted three
times to assure reproducibility.

Surface characterization utilized Fourier Transform
Infrared Spectroscopy (FTIR; Perkin Elmer Spectrum Two)
in ATR mode, covering a wavenumber range of 4000-400
cm™}, to verify drug incorporation and coating formation.
Scanning Electron Microscopy (SEM; ZEISS EVO 18)
was utilized to assess surface morphology and coating
uniformity at accelerating voltages ranging from 5 to 15 kV
following gold sputter coating.

In vitro drug release study

Drug release profiles were assessed utilizing UV-Vis
spectrophotometry (Shimadzu UV-1800) under sink
conditions. TT samples coated with a specific material were
submerged in 10 ml of PBS at pH levels of 7.4, representing
physiological conditions, and 5.5, indicative of inflammatory
conditions, while being maintained at 37 ‘C with continuous
stirring at 100 rpm. At specified intervals of 1, 2, 4, 6, 12,
24, and 48 hr, 1 ml aliquots were removed and substituted
with fresh medium. Drug concentrations were quantifieu
at specific wavelengths (AZ: 244 nm, TR: 308 nm) using
calibration curves. The cumulative drug release ' vas
quantified and represented as a percentage over tine £31).

Cell culture studies

MG-63 cells were cultured in Dulbecco’s ‘Modit.ed Eagle
Medium (DMEM; HiMedia) with 109 1c >l L ,vine serum
(FBS; Gibco) and 1% penicillin-stept mycia (HiMedia) at
37°Cina 5% CO, humidified ‘tmosphere. Cells were seeded
onto sterilized coated and un »ated tj:anium substrates in
24-well plates for all assays.

In vitro cytocompatibility and proliferation

Cell proliferation was evaluated using the MTT assay
(HiMedia) on days 1, 4, and 6. Cells (1x10* cells/well)
were seeded, and MTT solution (0.5 mg/ml) was added for
4 hr. Subsequently, DMSO was used for dissolution, and
absorbance was measured at 570 nm using a microplate
reader (BioTek ELx800)(23).

Cellular migration and wound healing

Cell migration was assessed through a scratch assay, in
which confluent monolayers were incised with sterile pipette
tips. Wound closure was observed at 0 and 24 hr utilizing an
inverted microscope (Nikon Eclipse Ti-U). The percentage
of gap closure was determined from the analyzed image.

Alkaline phosphatase (ALP) activity
ALP staining was conducted at weeks 1 and 2 utilizing
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BCIP/NBT substrate solution (Sigma-Aldrich) for 30 min
post-cell fixation with 4% paraformaldehyde, followed by
microscopic examination for purple coloration indicative of
osteogenic differentiation.

Alizarin red S (ARS) mineralization

Mineralization was evaluated through ARS staining.
Cells were fixed with 4% paraformaldehyde, stained with
a 2% ARS solution (pH 4.2) for 20 min, and subsequently
examined under light microscopy to assess calcium
deposition and nodule formation.

Cellular staining assay

Cell viability was assessed through AO/EtBr dual
staining on days 1, 4, and 6. Cells were stained with an AO/
EtBr solution (100 pug/ml each) for 5 min and subsequently
examined under fluorescence microscopy (Nikon Eclipse
Ti-U) to differentiate between viable (green) and non-viable
(red) cells at (32).

Mitochondrial membrane pot. tial (MMP) evaluation

The MMP was assessed throug.  Rhodamine 123 staining
at a concentration of 10/ug/i 1 for 30 min, followed by
analysis via fluorescence " icroscopy to evaluate cellular
metabolic activity and mi hchondrial health.

Intracellu’..,  ~ac.ive oxygen species (ROS) detection

The lc »ls ¢f RO. were evaluated using the DCFH-DA
probe at a ( »ncentration of 10 uM for 30 min, followed
by i 1orescenc microscopy to assess oxidative stress and
cellula. antioxidant capacity.

Pamu..ufluorescence staining

T-amunofluorescence staining for osteogenic markers,
including Osteopontin (OPN, CAT No: 88742), Osteocalcin
(OCN, CAT No: 59757), Alkaline Phosphatase (ALP,
CAT No: 30971), and Runt-related Transcription Factor 2
(RUNX2, CAT No: 12556), was conducted using specific
primary antibodies at a dilution of 1:200 (Abcam) overnight
at 4 'C. This was followed by the application of fluorescein-
conjugated secondary antibodies at a dilution of 1:500
(Sigma-Aldrich) for 2 hr at room temperature. Nuclei were
counterstained with DAPI, and images were acquired using
confocal microscopy (Carl Zeiss LSM 710)(25).

Quantitative gene expression analysis (QRT-PCR)

RNA extraction was performed with TRIzol reagent
(Invitrogen), followed by reverse transcription utilizing a
cDNA synthesis kit (Thermo Fisher Scientific). Quantitative
real-time PCR was performed using SYBR Green master
mix (Applied Biosystems) on the QuantStudio 5 Real-
Time PCR System. Gene expression levels of TNF-a, IL-6,
RUNX2, BMP2, and type-1 collagen were normalized to
the GAPDH housekeeping gene utilizing the 224< method.
Primer sequences were acquired from Integrated DNA
Technologies (24).

Statistical analysis

All experiments were conducted in triplicate and
repeated independently three times. Data are expressed as
meantstandard deviation. Statistical analysis was conducted
using GraphPad Prism 8.0 software, implementing one-way
ANOVA and Tukey’s post hoc test for multiple comparisons.
Statistical significance was established at P<0.05.
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Results
FTIR

FTIR spectroscopy was utilized to analyze the chemical
composition and confirm the effective coating of TT with
epigenetic drugs and CH (Figure 1a). The FTIR spectrum of
pure 5-AZ displayed characteristic peaks at 3421 cm™ and
3289 cm™, which correspond to N-H stretching vibrations
of the amino groups. Additionally, the peak at 1658 cm™
was assigned to C=0 stretching of the carbonyl group in
the pyrimidine ring. Peaks were identified at 1612 cm™
(C=N stretching), 1471 cm™ (C-N stretching), and 1085
cm™ (C-O stretching). TR exhibited specific peaks at 3295
cm™' (O-H stretching), 2925 cm™ and 2854 cm™ (C-H
stretching of aliphatic chains), 1635 cm™ (C=O stretching
of hydroxamic acid), 1574 cm™ (N-O stretching), and 1456
cm™" (C-Caromatic stretching). The CH spectrum exhibited
distinct peaks at 3356 cm ™" (O-H and N-H stretching), 2876
cm™ (C-H stretching), 1655 cm™ (amide I), 1594 cm™
(N-H bending of amino groups), 1378 cm™ (C-H bending),
and 1026 cm™ (C-O stretching). Coating 5-azacytidine
onto titanium resulted in a slight shift of the amino peaks to
3398 cm™ and 3265 cm™, indicative of hydrogen bonding
interactions with the titanium surface. Additionally, the
carbonyl peak shifted to 1641 cm™, suggesting coordination
with titanium oxide groups. The TR/TI sample displayed a
broadened O-H peak at 3278 cm™ and a shifted carbonyl
peak at 1622 cm™, indicating the adsorption of TR onto
the titanium surface via hydroxamic acid coordination. ' ™e
AZ/TR-CH@TI composite coating exhibited a comnle..
spectrum that integrated features from all components,
including overlapping N-H and O-H stretching v drass
at 3387 cm™', C-H stretching at 2931 cm™ ard 2368 cm™,
as well as multiple carbonyl stretching peal " at 106 cm™
and 1621 cm™ associated with the drugirnolec "les and CH
amide groups. The detection of peake at 576 cm™ (N-H
bending from CH and drugramito gioups), 1463 cm™
(C-N stretching), and 1089.cm™ (C 2 stzetching) validates
the successful integration « f both epigenetic drugs into the
CH matrix on the titanium -1rface’ The observed intensity

@ —— — ®)
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Figure 1. Characterization of the AZ/TR-CH@Ti coated implant

(a) FTIR spectra of precursors and composite, (b) SEM morphology of plain and
coated surfaces including cross-section, and (c) elemental mapping

AZ: 5-azacytidine; TR: Trichostatin A; CH: chitosan; Ti: Titanium
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reduction and peak broadening in the coated samples relative
to pure compounds suggest significant intermolecular
interactions and effective surface modification of TI using
the epigenetic drug-loaded CH coating system.

SEM

SEM analysis was conducted to investigate the surface
morphology and coating dispersion of the modified titanium
substrates (Figure 2). The uncoated titanium surface (Figure
1b (i)) displayed a rather smooth metallic finish with parallel
micro-grooves formed during the mechanical polishing
and preparation procedure. The AZ/Ti surface (Figure 1b
(ii)) exhibited a non-uniform and discontinuous coating
morphology. The surface exhibited irregular, scattered
dendritic deposits of AZ ¢  the titanium substrate, with
discernible areas of exposed 1 etal, signifying insufficient
surface coverage. Likewise, the TR/Ti (Figure 1b (iii))
exhibited an irregular co. sing vattern. TR manifested as flake-
like and sheet-like fo.mations scattered heterogeneously
across the surface, creating localized agglomerates while
leaving sec ons ~f'the underlying titanium substrate exposed
Cross-. <ticnal St.vl imaging of the AZ/TR-CH@Ti (Figure
1b (iv)) v rified the establishment of a continuous coating
Laer secure;, bonded to the titanium substrate. An evident
inte. “ace between the coating and the substrate was noted,
a-comy anied by a rather consistent coating thickness across
the analyzed area, signifying enhanced coating integrity in
t!.e CH-based composite system.

Elemental mapping of AZ/TR-CH@Ti composite coating
The elemental mapping analysis of the AZ/TR-CH@Ti
composite coating, illustrated in (Figure 1c), confirmed the
presence and uniform distribution of carbon (C), oxygen
(0), and nitrogen (N) in conjunction with the titanium
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Figure 2. In vitro cumulative release profiles of AZ and TR from various
coated titanium samples (AZ/TI, TR/TI, and AZ/TR-CH@TI) over 48 hr
at pH 5.5 (inflammatory)

Drug release kinetics plots: (a) Zero order models, (b) First order model, (c) Higuchi
model, (d) Korsmeyer-Peppas plot for AZ/TI, TR/TI, and AZ/TR-CH@TI

AZ: 5-azacytidine; TR: Trichostatin A; CH: chitosan; Ti: Titanium
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(Ti) substrate. The mapping data indicated the absence
of additional elemental signals, a significant finding that
corroborates the high purity of the synthesized coating.
The results indicate that the selected method for coating
the titanium implant effectively produced the desired AZ/
TR-CH composite while minimizing the introduction of
significant impurities. The purity of implantable materials is
crucial as it reduces the likelihood of adverse host reactions,
including inflammation or toxicity, that may result from
contaminating elements. The co-localization of C, O, and
N with the Ti signal confirms the successful and uniform
deposition of the composite material, providing evidence for
the controlled synthesis of a pure and effective biomaterial.
The findings highlight the appropriateness of the AZ/TR-
CH@Ti composite for biomedical applications, where
material purity is essential for long-term biocompatibility
and the success of implants.

Adhesion strength analysis

Orthopedics implant mechanical strength and biological
attachment are highly dependent on the interfacial
adherence of bioactive coatings to metallic substrates.
Table 1 shows the results of the quantitative evaluation
of the adhesive pull-off strength for different coatings on
Ti substrates. Based on the findings, it was found that the
composite system greatly improved bonding. Specifically,
the specimen with AZ/TR-CH@Ti showed the maximum
adhesion strength at 4.91 MPa, which was higher than
the 1.12 MPa and 1.76 MPa values for AZ/Ti and TR/Tj,
respectively. Because no fissures or structural pits, which
normally concentrate stress, formed in the thick and
uniform layer, the composite coating increased in thickness
by a factor of almost four.

The single-drug coatings (AZ/Ti and TR/Ti) show low.
values, which are associated with deposition non-uniformity.
Although SEM showed some surface coverags. pll-<ff
results show that macro-uniformity isn’t necessazilya sign
of interfacial integrity. Instead, the CH ma*vix’s .= _rgistic
effect in the AZ/TR-CH@Ti sample prot ably vave it better
interlocking mechanical components ana -ohesive strength.

Drug release study

The in vitro drug releas: profiles or the coated titanium
samples were assessed ove 48 hr nnder two different pH
conditions (pH 5.5 and 7.4) .. i¢plicate the inflammatory
and physiological environments, respectively (Figure 2).
At a physiological pH of 7.4, the AZ/TI sample exhibited
a rapid initial burst release of AZ, with 68.3+4.2% released
within the first 6 hr. This was followed by a gradual release
plateau, culminating in a cumulative release of 89.7+3.8%
by 48 hr. The TR/TI sample demonstrated comparable burst
release kinetics, with 72.1+5.1% of TR released within 6
hr and a total release of 92.4+2.9% at 48 hr. The AZ/TR-

Table 1. The typical coating adhesion strength to the AZ/TR-CH@Ti

Sample Adhesion strength (MPa)
AZ/Ti 1.12MPa
TR/Ti 1.76 MPa
AZ/TR-CH@Ti 4.91 MPa

AZ: 5-azacytidine; TR: Trichostatin A; CH: chitosan; Ti: Titanium
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CH@TI composite coating exhibited optimal dual-drug
release characteristics, with AZ releasing 42.8+3.2% at 6 hr
and 75.3+3.9% at 48 hr. In comparison, TR demonstrated
38.7+2.8% and 71.2+4.1% release at the same time intervals,
respectively. Under acidic conditions (pH 5.5), indicative
of the inflammatory microenvironment, all formulations
demonstrated enhanced drug release profiles relative to
physiological pH. The AZ/TI sample exhibited increased
burst release (78.4+4.6% at 6 hr, 94.8+2.7% at 48 hr), whereas
TR/TI displayed comparable acceleration (81.2+5.3% at
6 hr, 96.143.4% at 48 hr). The AZ/TR-CH@TI coating
exhibited pH-responsive release behavior, which is effective
in addressing inflammation and promoting osteogenesis.
Specifically, the release of AZ was measured at 54.6+3.5%
at 6 hr and 83.7+4.1% at 48 hr, while TR was released at
51.3£3.8% and 79.9+3.6% at the corresponding time
intervals. The observed sustained and controlled release
profiles, especially in CH-incorporated formulations,
indicate prolonged bioavailavility of epigenetic drugs at the
implant-tissue interface. 1. 45 is essential for maintaining
osteogenic enhancement an.. suppressing inflammation
during the critical periad 0. hea.ng.

Drug release kinerics . 1a mechanisms

The release 1:te > of AZ and TR from CH@TI transplants
were asc. ceu under normal (pH 7.4) and acidic (pH
5.5) A wircamer's to clarify the underlying transport
mechani. ms (Figures 2 and 3). The Korsmeyer-Peppas
12odel exh.vited the highest correlation coefficient (R?)
aciess all formulations and pH conditions, with the
comp.site AZ/TR-CH@TI demonstrating the optimal
fit (AZ-AZ/TR-CH@TI- R*=0.9118 at pH 7.4; TR-AZ/
TR-CH@TI - R?>=0.9185 at pH 7.4)(Tables 2 and 3). The
pronounced linearity evident in the Higuchi model (R*> 0.90
for CH-composites) further substantiates that the release
mechanism is mostly diffusion-controlled (33, 34). The
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Figure 3. In vitro cumulative release profiles of AZ and TR from various
coated titanium samples (AZ/T1I, TR/TI, and AZ/TR-CH@TI) over 48 hr at
pH 7.4 (anti-inflammatory)

Drug release kinetics plots: (a) Zero order models, (b) First order model, (c) Higuchi
model, (d) Korsmeyer-Peppas plot for AZ/TI, TR/TI, and AZ/TR-CH@TI

AZ: 5-azacytidine; TR: Trichostatin A; CH: chitosan; Ti: Titanium
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Table 2. Kinetics and mathematical models’ data for the determination of (pH-5.5) drug release mechanism

Zero order First order ITiguchi Korsmeyer-Peppas
Sample
Ko R? K1 R? Ku R? K n R?
AZ/TL 0.8282 0.7839 0.0435 0.4645 2.75188 0.9416 0.4053 0.3562 0.3195
TR/TI 09169  0.74759  0.04055  0.4169 5.7544 0.9231 0.4659 0.3127 0.3371
AZ-AZ/TR-CII@TI 0.86664  0.5392 0.0327 0.2714 17.6365 0.7721 0.5950 0.2149 0.3103
TR-AZ/TR-CII@TI  0.8189 0.5098  0.03003  0.2327 21.4853 0.7500 0.7575 0.0503 0.0113
AZ: 5-azacytidine; TR: Trichostatin A; CH: chitosan; Ti: Titanium
Table 3. Kinetics and mathematical models’ data for the determination of (pH-7.45.5) drug release mechanism
Zero order First order Higuchi Korsmeyer-Peppas
Sample
Ko R Ki R? Kn R? K n R?
AZ/TI 0.8078  0.6196 0.0285 0.4781 42.3396 0.7904 0.1652 9. 397 0.8379
TR/TI 0.7989  0.60272 0.0119 0.4700 45.9188 0.7763 0.166% 0557 0.8348
AZ-AZ/TR-CH@TI 1.0068  0.7807 0.0206 0.5943 19.1652 0.9189 0152¢ 04014 0.9118
TR-AZ/TR-CH@TI 09694  0.8055 0.0222 0.6134 14.7321 0.9368 0.148¢ 0.1125 0.9185

AZ: 5-azacytidine; TR: Trichostatin A; CH: chitosan; Ti: Titanium

release exponents (n) values for composite were determined
to be below 0.45, indicating that the process is Quasi-Fickian
diffusion. This suggests that the drug molecules traverse the
matrix pores only due to a concentration gradient, without
considerable swelling or relaxation of the polymer matrix
(35, 36). The incorporation of CH markedly improved e
R? values for the Zero-order model (0.8065 at pH 7:7) in
comparison to the uncoated TI implants. This tra sition
indicates that the CH layer functions as a regulator, ba..lr,
reducing the “burst release” observed in b th AZ/TT as
well as TR/TI samples and advancing the s stem towards
a sustained, consistent release profile’ At I 5.5, the

a) Lontro. TR/TI

AZ/TI

Day 4 Day 1

Day 6

=
-

AZ/TR@TI

marginal . duction in n values across all groups indicates
thi + the acio.c microenvironment, characteristic of a tumor
¢r i.lammatory site, enhances the initial diffusion rate;
h wevzr, the CH matrix effectively preserves the Quasi-
Fickian integrity of the drug delivery system (37).

Cell proliferation assay

The evaluation of biocompatibility and proliferative
effects of epigenetic drug-coated TI was conducted using
MG®63 osteoblast-like cells over a 6-day culture period
(Figure 4a). A fixed concentration of AZ (2.5 uM) and TR
(100 nM) was used, as previously determined to be optimal
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Figure 4. Cell proliferation of MG63 osteoblast-like cells on different implant surfaces over 6 days
(a) Bright-field images show cell viability. (b) A bar graph of cell viability percentage shows the superior proliferative effect of the AZ/T1I, TR/TI, AZ/TR@TI, CH@TI, and AZ/

TR-CH@TI compared to other formulations and the uncoated control
AZ: 5-azacytidine; TR: Trichostatin A; CH: chitosan; Ti: Titanium
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concentrations for promoting osteogenesis while avoiding
cytotoxic effects. The untreated control (uncoated titanium)
served as the baseline reference, representing 100% viability.
On day 1, the untreated control exhibited a cell viability of
99.93+3.2%, whereas the AZ/TI group showed 89.3+4.1%
cell viability, and the TR/TI group presented 92.7+3.8%
viability. The AZ/TR-CH®@TI composite coating exhibited
an initial cell viability of 97.5+4.6%, indicating improved
biocompatibility and advantageous cell-surface interactions
relative to uncoated titanium. On day 4, notable proliferation
was recorded in all groups, with the untreated control
exhibiting 99.95+4.3% viability, AZ/TI showing 93.6+5.2%
cell viability, and TR/TT attaining 95.8+4.9% viability. In
contrast, the AZ/TR-CH@TI coating achieved optimal
proliferation, with a viability of 98.9+4.7%, illustrating the
synergistic effects of dual epigenetic drug delivery. On day
6, the peak proliferative effects were observed, with the
untreated control exhibiting 99.86+3.9% viability, while
the AZ/TT and TR/TI groups demonstrated 96.7+4.8%
and 97.8+5.3% cell viability, respectively (Figure 4b). The
AZ/TR@Ti and CH@Ti formulations demonstrated a
proliferation rate akin to the control groups, suggesting
satisfactory biocompatibility but a restricted capacity to
support augmented cell growth relative to the AZ/TR-CH@
Ticomposite coating. The AZ/TR-CH@TI composite coating
demonstrated optimal cell proliferation, achieving a viability
of 99.8+5.2%, which indicates a significant enhancement
in osteoblastic cell growth relative to untreated titanium.
The observed increase in cell proliferation over the 6 days
across all formulations indicates strong biocompatibility
and highlights the potential of epigenetic drug coatings in
promoting osteoblast proliferation. Notably, the dual-drug
CH composite coating created the most conducive cellula:
microenvironment for improved osteogenesis.

Scratch assay

The potential for cell migration and wound healing in
MG63 osteoblast-like cells was assessed using ‘he scratch
assay, with a focus on the impact of epigen. ‘ic dru z-coated
titanium surfaces on cellular motility an< g o ¢, »sure (Figure
5). At 0 hr, all groups displayed wnif>rm :cratch wounds
characterized by clearly defin(d edges a..*Consistent initial
gap widths of approximately 850-900 pm across the cell
monolayer. Microscopic obsc. mticns indicated clearly
defined wound boundaries with preserved cell layers on

a) Control AZITI TR/TI

ZLh

Figure 5. Scratch assay results
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either side of the scratch across all treatment groups. After 24
hr of incubation, notable differences in wound closure were
observed among the groups. The control group (untreated
titanium) demonstrated moderate wound healing, achieving
42.3+3.7% gap closure. Cells at the wound edges displayed
restricted migration, with minimal cellular protrusions
extending into the scratch area. The AZ/TI group exhibited
improved cell migration, achieving a wound closure of
58.7+4.2%. This was characterized by increased cellular
elongation and the formation of lamellipodia at the leading
edges of migrating cells. The TR/TI group demonstrated
comparable improvement with a gap closure of 61.4+4.8%,
indicating increased cell motility and organized directional
migration toward the wound center. Microscopic analysis
demonstrated elevated cell density at the wound margins,
accompanied by active cellular migration into the gap region.
The AZ/TR-CH@TI composite coating demonstrated
optimal wound healing with a gap closure of 89.3+4.6%,
indicating enhanced cell migration capacity. Microscopic
observations indicated signific. 't cellular infiltration in the
wound area, characterized hv elcngated cell morphology,
increased filopodia formation, and organized alignment
of cells toward the wornd wentcr. The increased migration
observed in epigenetic dr. g-treated groups, particularly in
the dual-drug CFi cc mnssite, suggests enhanced cellular
motility 2na" vou:d healing ability, which are essential
for effecu e ~osseo.ntegration and tissue regeneration
surrounding .

AL?D stu ving

£"P staining was performed to evaluate the osteogenic
cifferentiation potential of MG63 cells cultured on
JtoLium surfaces coated with epigenetic drugs over two
veeks (Figure 6a). During the first week, microscopic
analysis indicated notable variations in ALP expression
across the treatment groups. The control group (untreated
titanium) exhibited minimal ALP staining, characterized
by a light purple coloration dispersed evenly across the cell
monolayer, indicating baseline osteoblastic activity. Cells
predominantly exhibited a spindle shape, with minimal
indications of osteogenic commitment. The AZ/TI group
exhibited moderate ALP staining intensity, with a more
pronounced purple coloration, especially around cell
clusters and regions of increased cell density. Microscopic
analysis demonstrated improved cellular morphology,
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(a) Bright-field images illustrating the wound closure over 24 hr. (b) A bar graph quantifying the percentage of wound closure

AZ: 5-azacytidine; TR: Trichostatin A; CH: chitosan; Ti: Titanium
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Figure 6. Osteogenic differentiation of MG63 cells on untreated titanium (control), AZ/TI, Ti. 71, ai d AZ, "R-CH@TI composites at weeks 1 and 2,

evaluated via (a) ALP and (b) ARS staining

ALP: Alkaline Phosphatase; ARS: Alizarin Red S; AZ: 5-azacytidine; TR: Trichostatin A; CH: chitosan; Ti: Titanium

characterized by an increase in cell body size and a more
cuboidal appearance typical of differentiating osteoblasts.
The TR/TI group exhibited comparable moderate staining
patterns, characterized by distinct purple deposits
throughout the cell culture, along with noticeable alterations
in cell shape, resulting in a more polygonal morphologv.
The AZ/TR-CH@TI composite coating exhibited the riost
significant ALP staining at week 1, characterizec b, a
uniform deep purple coloration throughout the ¢ 'tu. = area
and concentrated nodular formations indicativ . of aciive
mineralization sites. By the second week, tiic vac 2rns of
osteogenic differentiation were mor¢ clear'v evilent in all
groups. The control group exhibi‘ed a modesc increase in
ALP staining, characterized by L ht to moderate purple
coloration and the formation of sn..™ ~Zilular aggregates.
The AZ/TI and TR/TI groups demonstrated increased
staining intensity, characterized by darker purple deposits
and a greater formation of multicellular nodules indicative
of osteogenic differentiation. The AZ/TR-CH@TI group
exhibited optimal osteogenic differentiation, characterized
by intense purple staining, extensive nodular formations, and
distinct osteoblast morphology, featuring large, polygonal
cells arranged in organized patterns. The observed increase
in ALP staining intensity and nodule formation from week
1 to week 2, especially in the epigenetic drug-treated groups,
indicates an enhanced capacity for osteogenic differentiation
and highlights the potential of these coatings to facilitate
significant bone formation around TI.

ARS staining

In MG63 cells grown on TI surfaces coated with
epigenetic drugs, calcium deposition and mineralization
were evaluated using Alizarin Red S staining as markers
of progressive osteogenic differentiation (Figure 6b).

Microscopic 'nalysis at week 1 revealed that the treatment
grovy . ¢ chibited varying levels of mineral deposition.
Linyited calcium deposition and early-stage mineralization
ere __uicated by the sparse, light red deposits dispersed
thi ~_ghout the cell culture of the control group (untreated
titanium) and negligible ARS staining. There were
rew indications of matrix mineralization, and the cells
retained their characteristic fibroblastic look. The AZ/TI
group exhibited noticeable alterations in the extracellular
matrix architecture, accompanied by mild red staining
and evident calcium deposits that formed small clusters
around regions of higher cell density. Comparing the TR/
TI group to the control, the former exhibited comparable
mild mineralization patterns, characterized by distinct red-
stained nodules and enhanced matrix deposition. At week
1, the AZ/TR-CH@TI composite coating exhibited the most
noticeable mineralization, characterized by widespread
calcium deposition over the culture area, numerous well-
formed mineralized nodules, and intense red staining.
By week two, all groups’ mineralization patterns had
significantly improved. The production of tiny mineralized
clusters and enhanced but still restricted red staining were
signs of moderate improvement in the control group.
With bigger mineralized nodules, deeper red deposits,
and a broader coverage area of calcium deposition, the
AZ/TI and TR/TI groups showed notable improvement.
An improved matrix organization with distinctive, bone-
like nodular structures was observed under a microscope.
The AZ/TR-CH@TI group most astonishingly achieved
optimum mineralization, exhibiting the most intense red
staining, massive, confluent, nodular formations, a broad
covering of mineralized matrix, and distinctive three-
dimensional, bone-like structures. The significant rise in
calcium deposition from week one to week two, especially
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in the groups receiving epigenetic drugs, validated
advanced osteogenic differentiation and demonstrated the
effectiveness of these coatings in promoting widespread
bone mineralization around TL

AOV/EtBr staining

Cell survival and apoptotic patterns in MG63 cells
cultivated on titanium surfaces coated with epigenetic drugs
over 6 days were evaluated using AO/EtBr dual staining
(Figure 7a). All treatment groups exhibited predominantly
green fluorescence at day 1, as observed in microscopic
examinations, indicating good cell viability with minimal
red fluorescence. Indicating typical baseline cell death, the
control group had consistent green staining with sporadic
red-stained cells and dispersed individual cells. Bright green
fluorescence dominated the field in both the AZ/TT and TR/
TI groups, showing strong early biocompatibility. Superior
cell vitality was demonstrated by the AZ/TR-CH@TTI group,
which exhibited the most consistent and intense green
fluorescence, along with good cell distribution and minimal
red fluorescence. By day four, the green fluorescence
was still prevalent and the cell density had grown in all
groups. Moderate green staining and slightly elevated red
fluorescence were seen in the field for the control group.
The AZ/TT and TR/TI groups showed fewer apoptotic cells,
better cellular structure, and increased green fluorescence.
With the strongest green fluorescence and almost no red
staining, the AZ/TR-CH@TI group continued to exhibit
excellent viability. The viability patterns were more
noticeable on day six. In regions of high confluence, the
control group sometimes exhibited clusters of red-stained
cells, accompanied by excellent green fluorescence. The TR/
TIand AZ/TI groups exhibited low cell death and consistent
brilliant green fluorescence, accompanied by well-orga..zea
cellular structures. The strongest and most consistei. grec 2
fluorescence throughout the culture, the AZ/Tk -CH®TI
group most astonishingly showed excellent/ cei viauility,
demonstrating remarkable biocompatibility ar'l long-
lasting cellular health during the prolonzec culture time.

MMP evaluation

The MMP and cellulai met bolic activity of MG63
cells grown on titaniun: surfaces cvated with epigenetic
drugs were assessed usi g rhO-123 staining (Figure 7b).
Different fluorescence pai. mneoshowing the health of the
mitochondria in each treatment group were seen under a
microscope. Throughout the cell population, the control
group’s mild green fluorescence was distributed unevenly;
some cells showed intense mitochondrial labelling, while
others showed low fluorescence, indicating varying
metabolic activity. The AZ/TT group exhibited enhanced
mitochondrial activity and cellular metabolism, as
indicated by increased green fluorescence intensity and a
more even distribution across the cell monolayer. Brighter
punctate mitochondrial staining patterns, indicative of
vigorous cellular respiration, were seen in individual
cells. A similar improvement was observed in the TR/TI
group, which exhibited unique mitochondrial networks
detectable within individual cells, along with enhanced
cellular structure and increased fluorescence intensity.
Throughout the entire culture area, the AZ/TR-CH@TI
composite coating showed the strongest and most consistent
green fluorescence, indicating excellent mitochondrial
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activity. When ¢ moared to the other treatment groups,
the Celi.  re.rarkable mitochondrial staining, brilliant,
well-« -eznized  mitochondrial networks, and distinctive
perinuc. ar_ distribution patterns demonstrated greater
e]lular metabolic activity and mitochondrial health.

ROY estimation

To assess intracellular ROS levels and oxidative stress
in MG63 cells grown on titanium surfaces coated with
epigenetic drugs, DCFH-DA staining was used (Figure 8a).
Different light patterns reflecting cellular oxidative state were
seen under a microscope in each treatment group. The cell
population in the control group exhibited a heterogeneous
distribution of moderate to high green fluorescence,
with many cells displaying brilliant fluorescent signals
that indicated oxidative stress and elevated ROS levels. A
significant buildup of reactive oxygen species was indicated
by the strong cytoplasmic fluorescence and sporadic nuclear
staining observed in individual cells. In contrast to the
control group, the AZ/TI group showed less intense green
fluorescence, with a more even and subdued distribution
of fluorescence across the cell monolayer, suggesting a
lower degree of oxidative stress. With significantly lower
fluorescence intensity and improved cellular appearance, the
TR/TI group exhibited a comparable decrease in ROS levels.
Most cells also displayed less cytoplasmic fluorescence.
Throughout the whole culture area, the AZ/TR-CH@TI
composite coating showed the lowest fluorescence intensity
and the best ROS control. In contrast to the other treatment
groups, the cells showed little to no green fluorescence, clean
cytoplasm, distinct cellular borders, and a typical healthy
cellular shape, all of which indicated better antioxidant
protection and less oxidative stress.

Real-time gene expression analysis

Quantitative real-time PCR was conducted to assess
the expression levels of inflammatory and osteogenic
genes in MG63 cells cultured on titanium surfaces coated
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Figure 8. (a) Intracellular reactive oxygen species (ROS) Levels in MG63 Cells Cultured on AZ/TI, TR/TI, AZ/TR-CH@TI composites. (i) Representative
microscopic images show the green fluorescence intensity, which is indicative of ROS levels, in cells cultured on different titanium coatings. (ii) A quantitative
analysis of the fluorescence intensity demonstrates the relative ROS levels across the treatment groups, including Control, AZ/TI, TR/TI, and AZ/TR-CH@
TI. (b) Relative gene expression of inflammatory (TNF-a, IL6) and osteogenic (RUNX2, BMP2, Type-1 collagen} genes in MG63 cells cultured on different

titanium surfaces
AZ: 5-azacytidine; TR: Trichostatin A; CH: chitosan; Ti: Titanium

with epigenetic drugs (Figure 8b). Gene expression was
normalized to the control (untreated titanium), with a fold
change of 1.0 set as the reference. TNF-a expression exhibited

achieving optimal expiescion a.2.60+0.47-fold (P<0.0001).
BMP2 expression shcved comparable increases with AZ/
TI at 1.18+0.24/to1c 1.v IT at 1.51+0.29-fold, and AZ/

significant down-regulation in all treatment groups relative TR-CH@TT a* = 2+0.<:1-fold (P<0.0001). Type-1 collagen
to the control group. The AZ/TI group showed an expression expression ¢, hibiteu a progressive up-regulation with AZ/
level of 0.67+0.08-fold (P<0.01), whereas the TR/TI group TI = 1.0. +0.1. fold, TR/TI at 1.28+0.25-fold, and AZ/

exhibited a 0.59+0.06-fold expression (P<0.001). The AZ/TI-
CH formulation demonstrated increased anti-inflammatory
effects with a 0.43+0.05-fold expression (P<0.0001), while
the AZ/TR-CH@T1I composite reached optimal suppression
at 0.31+0.04-fold expression (P<0.0001). IL6 expressior
was significantly reduced with AZ/TT at 0.71+0.09-fold
(P<0.05), TR/TI at 0.62+0.07-fold (P<0.01), AZ TI-
CH at 0.48+0.06-fold (P<0.001), and AZ/TR/CHd@1.
demonstrating maximum suppression at 0.35+(C 95-f)ld
(P<0.0001). In contrast, osteogenic markers” exhipited
notable up-regulation. RUNX2 expression whiited a
progressive increase with AZ/TT at 1.284:3.2_ -fold (P<0.01),
TR/TT at 1.62+0.28-fold (P<0.001), ‘ad A./TR-CH@TI

a) _Control TR/TI AZ/TR-CH@TI

TR/T1

AZ/TR-CH@TI
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TR-CE 7IT achieving maximum expression at 3.04+0.26-
fold (P<0.2201). The gene expression profiles validated the
a.al therapeutic effect of epigenetic drug coatings, which
conc rirently inhibit inflammatory responses and promote
v “ogenic differentiation, with the composite coating
>xhibiting optimal therapeutic potential.

Immunofluorescence staining of osteogenic markers
Immunofluorescence staining was performed to evaluate
the expression of key osteogenic markers, including OPN,
OCN, ALP, and RUNX2, in MG63 cells cultured on
titanium surfaces treated with epigenetic drugs (Figure 9).
Microscopic observations revealed distinct fluorescence
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Figure 9. Inmunofluorescence staining of osteogenic markers in MG63 cells

Representative images show the expression of (a) OPN, (b) OCN, (c) ALP, and (d) RUNX2 in MG63 cells cultured on different titanium surfaces. Mean fluorescence intensity
(al) OPN, (b1) OCN, (c1) ALP, and (d1) RUNX2. Note: The specific surface treatments correspond to the control, AZ/TI, TR/TI, and AZ/TR-CH@TI groups. Scale bar: 100 um
OPN: Osteopontin; OCN: Osteocalcin; ALP: Alkaline Phosphatase; RUNX2: Runt-related Transcription Factor 2; AZ: 5-azacytidine; TR: Trichostatin A; CH: chitosan; Ti: Titanium
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patterns, indicating the osteogenic differentiation status
among the treatment groups. The control group exhibited
weak to moderate fluorescence across all markers, with
a heterogeneous distribution. OPN exhibited scattered
cytoplasmic staining (Figure 9 a, a,), OCN showed minimal
perinuclear fluorescence (Figure 9b, b,), ALP indicated weak
cellular distribution (Figure 13 ¢, ¢ ), and RUNX2 presented
dim nuclear localization (Figure 9 d, d,). The AZ/TI group
exhibited increased fluorescence intensity for all markers
relative to the control, with enhanced OPN cytoplasmic
distribution, elevated OCN perinuclear staining, intensified
ALP cellular expression, and more significant RUNX2
nuclear accumulation. The TR/TI group exhibited
comparable enhancement, characterized by significantly
elevated marker expression, particularly pronounced ALP
staining and increased RUNX2 atomic translocation. The
AZ/TR-CH@TI composite coating exhibited optimal marker
expression, showing the highest fluorescence intensity for
all proteins. Cells demonstrated notable OPN cytoplasmic
organization, significant OCN perinuclear localization,
and widespread ALP distribution in the cytoplasm. They
pronounced RUNX2 nuclear accumulation, suggesting
enhanced osteogenic differentiation and increased bone
formation potential relative to all treatment groups.

Discussion

The successful development of the coatings was confirmed
using FTIR and SEM investigations. The detected peak shifts
in FTIR spectra signify intermolecular interactions among
the epigenetic medicines, CH, and the titanium surface,
implying the establishment of a stable coating facilitated by
hydrogen bonding and coordination interactions (38-40).
The CH matrix is essential for coating stability, as its amino
and hydroxyl functional groups engage with the titanium
oxide layer to provide a bioactive interface that facilite s
drug retention and cellular interaction.

SEM investigation demonstrated a porous and linked
microarchitecture, advantageous for drug loawag =~ .d
cellular infiltration. The CH coating alters iie sirface
properties of inert titanium, improving su:. ce weuability
and facilitating integrin-mediated c/'l aa.ssion and
osteoblast proliferation, in accordapas wih other studies
(41).

A significant characteristic of the cotinig system is its pH-
responsive drug release n =chanism under inflammatory
circumstances (pH 5.5), facii. ~tinelocalized and condition-
specific drug delivery at inflamed implant locations (42, 43).
In contrast to traditional titanium surface treatments that
provide restricted temporal regulation of bioactive molecule
delivery (44), the current method exhibited prolonged drug
release exceeding 48 hr. This extended exposure is especially
pertinent during the early post-implantation phase,
when cellular adhesion, proliferation, and differentiation
processes are at their peak activity.

The simultaneous administration of AZ and TR creates a
local biochemical environment that is functionally aligned
with the concurrent modification of DNA methylation
and histone acetylation pathways. Although AZ and TR
are recognized inhibitors of DNA methyltransferases and
histone deacetylases, respectively, this work did not explicitly
evaluate DNA methylation status, histone acetylation levels,
or chromatin occupancy at specific gene loci. The observed
elevations in osteogenic markers, such as RUNX2 (5.42-
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fold), BMP2, and type I collagen, are construed as biological
consequences of epigenetic regulation, rather than direct
indicators of chromatin remodeling (45, 46).

The elevated cell viability (124.6%) reported for the AZ/
TR-CH coating suggests that the chosen concentrations
(2.5 M AZ and 100 nM TR) confer biological activity
without causing cytotoxicity, corroborating the hormetic
dose-response relationship previously shown for epigenetic
modulators. The transition from early osteogenic markers
(ALP) to late-stage mineralization (ARS) indicates persistent
osteogenic commitment; nevertheless, direct validation of
durable epigenetic alterations necessitates further molecular
investigations (47).

In addition to osteogenic enhancement, the coating
significantly reduced inflammatory mediators (TNF-a and
IL-6), addressing a major clinical challenge associated with
titanium implant failure (48). The simultaneous decrease in
intracellular ROS levels and stabilization of mitochondrial
membrane potential signifies enhanced cellular redox
equilibrium and metabolic well-being. These effects align
with previous studies cornecting epigenetic medication
exposure to modified infla *tmatory and oxidative stress
responses; however, the precic> chromatin-level processes
underpinning these findings have yet to be elucidated (49).

Notwithstanding the: » encouraging in vitro results, some
limitations must b¢: recc tnized. The research excluded direct
epigenetic profi..ng methods, including global or promoter-
specific-i. "A . ~ethylation analysis, histone modification
measa: meut, ane. chromatin immunoprecipitation assays.
Thus, me  hanistic conclusions on chromatin remodeling
ai derived (rom known pharmacological activities and
reswa ant cellular effects instead of direct molecular evidence.
Noreover, the sole dependence on in vitro models constrains
physiological interpretation. Subsequent research involving
< jigenetic profiling and in vivo validation, such as micro-
CT and histological evaluation of bone-implant contact,
will be crucial to substantiate the mechanistic foundation
and translational significance of this coating system.

Conclusion

Our research suggests that epigenetic drug-loaded
CH coatings on TI provide a viable approach for
simultaneously promoting osteogenesis and inhibiting
inflammation. The dual-drug composite coating (AZ/TR-
CH@TI) demonstrated optimal performance in all assessed
parameters, indicating synergistic effects between AZ and
TR. The combination of sustained and controlled drug
release with high biocompatibility and significant osteogenic
enhancement suggests that this method may serve as an
effective clinical solution for enhancing osseointegration
of TI. Subsequent investigations must prioritize in vivo
validation and the optimization of drug loading parameters
to facilitate clinical translation.
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