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Drug-Loaded Polycaprolactone/Fibroin/Polydopamine Composite
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ABSTRACT: Due to the low bioactivity of titanium implants, the extended bone integration process after implantation substantially
heightens the risk of inflammation, a primary cause of implant failure. To mitigate inflammatory responses and enhance bone
integration between the implant and bone tissue, based on prior research that applied calcium phosphate (CaP) on titanium surfaces,
we employed electrospraying technology to develop a drug-loaded polycaprolactone/silk fibroin/polydopamine (PCL/SF/PDA)
composite coating as the second layer on top of the calcium phosphate deposition. The surface morphologies of the CaP deposits
and composite coatings were characterized by SEM. The SF/PDA gel significantly increased the adhesion of the coating, thereby
enhancing its clinical application potential. All materials exhibited excellent biodegradability, and their superior biocompatibility was
confirmed through cell assays. Following in vitro experiments, in vivo studies were conducted using a rat cranial defect model. Micro-
CT results and staining demonstrated that CaP deposition significantly accelerated bone integration between the titanium substrate
and bone, while the drug-loaded polymer coating notably improved the inflammatory environment at the defect site. These findings
offer new insights into the development of titanium implants.

B INTRODUCTION

and calcium cycling, significantly enhancing the bone

Titanium (Ti) implants have been extensively researched due
to their excellent mechanical properties, biocompatibility, and
corrosion resistance.' > Despite their high biocompatibility,
the inherently bioinert nature of Ti results in relatively low
bioactivity, often requiring several months for complete bone
integration.“_7 To enhance the bioactivity of Ti, additional
surface treatments that control inflammation and accelerate
bone formation are strongly recommended. These treatments
ensure that Ti, as an exceptional implant material, fully
maximizes its potential in the bone integration process.
Enhancing the surface activity of Ti implants and mitigating
the inflammatory environment are of paramount importance
for improving the repair effects of implants. This challenge is
the primary focus of the present study. Previous studies have
demonstrated the successful deposition of micrometer-level
calcium phosphate (CaP) on a Ti surface through anodization
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integration capability of the Ti surface.”” However, the issue
of inflammation has not yet been effectively addressed.
Biodegradable polymer coatings are a promising surface
modification technology as most polymer materials are highly
biocompatible'® and can reduce foreign body reactions and
chronic inflammation. By embedding drugs into polymers,'’
such as polylactic acid, polyglycolic acid, and polylactic-co-

glycolic acid, a slow release of drugs can be achieved,
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promoting the healing process and reducing the inflammatory
environment.

In this study, we used dexamethasone, a synthetic cortico-
steroid with excellent anti-inflammatory and immunosuppres-
sive properties.12 Dexamethasone controls inflammation in
postsurgical bone defect areas by inhibiting the production of
inflammatory mediators, reducing the migration and activity of
inflammatory cells, and decreasing tissue reactivity. Poly-
caprolactone (PCL) is a highly biocompatible and biodegrad-
able material with remarkable permeability to various
drugs'""*~"* and has been widely used in the fabrication of
drug delivery systems and scaffolds. Electrospraying is an
innovative droplet ejection technique'®™"” in which a charged
liquid sample is ejected from the tip of a needle under a strong
electric field and continuously torn by the electric field to form
tiny droplets during spraying. These tiny droplets dry rapidly
in the air and eventually form uniform nanoparticles that cover
the substrate surface. This method can precisely control the
morphology and size of polymer particles, ensuring uniform
particle distribution, near monodispersity, high drug encapsu-
lation efficiency, and minimal adverse effects on active
ingredients (e.g, denaturation) during the process.' "~
Additionally, the nanoparticle coating produced by electro-
spray has high uniformity, effectively addressing many
disadvantages of traditional dip-coating methods, such as
uneven coating, low drug loading rate, and uncontrollable
thickness,””** which can greatly improve the biocompatibility
of the drug-loaded coating.

To address the issue of coating detachment in clinical
applications, silk fibroin (SF) and polydopamine (PDA), two
innovative materials with excellent adhesiveness, were
introduced. Both are degradable materials with exceptional
biocompatibility.”**° SF, a key component of silkworm
cocoons, is rich in amino acids such as glycine, serine, and
proline. It exhibits both hydrophilic and hydrophobic proper-
ties, enhancing its ability to adhere to and adsorb onto various
surfaces.””** Dopamine (DA) was also applied to increase the
adhesion of the coating layer. The remarkable adhesion of
mussels is primarily attributed to the secretion of mucin, which
is rich in 3,4-dihydroxy-L-phenylalanine, commonly known as
DA.”*7' This characteristic enables PDA to readily form
bonds with various metal surfaces. Studies have shown that the
amino group of SF binds to the quinone structure of oxidized
DA via a Schiff base reaction. Subsequently, free dopamine
forms a SF/dopamine (SF/PDA) complex hydrogel through
the self-polymerization of dopamine bound to SF,”>’’
exhibiting a strong adhesive effect. Therefore, SF/PDA gel
was applied to the PCL nanoparticle coating using a dip-
coating method; a PCL/SF/PDA composite coating was
prepared on top of the CaP deposition as a second layer.

We described the application of electrospraying to create a
biodegradable, drug-loaded coating on the surface of a CaP-
deposited Ti plate. Dexamethasone, a potent anti-inflammatory
drug, was chosen to mitigate inflammatory responses at the
implantation site. The morphology, drug release profile, and
degradation characteristics of the drug-loaded coating were
evaluated through material characterization techniques. The
adhesion properties of the composite coating were analyzed to
determine its suitability for clinical implantation. Additionally,
its biocompatibility and bone integration capabilities were
assessed through both in vitro and in vivo studies.

B MATERIALS AND METHODS

Materials. Polycaprolactone (Mn 80,000) was utilized for
nanoparticle synthesis, while dichloromethane (MW 84.93)
served as the solvent for electrospraying. Dexamethasone (MW
392.46) was incorporated for drug loading. SF (MW 100 kDa)
and dopamine hydrochloride (MW 189.64) were procured
from Sigma-Aldrich (St. Louis, MO, USA).

Preparation of CaP Coating and Composite Coating.
CaP deposition was conducted using an electrochemical
anodization method based on previous studies.””*™*° A Ti
plate (1 cm X 1 cm) was immersed in a pickling solution
(HNO, and HF) for degreasing. Anodization was performed
with a glycerine-based electrolyte containing 1 wt % NH,F.
The two-electrode system involved connecting the Ti sample
and a platinum plate to the anode and cathode, respectively, of
a power supply (SPD 303D, Daininotek, South Korea). A
voltage of 20 V was maintained for 1 h. The anodized samples
were rinsed with 0.5 vol % NaSiO; and dried at room
temperature. Subsequently, the samples were subjected to
precalcification by immersing them in 0.05 M NaH,PO, (80
°C, 1 min) and saturated Ca(OH), (90 °C, 1 min) for 20
cycles. The samples were then annealed at 500 °C for 2 h
(with a heating rate of 10 °C per minute) to stabilize the
crystal structure.

SF particles were completely dissolved in distilled water at a
concentration of 50 mg/mL (pH 8.5). DA powder (2 mg) was
dissolved in 1 mL of the SF solution, thoroughly stirred in a
dark environment to avoid air exposure, and incubated at 37
°C for 72 h for DA oxidation.”>*” The electrospray was based
on previous research, with some adjustments made to the
method.’® PCL and dexamethasone were dissolved in
dichloromethane to obtain a 3.5 wt % PCL drug carrier
solution, mixed thoroughly overnight to ensure uniformity.
The solution was loaded into an electrospray machine with a
syringe diameter of 15.89 mm, and a spraying rate of 35 uL/
min was maintained. A CaP-coated Ti sheet was placed at the
center of the collector. The needle and collector were
connected to the anode and cathode of a high-voltage direct
current (HVDC) power supply at a fixed vertical distance of
150 mm. The sample was immersed in the SF/PDA gel using
the dipping method postelectrospray process. Finally, the
PCL/SE/PDA composite coating was obtained by drying the
sample in an incubator at 37 °C for 2 h.

Characterization of Composite Coating and Nano-
particles. The morphology of the nanoparticles and
composite coating was examined using scanning electron
microscopy (SEM; SU-70, Hitachi, Tokyo, Japan). PCL
particle size in the SEM results was analyzed using Image]
software (National Institutes of Health, Bethesda, MD, USA).
Fourier transform infrared spectroscopy (FT-IR) (Spectrum
RX1 FT-IR spectrometer, PerkinElmer) was employed to
measure the absorbance of the samples across the frequency
range of 4000—400 cm™'. The adhesive properties of the
composite coatings were evaluated via tape tests and the
surface morphology of the samples was observed using
microscopy (DM 2500M; Leica, Germany). Samples coated
with the PCL/SF/PDA composite coating, size (1 cm X 1 cm),
were placed in 15 mL conical tubes and immersed completely
in S mL of phosphate-buffered saline (PBS). The tubes were
incubated in a incubator at 37 °C. The samples were taken out
for drying at various points in time, and the morphology was
observed by SEM to assess the degradation of the coatings. For
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Figure 1. Characterization of composite coatings. (A) Scanning electron microscopy (SEM) images showing (a) calcium phosphate/titanium
(CaP/Ti), (b) calcium phosphate/titanium loaded with polycaprolactone nanoparticles(CaP/Ti/PCL), (c) calcium phosphate/titanium/
polycaprolactone coated with silk fibroin/polydopamine coating (CaP/Ti/PCL/SF/PDA), and (d) cross-section of CaP/Ti/PCL/SF/PDA. (B) X-
ray diffraction (XRD) patterns of (a) titanium, (b) CaP/Ti, and (c) CaP/Ti/PCL/SF/PDA. (C) Polycaprolactone (PCL) nanoparticle size

analysis.

drug release detection, the samples, size (1 cm X 1 cm), were
placed in 15 mL conical tubes and they were completely
immersed in 10 mL phosphate-buffered saline (PBS), and the
absorbance at 240 nm was measured by UV—vis spectroscopy
(Scinco, Seoul, South Korea) 15 min, 30 min, 1 h, 2 h, 4 h, 8 h,
12 h, and 24 h later.

In Vitro Studies. The cell culture medium was formulated
by supplementing @-minimal essential medium (a-MEM,
Gibco, Carlsbad, CA, USA) with 10% fetal bovine serum
(FBS, Gibco Co., USA), 500 U/mL streptomycin, and
penicillin (both from Gibco, Grand Island, NY, USA). Sample
extracts were prepared according to ISO 10993-12. MC3T3-E1
cells (2 X 10* cells/24 well, ATCC, American Type Culture
Collection) were incubated with the extracts. Cells grown
without the extract served as the control group. After 2 and $
days of culture, cell proliferation was assessed using a CCK-8
kit (Enzo Life Sciences Inc.,, New York, NY, USA). The cells
were stained with crystal violet for observation.

In Vivo Studies. Sixteen male Sprague—Dawley rats (270—
280 g; Damul Science, Daejeon, Korea) were used in this
experiment. All animal experiments were performed in
accordance with the National Research Council’s Guide for
the Care and Use of Laboratory Animals and approved by the
Laboratory Animal Center at Jeonbuk National University in
Jeonju-si, South Korea (approval number: NON2023-206-
001). To create a calvarial defect, rats were anesthetized using
a combination of Zoletil (Zoletil 50, Virbac Laboratories,
France) and xylazine hydrochloride (Rompun; Bayer Korea
Ltd., Republic of Korea). A surgical trephine was used to create
two symmetrical circular defects with diameters of S mm on
the calvarium. A circular Ti sheet with a diameter of 5.5 mm
was prepared, and the Ca—P layer was deposited onto the Ti
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surface following the method described above. Subsequently, a
PCL/SF/PDA composite coating was applied using a
combination of electrospray and dip-coating techniques.
Various groups were compared, including the defect, pure
Ti, CaP/Ti, and CaP/Ti/PCL/SF/PDA groups. The rats were
euthanized with an overdose of isoflurane (Hana Pharma
Corporation, Seoul, South Korea), and the collected tissues
were analyzed using micro-CT (SKYSCAN 1076, Skyscan,
Belgium). Histological analysis was performed on three
animals from each group at 2- and 4 weeks postsurgery.
Skull pieces were stained with Villanueva solution (Poly-
sciences, Inc, USA) and embedded in poly(methyl meth-
acrylate). The resin blocks containing the samples were cut
vertically along the plane of the Ti film through the central
point. The polished slices were observed under an optical
microscope (DM 2500M; Leica, Germany).

Statistical Analysis. To assess statistical significance, one-
way analysis of variance (ANOVA) was conducted with a 95%
confidence interval. Analyses were performed using GraphPad
Prism version 8.0.2 (GraphPad Software, La Jolla, CA, USA).
A p-value of less than 0.0S was considered significant.

B RESULTS

A microsized CaP deposition layer was formed on the Ti
surface through anodization and cyclic precalcification. As
shown in Figure 1B, X-ray diffraction (XRD) data indicate the
presence of octacalcium phosphate (OCP) and hydroxyapatite
(HA) in the CaP samples. The solution was expelled from the
nozzle under the influence of a strong electric field after
connecting the positive and negative terminals of a high-
voltage direct current power supply. Figure 1A(a and b) shows
SEM images of the CaP/Ti surface before and after the
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electrospraying of PCL nanoparticles. Following this prepara-
tion, the Ti surface with the CaP deposit was uniformly
covered with PCL nanoparticles by electrospraying, exhibiting
a uniform distribution and particle size. Image] analysis, shown
in Figure 1C, indicates that the average particle size of these
nanoparticles was approximately 10.25 pm, with the particle
size being uniform and controllable. Figure 1A(c and d) shows
that the SF/PDA hydrogel successfully encapsulated the PCL
nanoparticles and filled the gaps between them, forming a
PCL/SF/PDA composite coating on the CaP-coated Ti
surface. The thickness of this composite coating is approx-
imately 20 pm.

As depicted in Figure 2a, characteristic peaks of DA were
identified at 3336.73 cm™', 3036.77 cm™!, 2956.15 cm™', and
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Figure 2. FT-IR spectra of materials. FT-IR spectra of (a) dopamine
(DA), (b) polydopamine (PDA), (c) silk fibroin (SF), (d) titanium
(Ti), (e) CaP/Ti, (f) CaP/Ti/PCL, and (g) CaP/Ti/PCL/SE/PDA.

1498.08 cm™'. Upon treatment in a weakly alkaline environ-
ment, these distinct peaks disappeared, as illustrated in Figure
2b, and new, weaker peaks emerged within the range of 3500—

2800 cm™’, indicating the stretching vibrations of free —NH,
groups in PDA. This self-polymerization process was effectively
achieved in a mildly alkaline environment at pH 8.S.
Additionally, Figure 2c displayed absorption peaks at
1638.85 cm™, 1513.63 cm™', and 1233.83 cm™! attributed to
the vibrations of the amide I, amide II, and amide III bands in
SF, respectively, along with a peak at 3279.26 cm ™!
corresponding to the vibration of hydroxyl groups in SF. In
Figure 2e, peaks located at 1093.60 cm™!, 1028.01 cm™},
964.11 cm™, 601.20 cm™, and 562.54 cm™! were identified as
belonging to PO,*” groups in CaP. Following coating with
PCL nanoparticles, all PO,>~ peaks were obscured, replaced by
peaks characteristic of PCL at 2943.88 cm™" for asymmetric —
CH, stretching, 2866.20 cm™" for symmetric —CH, stretching,
1722.91 cm™" for carbonyl stretching, 1294.02 cm™" for C—O
and C—C stretching, 1239.96 cm™! for asymmetric C—O—-C
stretching, and 1163.51 cm™' for symmetric C—O—C
stretching. In the CaP/Ti/PCL/SF/PDA group, due to the
shielding effect of the SF/PDA hydrogel, only peaks located at
3268.11 cm™, 1638.45 cm™, 1515.02 cm™, and 1236.38 cm™!
corresponding to SF were detected. Although no additional
peaks were observed in the SF/PDA hydrogel, all peaks were
notably intensified following the incorporation of PDA,
indicating increased hydrogen bonding within the SF/PDA
hydrogel.

A tape test was conducted to assess the adhesive properties
of the coatings in Figure 3, with microscopic examination
performed before and after testing. In the PCL group, the
coating exhibited a loose structure, resulting in significant
detachment of PCL nanoparticles upon tape application and
removal. Conversely, the PCL/SF/PDA group demonstrated
superior adhesion, with minimal dislodgement of PCL
nanoparticles.

To evaluate the degradation behavior of the composite
coatings, samples were immersed in PBS and subsequently
analyzed using SEM. As depicted in Figure 4, the outer layer of
the SF/PDA hydrogel began degrading within 24 h, gradually
exposing the internal drug-loaded PCL nanoparticles. Addi-
tionally, Figure S illustrates the release of dexamethasone into
the solution, quantified via UV—visible spectroscopy within the

Before tape test

PCL

PCL/SF/PDA

Figure 3. Adhesion assessment by the tape test.

After tape test
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Figure 4. SEM images of degradation of composite coating. SEM images of the CaP/Ti/PCL/SF/PDA composite coating after (a) deposition and
degradation at various time intervals: (b) 15 min, (c) 30 min, (d) 1 h, (e) 2 b, and (f) 24 h.
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Figure 5. Drug release curves within 24 h.

same time frame. Initially, the drug release rate from the
composite coating was significantly slower compared to that of
the pure PCL coating, attributed to the protective effect of the
SE/PDA layer. However, after 24 h, the release rates between

the two groups converged, indicating a reduction in the barrier
effect of the SF/PDA hydrogel over time.

Figure 6 depicts osteoblast proliferation evaluated via the
CCK-8 assay after 2 and 5 days of cell culture. The results
indicated no statistically significant differences in optical
density (OD) values among the three groups. Each
experimental group exhibited cell viability exceeding 90%
compared to the control group. Notably, after 2 days, the OD
value of the sample group was slightly higher than that of the
control group, indicating favorable cell compatibility. Addi-
tionally, staining results showed healthy and well-stretched
cells after 2—5 days of culture, consistent with the robust cell
proliferation observed in the CCK-8 assay.

As depicted in Figure 7A, the sample was surgically
implanted over the bone defect area. After 2 and 4 weeks of
implantation, 3D reconstructed images illustrated the gradual
regeneration of new bone tissue at the defect sites,
accompanied by a noticeable reduction in the defect area.
The most extensive regeneration occurred in the CaP/Ti/
PCL/SF/PDA group by week 4, where the defects were nearly
filled with new bone. Quantitative analysis using CT Analyzer
software revealed a significant increase in bone volume to total
volume (BV/TV) and bone mineral density (BMD) at the
defect sites. At 4 weeks, there was no significant difference in

Control
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mm PCL/SF/PDA
100% :
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Figure 6. Cell proliferation and viability assessment. (A) MC3T3-E1 cell proliferation assessed via CCK-8 assay after 2 and S days of culture with
the extracts. (B) Crystal violet staining of samples after 2 and S days: (a) control, (b) PCL/SF/PDA, and (c) CaP/Ti/PCL/SF/PDA.
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Figure 7. Evaluation of calvarial bone regeneration post-implantation. (A) Surgical photos depicting rat calvarial bone defect creation and Ti
implantation. (B) Micro-CT reconstructed images showing calvarial defects after implantation for 2 and 4 weeks. (C) Quantitative analysis of bone
tissue volume/total tissue volume (BV/TV) using CT Analyzer software. (D) Quantitative analysis of BMD using CT Analyzer software (#p >

0.05, * p < 0.05).

Defect Control CaP CaP/PCL/SF/PDA

2 weeks

4 weeks

Figure 8. Bone regeneration at 2 and 4 weeks after surgery. Cross-sectional images (Villanueva bone staining, resin embedding) were obtained
from the center points of each group of samples (arrow = new bone tissue, * = connective tissue).

BMD among the groups, indicating comparable levels of To further analyze bone regeneration, histological staining
mineralization. However, the BV/TV ratio was markedly was conducted on the bone tissue samples, as shown in Figure
higher in the CaP/Ti/PCL/SF/PDA group (approximately 8. The staining results were highly consistent with the micro-
31.6%), significantly surpassing that of the other groups. CT analysis, revealing increased new bone formation at 4
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weeks compared to that at 2 weeks. In the defect group, the
area appeared filled with loose connective tissue. A noticeable
gap was observed between the new bone layer and the Ti
membrane in the control group, indicating the separation of
the bone layer from the Ti sheet. In contrast, both the CaP and
CaP/PCL/SE/PDA groups exhibited early-stage bone deposi-
tion along the CaP coating. New bone formation was evident
along the Ti sheet, indicating strong bone-integration
capability. Brown areas observed in the CaP group likely
represented inflamed connective tissue, a phenomenon absent
in the CaP/PCL/SF/PDA group.

Bl DISCUSSION

Previous studies have successfully demonstrated the creation of
microsized CaP deposits on Ti surfaces using an anodizing
process combined with cyclic precalcification, significantly
enhancing bone integration capabilities.” In this study, we
utilized electrospray techniques to coat CaP/Ti substrates with
biodegradable PCL drug-loaded nanoparticle coatings, aiming
to effectively address inflammation through sustained release of
anti-inflammatory drugs, thereby improving biocompatibility
and accelerating the osseointegration process. XRD results in
Figure 1B, line (a), reveal characteristic diffraction peaks of
pure Ti, with the primary peak around 40°. Following
electrochemical anodization and cyclic precalcification treat-
ment, line (b) shows diffraction peaks corresponding to HA
and OCP,*’ indicating the successful preparation of a CaP
deposition layer on the Ti surface predominantly composed of
HA and OCP phases. The Ti diffraction peak at approximately
40° was slightly attenuated due to the masking effect of the
CaP deposition. Additionally, an increased peak around 38°
suggests overlapping diffraction geaks from TiO, formed
during the anodization process.”” PCL drug-loaded nano-
particles were successfully deposited on the CaP/Ti surface via
electrospraying (Figure 1A). Similar polymer-based drug
delivery coatings have been developed in the past, utilizing
methods such as spray coating, dip coating, and tape casting.
However, challenges related to coatin§ uniformity and drug
loading efficiency have persisted.””*” The electrospraying
technique facilitated uniform particle distribution with a
controllable particle size of approximately 10.25 um (Figure
1C), likely contributing to improved biocompatibility
compared to traditional drug-loaded polymer coatings known
for their heterogeneous distribution.””** In the CaP/Ti/PCL/
SF/PDA composite coating group, the introduction of PCL/
SF/PDA did not markedly alter the crystal structure of the
samples. However, the presence of the polymer coating led to a
reduction in the intensity of certain diffraction peaks.
Although the PCL nanoparticle coatings were successfully
prepared, they exhibited only weak van der Waals forces with
the polymer and CAP/Ti, resulting in easy detachment from
the surface. To address this issue, SF and PDA were
introduced. In the FTIR results depicted in Figure 2,
characteristic peaks at 3336.73 cm™’, 3036.77 cm™, 2956.15
cm™!, and 1498.08 cm™! were identified as the stretching
vibrations of —NH, —OH groups associated with the catechol
structure, aromatic —CH, and the stretching of C=C in the
benzene ring of DA, respectively, confirming the presence of
DA. Upon self-polymerization in a weakly alkaline solution,
these distinct peaks disappeared, with weaker peaks emerging
in the 3500—2800 cm ™" range, corresponding to the stretching
vibrations of free —NH, groups in PDA. The successful
preparation of PDA through self-polymerization is evident.*>*!

In the CaP/Ti/PCL/SE/PDA group, peaks located at 3268.11
em™, 1638.45 cm™, 1515.02 cm™', and 1236.38 cm™" were
attributed to SF."> Absorption peaks attributed to PCL were
completely obscured under the SF/PDA gel, with no new
peaks observed, indicating only physically meaningful coverage
between them. Notably, the intensities of all peaks in the SF/
PDA gel were significantly enhanced compared to those in
PDA and SF, indicating a much higher hydrogen bonding
content and thus better adhesion. A tape test was conducted to
confirm the enhanced stability of the composite coating
provided by the SE/PDA gel. The results demonstrated that
only a minimal amount of PCL nanoparticles were forcibly
removed before and after the experiment. This was in stark
contrast to the pure PCL group, where almost all nanoparticles
detached, indicating a significant improvement in stability.
Such enhancement substantially increases the flexibility of
clinical operations.

The degradation behaviors of the CaP/Ti/PCL/SF/PDA
composite coatings are illustrated in Figure 4. The degradation
rates of the SF/PDA gel differed from those of PCL, resulting
in gradual degradation of the outer SF/PDA gel layer within 1
day. This slow degradation process gradually exposed the inner
layer of PCL drug-loaded nanoparticles. The drug release
profile within the first 24 h closely aligned with the degradation
pattern of the coating, wherein the composite coating group
exhibited a slower drug release rate compared to the pure PCL
group. The initial encapsulation by the SF/PDA gel facilitated
controlled early-stage drug release from the coating.

Cytotoxicity tests were conducted on MC3T3-E1 cells using
extracts from each group of samples to assess the
biocompatibility of the coating layer. The results demonstrated
that cell viability in all sample groups was above 90% compared
to the control group, indicating robust cell proliferation.
Additionally, staining results showed that cells in all groups
displayed healthy characteristics, with good elongation and
expansion. These observations were consistent with CCK-8
results, indicating normal proliferation. No significant cytotox-
icity was observed, confirming excellent biocompatibility.

2 and 4 weeks postimplantation, bone tissues were harvested
for micro-CT and histological staining. 3D reconstruction
images illustrated superior bone healing effects in the CaP/Ti/
PCL/SF/PDA experimental group compared to other groups.
The control group exhibited enhanced bone tissue regener-
ation along the Ti membrane direction, benefiting from the
supportive effect of the Ti implant. In contrast, minimal new
bone formation was observed in the defect group, localized
only at the defect edges. The CaP/Ti group showed slightly
improved bone healing compared to the control group, though
this enhancement was less pronounced in the 3D recon-
structed images. Quantitative analysis substantiated these
findings, revealing a significant increase in BV/TV ratios in
both the CaP/Ti and CaP/Ti/PCL/SE/PDA groups. This
improvement is attributed to the presence of CaP deposits,
enhancing the bone reconstruction environment of the implant
and accelerating mineralization processes.””>"> BMD results
further indicated superior mineralization associated with CaP
deposits. Histological staining corroborated these findings,
showing loose connective tissue filling in the defect group and
a modest increase in BV in the control group. However,
extensive connective tissue infiltration into bone tissue was
noted, with a clear separation from the Ti sheet, indicating
weak surface osteoaffinity. This limited affinity is primarily due
to initial osteogenesis occurring distally on the Ti implant
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surface during early bone healing, with gradual mineralization
extending from bone to the original Ti implant over several
months.** In contrast, the bioactive surfaces of the CaP/Ti and
CaP/Ti/PCL/SF/PDA groups exhibited initial contact osteo-
genesis on the implant surface.”>** Bone deposition along the
Ti sheet was observed early postimplantation, underscoring the
excellent bone integration capability of the CaP coating.
Notably, inflammatory soft tissue invasion was observed in the
defect, control, and CaP/Ti groups but was absent in the CaP/
Ti/PCL/SF/PDA experimental group, which displayed the
most favorable bone healing effect, nearly closing the defect
after 4 weeks of repair. This effect is likely attributed to
dexamethasone release, inhibiting pro-inflammatory factors,"”
reducing local inflammation, and fostering optimal conditions
for osteoblast proliferation and differentiation.

B CONCLUSION

In this study, we developed a drug-loaded polymer coating
incorporating a CaP deposition layer to mitigate inflammation
via controlled drug release and enhance coating stability,
thereby improving the biocompatibility of Ti surfaces and
accelerating osseointegration. Initially, a micrometer-scale CaP
deposit was prepared on a Ti surface using an anodizing
process combined with a cyclic precalcification method.
Subsequently, electrospray technology was employed to
apply a uniform layer of PCL drug-loaded nanoparticles. To
address potential coating detachment issues, SF and PDA were
introduced to form cohesive PCL/SE/PDA composite drug-
loaded coatings. The incorporation of SF/PDA substantially
enhanced the interaction between the polymer coating and the
CaP/Ti substrate, thereby significantly improving stability. All
materials exhibited favorable biocompatibility. In vivo experi-
ments demonstrated that the CaP/Ti/PCL/SE/PDA samples
effectively combined the bone affinity of CaP deposits with the
anti-inflammatory properties of the PCL/SF/PDA drug-release
coating, resulting in superior osseointegration. This study
offers an effective surface modification strategy to enhance the
performance of Ti implants. Future research will focus on
quantitatively analyzing coating stability and long-term drug
release behavior and elucidating specific anti-inflammatory and
osteogenic mechanisms of dexamethasone.
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