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Abstract
In this study, boron-doped hydroxyapatite (BHT)-loaded alginate/gelatin-based (A/G) hydrogel coating on Ti was fabri-
cated to support bone integration through triggering osteoinduction, vascularization and immunomodulation. Initially, highly
reproducible, cheap and time-effective BHT was produced, which significantly promoted higher osteogenic and angiogenic
maturation, while a mild innate immune response was observed. The immense potential of BHT was evidenced by the pro-
duction of a gap-filling A/G/BHT interphase on Ti implants to mimic the osseous extracellular matrix to achieve functional
bridging and exert control over the course of innate immune response. We initially aminosilanized the implant surface using
3-aminopropyl triethoxysilane, and then coated it with 0.25% w/v alginate with 20 mM 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide andN-hydroxysuccinimide to allow theA/G/BHTpre-gel to disperse evenly and covalently attach on the surface.
The pre-gel was added with 0.2 M NaCl to homogeneously blend BHT in the structure without inducing ionic crosslinking.
Then, the coated implants were freeze-dried and stored. The coated layer demonstrated high cohesive and adhesive strength,
and 8-month-long shelf-life at room temperature and normal humidity. The A/G/BHT was able to coat an irregularly shaped
Ti implant. Osteoblasts and endothelial cells thrived on the A/G/BHT, and it demonstrated greatly improved osteogenic
and angiogenic capacity. Moreover, A/G/BHT maintained macrophage viability and generated an acute increase in immune
response that could be resolved rapidly. Finally, A/G/BHT was shown to induce the robust integration of implant in a rabbit
femur osteochondral model within 2months. Therefore, we concluded that A/G/BHT coatings could serve as amultifunctional
reservoir, promoting the strong and rapid osseointegration of metallic implants.
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Introduction

Osseointegration is a multifaceted phenomenon involv-
ing diverse pathways acting in concert, bringing about
strong and functional bridging between implant and bone.
Since the implant-bone fusion depends on several aspects,
such as osteogenesis, angiogenesis and immunomodula-
tory responses, to induce rapid bone deposition, subsequent
remodeling and robust integration, it is expected of next-
generation implants to show high biological performance
while avoiding undesired reactions and supporting regener-
ation. In this sense, titanium-based implants (Ti) have been
modified by variousmethods to trigger intertwined responses
directing osseointegration [1, 2]. Especially focusing on
bioactive modifications, Ti has been coated with hydrogels
to both provide a reservoir for various biological factors and
establish a niche for homing stem cells [3, 4].

Although many Ti implant surface designs have become
commercially available, bioceramic coatings comprise a
state-of-the-art Ti surface modification for better osseointe-
gration. In this sense, such coatings [5–7] have been studied
extensively by various groups; however, Ti implant sur-
faces require additional modifications to augment biological
activity because of the transient and limited support pro-
vided by ceramic implantation [8]. Bioceramic particles
have low adhesion strength due to the lack of chemi-
cal/supramolecular interaction between ceramic particles

and the metal surface, which may cause their detachment
from the implant surface and drive undesired immuno-
logical response [9, 10]. Moreover, direct ceramic-based
coatings fail to achieve multifunctionality because of their
low applicability in geometrically irregular implants, low
control on the final product due to the excessive pres-
sure and heat required to seed bioceramics on the Ti
surface, and their inability to load any supplementary bio-
logical factors (peptides, miRNA, exosomes, drugs, etc.) [11,
12].

For the above reasons, bioceramics have been suc-
cessfully utilized as a multifunctional reinforcement in a
polymeric matrix to encourage new bone formation at the
implant periphery, thus providing additional secondary sta-
bility [13–15]. In spite of the tremendous applicability
(simple coating method such as dip-coating without use of
expensive or complex devices) and pliability of synthetic
polymers, they lack natural peptide sequences or patterns
that can be recognized by cells. On the other hand, nat-
ural polymers tend to mimic natural osseous extracellular
matrix (ECM) more effectively in comparison with syn-
thetic counterparts and provide tailorable biosimilar patterns
[11]. In addition, synthetic polymers cannot be degraded
by natural processes or by macrophages as efficiently as
natural polymers [16]. In this context, the use of natural
polymer-based matrixes to load bioceramic reinforcements
appears as a successful next-generation implant coating
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modality to enhance the rate of Ti implant osseointegra-
tion.

Alginate (ALG) is a carbohydrate composed of 1,4 α-L-
guluronic acid and 1,4 β-mannuric acid monomers [17]. It
has –OH and –COOH functional groups that can be modi-
fied or used as anchorage points for crosslinking with other
polymers [18]. The tailorable chemical and physical struc-
ture of alginate makes it one of the most often employed
polysaccharides for designing highly responsive ECM-like
hydrogels for improved three-dimensional (3D) cell colo-
nization and on-site cargo release [19–21]. In addition, many
studies in the literature have demonstrated the tremendous
ability of ALG in forming polymer blends with other natural
polymers with or without additional modifications [22–25].
Nevertheless, ALG is usually employed alongwith other bio-
materials to reinforce its biological properties. Because of
its high negative charge at neutral pH, ALG shows very low
immunogenicity [26]; however, stem cells also tend to avoid
ALG-coated surfaces [27]. Therefore, ALG requires struc-
tural modification to support cellular adhesion.

Gelatin (GEL) is another important natural polymer
in the design of ECM mimicking 3D constructs, because
it augments the gelation capacity and cohesiveness of
polymer-based hydrogels [28]. Additionally, GEL possesses
the arginyl-glycyl-aspartic acid (RGD) cell adhesive motif
[29] and lacks the immunogenic tertiary collagen confor-
mation [30]. In this sense, ALG-GEL (A/G) hydrogels with
low immunogenicity and good biocompatibility could be
produced. In the literature, the ALG-GEL combination is
indeed one of the most widely used natural polymer blends
to fashion 3D constructs showing high capacity for cell
encapsulation and proliferation [31], and the release of
bioactive molecules [32, 33], antibacterial drugs/ions [34,
35], osteogenic/angiogenic or immunomodulatory factors
[36, 37]. However, it was observed that no covalently
bonded and structurally stable ALG-GEL-based coatings
exist for establishing a functional bone-implant bridge. Such
interphases composed of various ALG-GEL coatings were
produced and characterized in our previous study [38]. We
optimized a robust, strong and long shelf-life (~12 months at
25 °C under normal relative humidity of ~60%) coating on Ti
implant with 1%w/v ALG and 3%w/v GEL (A/G coatings).
In addition, these coatings were shown to be highly resistant
to scratching and did not delaminate after freeze-drying.
Therefore, an A/G layer on the Ti implant was deemed to
be applicable for loading with a multifunctional bioceramic
and suitable for implants placed through press-fitting.

In this study, we loaded A/G with boron-doped hydrox-
yapatite (BHT) to reinforce its bioactivity by induc-
ing osteogenic/angiogenic/immunomodulatory calcium (Ca)
and boron (B) release. Boron, which was doped at 5% molar
concentration in hydroxyapatite (HT), was shown to be an
osteogenic and angiogenic trace element in previous studies

[39–41]. Thus, we utilized BHT as a multifunctional rein-
forcement that endows immunomodulatory features. With
the inclusion of BHT in the A/G matrix, we hypothesized
that the pliability and applicability of A/G/BHT as an ECM-
like coating could be achieved. In this context, we aimed to
homogeneously blend BHT in the A/G pre-gel by reaching
the lowest possible amount of interaction between powder
particles and the polymer matrix [42]. Since it was shown in
the literature that having a low initial ionic bonding followed
by strong interaction at the polymer-bioceramic interface
provides a highly reproducible method [43], we took these
procedures one step forward and aimed to obtain a crack-free,
non-delaminating and highly bioactive composite interphase
on Ti by inducing covalent bonding between the composite
hydrogel matrix and the Ti surface, as well as acquiring inter-
molecular ionic interactions. Therefore, a relatively simple,
straightforward, cost-effective and time-effective methodol-
ogywas employed to coat both regular and irregularly shaped
Ti surfaces.

In the present study, A/G-based composite coating
loaded with versatile BHT was produced to support bone
integration and act as a highly osteoinductive, angiogenic
and immunomodulator interphase. A natural polymer-
based hydrogel form having bioceramic reinforcement was
selected to mimic natural ECM at the periphery of the
defect. The coated gap-filling 3D structure was designed to
accommodate stem cells and allow for both bone deposition
and vascularization, to boost the rate of osseointegration of
the Ti-based implant. Furthermore, this layer was intended
to serve as a reproducible and long shelf-life reservoir that
can further improve the clinical abilities of metallic implants
by allowing the local release of bioactive ions and promote
biological responses. The samples were first characterized
for their physical, morphological, chemical and biological
properties in vitro. Then, they were analyzed in a rabbit
osteochondral defect model in vivo to investigate the clinical
translation potential of A/G/BHT coating.

Materials andmethods

Materials

Calcium nitrate dihydrate (Ca(NO3)·2H2O), diammo-
nium phosphate ((NH4)2HPO4), boric acid (H3BO3),
para-nitrophenyl phosphate (pNpp), magnesium chlo-
ride (MgCl2·6H2O), β-glycerophosphate, 50 μg/mL L-
ascorbic acid, 10−7 M dexamethasone, Triton X-100, 1-
Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-
hydroxysuccinimide (NHS), sodium chloride (NaCl), sulfiric
acid (H2SO4), hydrogen peroxide (H2O2), sodium hydrox-
ide (NaOH), copper sulfate (Cu(II)SO4), ammonium chlo-
ride (NH4Cl), sodium azide (NaN3), sodium cacodylate,
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paraformaldehyde (PFA) and bovine serum albumin (BSA)
were purchased from Sigma-Aldrich, USA. Heat inactivated
fetal bovine serum (FBS), 10,000 U/mL penicillin–strep-
tomycin (P/S), DMEM/F12, RPMI 1640, and EndogoXF
mix were obtained from Sartorius, Germany. Distilled water
was produced by purification through a resin bed, reverse
osmosis, and flowing through an ultraviolet (UV) elec-
trodeionization device (Millipore ELIX-5, Sigma, USA).

Characterization of BHT

Hydroxyapatite (HT) and boron hydroxyapatite (BHT)
were produced using a wet precipitation/microwave reflux
method. Ca(NO3)·2H2O and (NH4)2HPO4 were used as Ca
and P sources, respectively. H3BO3 was utilized as a B
source. The Ca source (0.62 M) was dissolved in dH2O, and
the initial pHwas set to 9–10 by the addition ofNH4OH. Sub-
sequently, a mixture of P (0.33 M) and B (0.05 M) sources
was added dropwise. The mixture was aged under 800 W
for 15 min in the reflux system. Then, samples were cen-
trifuged at 8000g for 3min at 4 °C, suspended in pure acetone
and homogeneously downsized by a probe sonicator at 25%
amplitude for 2 min. After that, the powders were dried at
100 °C and calcined at 1100 °C for 2 h. The Ca and B pow-
ders (100mg/mL) were placed in centrifuge tubes previously
addedwith dH2Owith 0.2% (w/v) sodium azide (NaN3). The
samples were incubated for 2 weeks in this release media
with a volume 10 times of the mass of powders. At the end
of each week, the amount of element released was deter-
mined by induced coupled plasmamass spectroscopy (Perkin
ElmerDRC II, ICP-MS (n=3)). The physical,mechanical and
structural properties of HT and BHT were characterized and
compared in our previous study [39].

Osteogenic potential of BHT

HT and BHT were placed in an osteoblast growth medium
(DMEM:F12 (94.8%), fetal bovine serum (5%), 100 U peni-
cillin–streptomycin (0.2%)) in 100 mg/mL concentration
to prepare the conditioned media. Human fetal osteoblasts
(hFOB (hFOB 1.19, ATCC, USA), 5×103 per well in a
48-well plate) were incubated in the obtained conditioned
media for 1, 4 and 7 days (n=12). Cell proliferation was
measured at the end of each incubation period with Ala-
mar blue assay using the supplier’s protocol (Thermo Fisher,
USA).

Cells (2×104 per well) were seeded in 24-well plates, and
incubated in the conditionedmedia prepared in an osteogenic
induction medium (growth medium added with 10 mM β-
glycerophosphate, 50 μg/mL L-ascorbic acid and 10−7 M
dexamethasone) for 2 weeks (n=18). At the end of each
week, hFOBs were rinsed with phosphate buffered saline
(PBS, 0.01 M, pH 7.4), then lysis buffer (0.1% Triton X-100

in 0.2 M carbonate buffer) was added and three freeze-thaw
cycles were initiated at −80 °C. Once the cells were lysed,
alkaline phosphatase (ALP) enzyme substrate working solu-
tion (10 vol pNpp, 20 vol dH2O and 1 vol MgCl2·6H2O in
dH2O) was mixed with the lysates in a 1:1 v/v ratio and
incubated for 1 h at 37 °C. Afterward, the absorbance of the
reaction media was measured at 405 nm. The DNA content
of lysates was determined with Picogreen assay using the
supplier’s protocol (Thermo Fisher Scientific, USA). The
ALP activity of hFOBs that had interacted with samples
was determined after normalizing the ALP concentration
to total DNA content and the time spent (mmol ALP/gDNA
min). A similar protocol with ALP activity assay was fol-
lowed for the osteocalcin (OCN) release study (n=8). At the
end of each week, the sample media were collected, and
enzyme-linked immunosorbent assay was used to quantify
the amount of OCN released in accordance with the sup-
plier’s protocol (E4762, Biovision, USA). The OCN release
data were normalized to the total DNA for each sample. Cells
were also seeded in 12-well plates at 4×104 per well and
interacted with the conditioned media to prompt biominer-
alization in a setup similar to the ALP activity assay (n=2).
At the same time, Alizarin red stain (ARS) was dissolved
in dH2O and the pH was set to 4.2 using 10% v/v ammo-
nia in water. At each incubation period, wells (n=2) were
rinsed with PBS, then ARS (4% w/v) stain was placed in the
wells, which were incubated for 30 min at room tempera-
ture. Subsequently, the wells were rinsed with dH2O thrice
and images were obtained through a phase contrast micro-
scope.

Total RNA was isolated from hFOBs during osteogenic
differentiation analysis in accordance with the supplier’s
protocol (High Pure mRNA Isolation Kit, Roche, Switzer-
land) for the quantitative real-time PCR analysis (qPCR)
of RUNX2, ALP and OSX. The RNA quality was ensured,
quantified, and cDNAs were produced (Applied Biosystems
PCRSystem 9700, USA) using the supplier’s protocol (Tran-
scriptorHighFidelity cDNAKit, Roche, Switzerland).Using
the SYBR Green qPCR kit, cDNAs were combined with the
primers given in Table S1 (Supplementary Information), and
qPCR was conducted (Roche Lightcycler 480, Switzerland).
Amplification reactions were performed for 40 cycles, and
the cycle number at the detection threshold (Ct) for each
sample was determined. Beta-actin was used as the house-
keeping gene to determine the cycle threshold (�Ct) values
for each sample. The relative changes in the gene expression
of samples were calculated by the 2−��Ct method.

Angiogenic potential of BHT

HT- and BHT-conditioned media were prepared by incubat-
ing the powders at a concentration of 100 mg/mL in EndoGo
XF medium and supplement mix (Sartorius, Germany) for
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24 h at 37 °C. Human umbilical cord vein endothelial cells
(HUVECs) were seeded at a density of 4×104 cells/well in
24-well plates, and incubated with the conditioned media for
4 h. Next, media were discarded and Alamar blue assay was
conducted (n=6).

For the tube formation and VEGF-A release assay, cold
growth factor reduced basementmembranematrix (Matrigel,
Corning, USA)was pipetted into 96-well plates (50μL/well)
and incubated in a CO2 incubator (MCO-5M-PE, Panasonic,
Japan) for 30 min for gelation. After seeding HUVECs on
the Matrigel, conditioned media were added and incubated
for 4 h to achieve the maximum rate of tube formation. At
the end of the incubation period, media were collected and
stored at −80 °C until further use. PBS was added to the
wells, and photographs at five different locations were taken
to quantify number of nodes (n=5), total tube area (n=5), and
total master segment length (n=5) using the Angiogenesis
Analyzer plugin [44] in ImageJ (NIH, USA). Subsequently,
cells were lysed using the lysis solution as aforementioned,
themediawere collected during the tube formation assay, and
the lysates were combined in 1:1 v/v. Total VEGF-A produc-
tion (n=4) was determined using a human VEGF-A ELISA
kit (CSB-E11718h, Cusabio, China). The total DNA con-
tent of lysates was also measured, and VEGF-A release was
normalized to the DNA concentration (mg VEGF-A/gDNA).

Immunomodulation study

THP-1s were incubated in RPMI 1640 medium supple-
mented with 10% v/v FBS, 0.5% v/v P/S cocktail and 0.1%
v/v Normocin (monocyte growth medium). The THP-1s
were seeded on cell culture plates at a density of 0.45×
106 cells/mL and stimulated with 50 ng/mL phorbol 12-
myristrate 13-acetate (PMA) for 24 h to adhere on wells
and differentiate into macrophages. Thereafter, they were
rinsed twice with PBS to completely remove the PMA and
then incubated for 24 h in HT- and BHT-conditioned media
(100 mg/mL), prepared in RPMI 1640 and 10% v/v FBS.
PMA was used as an abbreviation for THP-1s on wells
induced with PMA only, to mimic the initial macrophage
state (M0). THP-1s denoted as PMA + LPS were initially
induced with PMA and primed with 150 ng/mL lipopolysac-
charide (LPS from Escherichia coli O55:B5, Sigma, USA),
and were used for mimicking the inflammatory macrophages
(M1). Pro-healing macrophages were denoted as M2.

After incubation, aliquots from each sample (n=4) were
collected, centrifuged at 8000g for 10 min and assayed
using human caspase-1 (CAS-1, E4588, Biovision, USA),
interleukin-10 (IL-10, CSB-E04593h, Cusabio, China), and
inducible nitric oxide synthase (iNOS, E4648, Biovision,
USA) ELISA kits. Meanwhile, cell viability was determined
by Alamar blue assay and total DNA content was deter-
mined by Picogreen assay to normalize CAS-1, IL-10 and

Table 1 Samples used in the study

Abbreviation Coating

Ti-APA –

A/G Alginate and gelatin coating

A/G/BHT Alginate and gelatin coating loaded with BHT

iNOS release. In addition, THP-1s were visualized by phase
contrastmicroscope to analyze theirmorphologies after incu-
bation in the conditioned media for 24 h.

Fabrication and characterization of A/G
and A/G/BHT coatings on Ti

Fabrication, rheological, physical and chemical
properties

Medical grade titanium alloy (Grade V Ti-6Al-4V ELI,
Ti) was modified through acid:peroxide:alkali (APA) to
obtain a standard and highly utilized Ti-APA. The Ti was
cleaned, sandblasted with garnet and subsequently rinsed
with pure ethanol and acetone. Then, Ti was incubated in
H2SO4:H2O2 (3:7 v/v) for 15 min, rinsed twice with dH2O,
and placed in 5 M NaOH for 1 h at 60 °C. Finally, Ti-
APA was rinsed with dH2O and dried in a desiccator. To
covalently attach alginate/gelatin (A/G) blend on Ti-APA,
3-Aminopropyl triethoxysilane (APTES) was employed to
functionalize the surface with aminosilane, and a modi-
fied version of EDC/NHS/CaCl2 chemistry was used [38].
Initially, Ti-APA was coated with a thin layer of 0.25%
w/v alginate blended with 20 mM EDC/NHS, to achieve a
homogeneous coating. Then, A/G was added with 0.2 M
NaCl, 20 mM NHS and homogeneously mixed with BHT
(A/G/BHT pre-gel). The different samples used were given
in Table S2 (Supplementary Information). After pre-gels
were formed (Video S1 in Supplementary Information),
the alginate-coated Ti-APA was slowly dipped in A/G or
A/G/BHT pre-gel (20 mm/s), kept in for 15 s and taken out
(5 mm/s). Thereafter, coated samples were air-dried for 1 h,
placed in 20 mM EDC/NHS/CaCl2 crosslinking solution for
1 h, and then rinsed 3 times thoroughly before freeze-drying
at −80 °C for 6 h. The samples produced are given in Table
1. All samples were placed in dust-free desiccator until fur-
ther use (<10% relative humidity, 25 °C). Samples were then
coated with gold/palladium and visualized under scanning
electron microscopy (SEM, FEI Quanta650, USA).

Rheological analysis was conducted with the pre-gels
(20 mL) using smooth concentric cylindrical geometry (DIN
standard cup and bob having 14 and 15 mm radii, respec-
tively) in a rotational rheometer (TA Instruments ARES
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Rheometer, USA). Changes in the apparent viscosity of sam-
ples under increasing shear rate (1–100 s−1) at 40 °C were
recorded. The sampleswere tested forwater uptake (n=4) and
hydrolytic degradation (n=4) in PBS with 0.02 w/v % NaN3.
The weights of dried samples (wD1) were recorded prior to
analysis, and the weights of wet samples (wwet) were mea-
sured until the plateau was reached for water uptake analysis.
The water uptake is calculated using Eq. (1):

Water uptake = wwet − wD1

wD1
× 100%. (1)

In addition, samples placed in PBS with NaN3 were incu-
bated for 1–4 weeks under the same conditions as mentioned
above. The samples were thoroughly rinsed, freeze-dried for
24 h, their weights were recorded (wDi), and weight loss was
calculated in accordance with Eq. (2):

Weight loss = wD1 − wDi

wD1
× 100%. (2)

In order to confirm attachment on the surface, samples
were manually tested to observe if delamination occurred
during degradation or swelling (data not shown). After mak-
ing sure that none of the samples showed any cracks or
delamination, subsequent analyses were conducted.

Methylene blue (MB) was used as a dye to determine
the loading/release feature of coatings as a reservoir. A MB
solutionwas prepared in 0.5% (w/v) PBS/NaN3. The samples
were placed in wells, were added with 1 mL MB solution,
and were incubated for 15 min, 1, 3, 6 and 24 h. MB loading
was determined by measuring the MB depletion over time
using the following equation:

MB uptake =
[
MBt0

] − [
MBti

]

[
MBt0

] × 100%, (3)

where [MBt0 ] denotes the initial concentration,which is 0.5%
(w/v), and [MBti ] shows the concentration of MB in solution
at a given time. Subsequently, sampleswere freeze-dried, and
placed in PBS/NaN3 to determine the MB release over time
using Eq. (4):

MB release =
[
MBtf

] − [
MBti

]

[
MBtf

] × 100%, (4)

where [MBtf ] denotes the final concentration. The calibration
curve of MB was constructed using the absorbance value at
660 nm of MB for different concentrations (0%–0.5% w/v
in PBS/NaN3) (Fig. S1 in Supplementary Information). MB
release was presented as the cumulative percent release over
time. The as-prepared coatings andMB-soaked sampleswere
photographed during analysis. Moreover, the samples (n=3)

were analyzed to determine the total amount of BHTbyTher-
mogravimetric Analysis (TGA).

Ion release profile andmechanical properties

Samples were weighed and placed in dialysis tubing (molec-
ular weight cut-off value of 12–15 kDa) and carefully placed
in a 50 mL centrifuge tube. The tube was filled with 10 mL
dH2O/NaN3. At the end of each incubation period, all media
were collected and refreshed. The collected media were
diluted with 10% HNO3 and analyzed by induced cou-
pled optical emission spectroscopy (ICP-OES, Perkin Elmer
Optima 4300DV, USA). The total release of Ca and B over
1, 7 and 14 days was determined.

The adhesive and cohesive strength of the coating was
determined by a microscratch tester (n=3). The sample
surfaces were scratched with a conical diamond indenter
(100 μm), which was allowed to penetrate the coatings at
90°. Progressive scratching was applied at a constant rate of
4.95N/min, starting from50mN to a final 3N. The tangential
force (FT) and penetration depth (PD)were determined at the
point where the tip reached the bottom Ti plate. In addition,
the shelf-life of coatings was determined via measuring the
change in mechanical strength over time. The samples were
sterilized and placed in an aseptic cabin at room temperature
under normal humidity (50%). Their mechanical strengths
were determined at the end of the 4th and 8th months of
storage. The as-prepared samples and stored samples were
analyzed under SEM to detect the critical point at which the
Ti substrate was reached during scratching, to qualitatively
investigate the coating failures.

Cell proliferation study

All samples used in the cell culture studies were sterilized
by dipping in 70% ethanol in dH2O for 30 min, and then
both sides were UV-irradiated for 30 min. The coatings were
seeded with hFOBs at a cell density of 2×105, and Alamar
blue assay was conducted to determine the cell proliferation
on each sample. At the end of the 1st, 4th and 7th days, ran-
domly selected samples were fixed with 4% PFA and rinsed
with 0.2 M cacodylate buffer (CB). The samples were then
freeze-dried for 4 h and observed under SEM.

Osteogenic and angiogenic potential

Coatings were seededwith hFOBs at a cell density of 2×105,
and incubated for 1 day to allow complete attachment (n=6).
Then, the same protocol was followed as in the HT and BHT
osteogenesis study. In the qPCR analysis, additional genes
such as Smad4 and BMP-2 were analyzed, whose primers
are given in Table S1 (Supplementary Information). In terms
of angiogenesis study, HUVECs were seeded on samples at
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a density of 2.5×105 cells/well and allowed to adhere for 2 h
in a CO2 incubator (n=5). Samples were then incubated in
EndogoXFmedia for 1, 4 and 7 days. At the end of each incu-
bation period, HUVEC proliferation was determined using
Alamar blue assay. At the end of the 4th day of incubation,
media were collected and cells were lysed. The lysates and
release media were combined in a 1:1 v/v ratio and the total
VEGF-A production was quantified using a human VEGF-
A ELISA kit (CSB-E11718h, Cusabio, China), which was
normalized to the total DNA content. Besides, samples were
randomly selected at the end of the 4th day of incubation,
rinsed, fixed, and stained using the same fluorescent staining
protocol as that in the cell proliferation study, to visualize
cellular morphology in confocal laser scanning microscope
(CLSM). The same samples were rinsed with CB, freeze-
dried for 4 h, and visualized under SEM.

Immunomodulatory potential

Immunomodulatory analysis was conducted by employing
a similar protocol previously elucidated in HT and BHT
characterization. The THP-1s were induced with PMA, and
seeded on samples at 5×105 cells/mL density. Randomly
selected samples were further primed with LPS. All samples
were tested for CAS-1 and IL-10 release after 24 h of incu-
bation. At the same time, randomly selected samples were
again either fixed and analyzed under SEM or utilized for
total RNA isolation for qPCR analysis. The expression lev-
els of NfκB, CAS-1, IL-1β, iNOS and IL-10, whose primers
are given in Table S1 (Supplementary Information), were
determined.

In vivo studies

All in vivo studies were approved by the Ethics Commi-
tee of Afyon Kocatepe University Experimental Animal
Application and Research Center (Date: 18.09.2018, Deci-
sionNo.: 49533702/147). The prepared implants (cylindrical
implants with 5 mm length and 2.5 mm diameter) were
sterilized by UV irradiation. The experimental rabbits were
housed in normal conditions and were allowed to move, eat
and drink ad libitum. Prior to the operation, the knees and
femurs were shaved and antiseptic conditions were ensured.
As a general anesthetic, 35 mg/kg ketamine hydrochlo-
ride and 5 mg/kg xylazin lidocaine were applied. Medial
parapetellar longitudinal articulation incision was performed
and the patellar medial osteochondral zone was drilled
(600–700 r/min) under continuous PBS irrigation to cre-
ate a 5 mm cylindrical defect. Ti-APA, A/G and A/G/BHT
implants (n=4) were placed into the defect. The incision zone
was stitched with Vicryl 4.0 and covered with a soft ban-
dage. To prevent post-operative pain, rabbits were injected

with Flunixin meglumin (Fynadine, Netherlands). Addition-
ally, enrofloxacinwas applied to prevent potential operational
infections (Bayer, Germany). At the end of the 1st and
2nd months post-operation, a high dose of muscle relax-
ant was given to the rabbits to induce euthanasia. Then,
femoral segmentswere collected and placed in formaldehyde
solution (10% v/v in dH2O) for initial fixation. After the ini-
tial fixation, the harvested femurs were placed in 4% (v/v)
paraformaldehyde solution supplemented with glutaralde-
hyde at a final concentration of 0.1% (v/v) for 3 days. The
samples were then placed under an X-ray device (TOP-X
HF, Innomed, USA), and images were obtained at 45 kV and
10 mA/s to make sure that the implants were appropriately
positioned (Fig. S2a in Supplementary Information). After-
ward, samples were placed again in a fixative solution for an
additional 7 days prior to embedding in a methacrylate resin.

Preparation of sections with intact implant-bone
interface

The fixed bone samples were placed in graded glycol metha-
cylate in dH2O (GMA/W). Initially, samples were treated
with GMA/W in 50% (v/v) for 3 h, GMA/W 70% (v/v) for
3 h, GMA/W 96% (v/v) for 3 h, and finally in 100% GMA
for 6 h. While fully soaked in GMA, samples were treated
with Technovit 7200/GMA mixture in a 1:1 ratio for 4 h and
embedded in 100%Technovit 7200 for 36 h (Technovit 7200,
Kulzer, Germany). The resin was crosslinked under UV light
for 24 h. This resin provided strong bonding within the bone
tissue as well as prevented heat development and implant
separation from the organic tissue. While embedded in the
resin, implant-bone samples were produced with precision
cutting (Exakt Cutting Mill, Germany) and grinding (Exakt
Micro GrindingMachine, Germany). Sections from the sam-
ples (~30 μm) were taken along the longitudinal axis from
an osteochondral location toward the femur.

Masson–Goldner trichrome staining

Non-decalcified implant-bone sections were stained with
Masson–Goldner trichrome using the supplier’s protocol
(Sigma, 1.00485.001, USA). The sections were deparaf-
finized with xylene, partially hydrated with reverse ethanol
series (absolute to 50% in dH2O) and fully rehydrated with
dH2O. The samples were kept in Weigert’s iron hematoxylin
for 5 min to dye the cell nuclei. Following rinsing under run-
ning tap water, samples were incubated in 1% (v/v) acetic
acid for 30 s, placed in azofloxin for 10 min and placed
again in 1% (v/v) acetic acid solution in dH2O for 30 s. Sam-
ples were then stained with tungstophosphoric acid-Orange
G solution for 1 min, rinsed in 1% acetic acid solution, sub-
sequently stained with light green SF solution and rinsed
with 1% acetic acid for 30 s to remove any unbound dyes.
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Afterward, samples were dehydrated in ethanol series (50%
in water to absolute grade). The ethanol was removed using
xylene, and samples were embedded in Entellan mounting
medium (Merck, USA). The stained samples were analyzed
under light microscope (Olympus BX50) and photographed
(Olympus DP25). Histochemical staining was performed,
and the following results were expected: Cell nuclei were
to be stained with dark brown, muscle fibers and myocyte
cytoplasm to be red, erythrocytes to be bright orange, fibrous
tissue to be red/pinkish, and acidic mucosal structures to be
green. In addition, the obtained sections were analyzed using
amethod previously shown elsewhere [45]. Each section was
evaluated for the criteria given in Table S3 (Supplementary
Information) in four different directions (up, down, right and
left from center) using ImageJ (NIH, USA).

Decalcification prior to immunohistochemical
staining

In order to prevent the loss of cellular markers, samples were
placed in 15% (w/v) ethylenediamine acetic acid (EDTA, pH
7.2) in dH2O for 21 days (n=4). Every 3 days, the EDTA solu-
tion was refreshed. After incubation, samples were checked
manually to observe increased elasticity, which showed the
absence of Ca. Furthermore, samples were analyzed using
X-ray to verify the complete removal of Ca (Fig. S2b in Sup-
plementary Information). The decalcified sections were fully
rehydrated, and 10 mMCu(II)SO4 in 50 mMNH4Cl at pH 5
was applied 3 times for 5 min to mitigate autofluorescence.
Afterward, sections were incubated in 0.5% v/v Triton X-
100 for 10 min at 37 °C to retrieve the antigens. Sections
were also kept in 3% v/v ImmPress HRP large spectrum kit
(MP-7500, Vector Labs, USA) for endogeneous peroxidase
blocking for 10 min, rinsed with PBS, and blocked in horse
serum provided with the kit. These sections were dropped
on a small amount of anti-OCN antibody solution (mouse
monoclonal antibody OCG4, Abcam, UK) and incubated
for 30 min. To develop staining, the sections were rinsed
and incubated with 3,3’di-aminobenzidine (DAB) (SK-4100
DAB, Vector Labs, USA), and observed for 3min under light
microscope until the formation of a characteristic brown-
ish color. Subsequently, sections were thoroughly rinsed and
counterstainedwith Harris’ hematoxylin, rinsedwith ethanol
and xylol, and covered with Entellan (Sigma, USA). The
samples were visualized under light microscope (Zeiss Axio
Observer Z.1 attached with Olympus DP25).

Statistical analysis

All data were given as average±standard deviation. The
means of TGA data were compared to theoretical values
using a one-sample t-test. All data were tested for normal-
ity. Statistical differences among groups were established

by one-way ANOVA employing Tukey’s Post Hoc test
(*p<0.05, **p<0.01, ***p<0.001). The results of all qPCR
and ELISA assays data were analyzed in pairs by an indepen-
dent pairwise two-tailed t-test. The semi-quantitative scoring
attributed during in vivo studies was tested for statistical dif-
ference using a Kruskal–Wallis test.

Results and discussion

Ion release and the regenerative characteristics
of BHT

Studies employing B as a trace element to improve the regen-
erative properties of bone tissue engineering constructs have
become popular [46]. Although the exact mechanism has not
been deciphered, B was shown to reinforce osteogenic [47]
and angiogenic [48, 49] features. However, research focusing
on the effect of B as a dopant in provoking immunomodu-
latory response is still in its infancy. In this study, B was
doped in HT, characterized to elucidate biological features,
and employed in A/G coating as a multifunctional bioce-
ramic. In our previously study [39], different compositions
of BHTs were produced, and various features were charac-
terized. It was determined that 5 mol% B containing BHT
was the most effective product in terms of ion release and
preliminary biological properties. Here, we elucidated the
effect of BHT on regeneration and immunomodulation by
interacting hFOBs, HUVECs and THP-1s with HT- or BHT-
conditioned media prior to fabricating A/G/BHT composite
coated Ti samples.

BHT was demonstrated to enable hFOB proliferation
without showing any sign of cytotoxicity (Fig. 1a). After
checking for cytocompatibility, the regenerative properties
of BHT were characterized in detail. When directly com-
pared toHT,BHTdemonstrated a significant increase inALP
activity in the 2nd week (p<0.001, Fig. 1b). However, both
products resulted in similar OCN release (p>0.05, Fig. 1b).
Although BHT displayed a closer osteogenic protein produc-
tion capacity to HT, ALP and OSX gene expressions were
tremendously upregulated in hFOBafter treatmentwithBHT
(p<0.001, Fig. 1c). HT and BHT did not show any differ-
ence in terms of RUNX2 expression.Moreover, both samples
inducedmineralization (Fig. 1d). The strength of the staining
increased from the 1st to 2nd week in correlation with CaP
deposition.

There are various early and late markers that are produced
and temporally monitored throughout osteoblast maturation.
RUNX2 acts as a regulator of osteoblast production and is
tightly controlled during the maturation of osteoblasts [50].
Additionally, long-term RUNX2 expression without a nega-
tive feedback loop triggered by osteoblasts has been shown
to prevent further osteoblast differentiation [51]. In contrast,
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Fig. 1 Regenerative properties ofHTandBHT.Relative viability (n=12,
a), ALP (n=18) and OCN protein production (n=8, b), osteogenic
gene expressions (n=8, c), and ARS staining phase contrast images
(n=2, d) of hFOBs treated with HT- and BHT-conditioned media. BHT
demonstrated significantly higher ALP activity (p<0.001); however, a
comparable level of OCN release was observed. Similar RUNX2 gene
expression was determined for both samples, while BHT led to statis-
tically the highest ALP and OSX gene expressions (p<0.001). From a
qualitative aspect, HT and BHT showed analogous ARS staining (d).
HUVEC relative viability and VEGF-A release, and the angiogenic

tube formation characteristics of HUVECs after treatment with HT-
and BHT-conditioned media (e). BHT showed good HUVEC viabil-
ity (n=6) and prompted the highest VEGF-A release (n=4, p<0.001
vs. Ctrl and p<0.05 vs. HT). Phase contrast images (f) of HUVECs
on Matrigel while treated with HT- and BHT-conditioned media were
used to quantify the tube formation parameters, wherein BHT excelled
in comparison with Ctrl and HT (p<0.001). Statistical differences were
given as *p<0.05, **p<0.01 and ***p<0.001. Scale bars in d and f are
500 μm

Table 2 Release of Ca and B from HT and BHT (n=3)

Sample Week 1 Week 2

Ca (mg/L) B (mg/L) Ca (mg/L) B (mg/L)

HT 62±4 0 128±5 0

BHT 36±5 39±12 66±5 52±14

HT showed the highest Ca release, while only BHT showed B release
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ALP was reported to peak during osteoblast differentia-
tion toward osteocytes [52] and is maintained throughout
osteoblast-osteocyte transition to allow for biomineraliza-
tion. BHT induced a clear increase in ALP production and
expression, but RUNX2 expression did not change over time.
Meanwhile, the release of OCN to ECM and the expression
of OSX surged. Following the initiation of CaP deposition,
the OCN production, release and its binding to organophos-
phate residues increased immediately [53]. At the same time,
another late marker, OSX, was upregulated to drive the
osteoblast to osteocyte phenotypic differentiation and ECM
maturation [54]. Owing to the increased OSX fold change
uponBHT induction in comparison toHT, it could be pointed
out that hFOBs under the BHT stimulation demonstrated
clearly improved osteoblast maturation. As shown in Table
2, in spite of the drastically lower Ca release, BHT led to high
B release and reinforced osteogenic properties of HT. There-
fore, it could be projected that B, similar to Ca, possesses
osteogenic potential and may promote higher ALP and OCN
production and OSX expression.

Prior to the VEGF-A release and tube formation study,
samples were tested for HUVEC viability. No cytotoxicity
was observed in any of the samples; however, HT-treated
HUVECs exhibited the lowest viability (p<0.001 vs. Ctrl and
p<0.01 vs. BHT, Fig. 1e). BHT-treated HUVECs released
the highest concentration of VEGF-A (p<0.001 vs. Ctrl and
p<0.05 vs. BHT, Fig. 1e). At the same time, HT prompted
higher VEGF-A release compared to Ctrl (p<0.01). Further-
more, angiogenic response in the form of vessel-like tube
growth and evolution on Matrigel in the presence of HT- and
BHT-conditioned media was analyzed (Fig. 1f). BHT drasti-
cally increased node formation (p<0.01 vs. HT and p<0.001
vs. Ctrl), master segment length (p<0.001), and increased
total mesh area (p<0.001).

As expected, BHT supported rapid tube formation and
triggered the greatest VEGF-A release in comparison to the
HT counterpart. B was shown to induce angiogenic response
when employed in various forms [55], which directly par-
takes in VEGF-A release [56] and tube formation [57].
VEGF-A is an important regulator of angiogenesis and osteo-
genesis [58]. Especially exerting its role in endochondral
ossification (EO), VEGF-A could support the healing-repair
process at the bone defect site as well as allow for establish-
ing a functional bridge between bone and implant [59]. In
agreement with the literature data, B was proven to critically
improve the angiogenic potential of HT bioceramic.

Immunomodulatory characteristics of BHT

Besides possessing regenerative ability, new-generation bio-
ceramics have been produced that also present multifunc-
tionality. Here, we tested BHT against HT in terms of
immunomodulatory properties, to determine whether B as

a dopant endowed versatility to HT. Initially, THP-1s were
incubated in HT- and BHT-conditioned media and no cyto-
toxicity was observed (Fig. 2a). Then, the levels of three
important proteins involved in the inflammatory answer to
biomaterials were quantitated (Fig. 2b). The results for total
CAS-1 protein revealed that HT or BHT did not incite pyrop-
tosis as much as the LPS-triggered response (LPS-primed
PMA-differentiated THP-1s, p<0.001). Nonetheless, BHT
did not increase CAS-1 as it did not have a significantly
higher value; however, HT brought about higher CAS-1 pro-
duction (p>0.05 vs. BHT, p<0.01 vs. PMA). A similar trend
was observed to be at play for iNOS production. HT-treated
THP-1s produced higher iNOS than BHT despite lacking a
statistical difference. On the other hand, BHT led to signifi-
cantly lower amount of iNOS produced in comparison with
PMA (p<0.05). Moreover, BHT led to higher IL-10 produc-
tion compared to HT, though no statistical difference was
detected. In comparison with PMA, significantly lower IL-
10 production was reached by HT-treated THP-1s (p<0.05).
These cells also showed similar IL-10 with PMA + LPS.
However, BHT generated a more positive response, in that
higher IL-10 production was observed when compared to
PMA + LPS (p<0.01). The IL-10 production of THPs after
incubation in BHT-conditioned media was also close to that
of PMA.

The release of CAS-1 signals a strong inflammatory
response that could provoke pyroptosis, thus a prolonged
inflammation may occur [60]. Subsequent to the viability
assay, CAS-1 protein quantitation was conducted to confirm
that none of the samples drive THP-1s to chronic inflam-
mation. After observing no drastic increase in the CAS-1
production by BHT, we further went on to iNOS and IL-10
quantitation. Because the timed resolution of inflammation
could prompt a pro-healing cascade, it may thus improve the
rate of implant integration. Although iNOS and IL-10 mark
two opposite sides of the immune response spectrum to a
stimulus (anti- or pro-healing, respectively), they are released
by both M1- and M2-type macrophages and expected to be
in balance [61].

Asobserved inFigs. 2c and2d, both samples led to rounder
THP-1s than thosewith spindlemorphology.Moreover, BHT
generated a vibrant environment with a higher number of
spindle-like cells than HT; therefore, it can be suggested that
BHT presence could allow for rapid macrophage coloniza-
tion and may prevent chronic inflammation. As reported by
Dollinger et al. [62], the cytoplasm becomes larger, and cells
turn into ones with more ruffled and round morphology as
M1s persist in the colony. Hence, BHT is expected to lead a
lenient immunological response in comparison to HT.

Collectively, BHT induced lower CAS-1 and iNOS pro-
duction but higher IL-10, indicating thatBHTpossessesmore
potential to alleviate the inflammatory response in compar-
ison to HT. THP-1s assumed spindle-like morphology and
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Fig. 2 THP-1 relative viability (n=4, a), CAS-1, iNOS and IL-10
inflammation-related protein production (n=4, b); the morphological
response of THP-1s to HT (c) and BHT (d) after treatment with condi-
tioned media. None of the samples were cytotoxic to THP-1s. The BHT
revealed good immunomodulatory response, since it alleviated CAS-1

and iNOS production and prompted higher IL-10 production compared
to HT. BHT also promoted a highly responsive microenvironment for
THP-1s with high number of spindle-like morphology, which indicates
good immunomodulation by BHT. Statistical differences were given as
*p<0.05, **p<0.01 and ***p<0.001. Scale bars in c and d are 50 μm

demonstrated a dynamic nature when treated with BHT.
Therefore, it can be interpreted that BHT could attenuate
the inflammatory cascade and may support osseointegration
through immunomodulation.

Design considerations, and the rheological, physical
and chemical features of coatings

In our previous study, we designed a non-delaminating,
strong and highly competent A/G layer on Ti-APA and
demonstrated its 12-month-long shelf-life and ability to burst
release a charged MB model drug [38]. Here, we aimed
to establish a cohesive composite matrix possessing ECM-
like features, which could be readily swollen upon contact
with blood, thus transforming into a hydrogel that could
release both regenerative and immunomodulatory cargo.
This composite layer was realized with BHT loaded into
an A/G hydrogel, coated on the Ti-APA surface and stably
freeze-dried. As observed in Fig. 3a, pliable and crack-free
composite coatings were obtained. We further established
that A/G/10BHT was conformed on medical Ti screws and
pins (Fig. 3b). Thus, it was concluded that the method is

also applicable to irregularly shaped surfaces. Moreover,
A/G and A/G/BHT coatings were analyzed for MB load-
ing/release and qualitatively tested for B release from the
surface (Figs. 3c and 3d). Dried samples were placed in the
MB solution and it was observed that both coatings tookMB
up fully and rapidly released the dye (Figs. 3c and 3f). With
the ability to be loaded with a charged drug such as MB, a
good burst release ability of A/G and A/G/BHT layers was
demonstrated. In addition, sampleswerewetted and placed in
aCarmine dye solution. Because this dye specifically darkens
over time in relation to B presence [63], we determined that
the A/G/BHT layer could release B ions to the environment
within 15 min after initial wetting (Fig. 3d).

Upon microscopic examination, the A/G layer was shown
to appear seamless and without bulges or cracks (Fig. 3e). In
contrast, the BHT inclusion transformed the whole surface
in favor of highly rough topography; separate BHT parti-
cles were observed within the A/G hydrogel layer rather than
agglomerates. This could be the result of 0.2MNaCl addition
into the pre-gel solution. In our previous study, we employed
NaCl to decrease the viscosity, so as to achieve a homoge-
neously coated layer. Herein, NaCl addition also ceased the
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gelation of A/G once BHT was added (Fig. S1 in Supple-
mentary Information). In a study by Su et al. [64], Na+ was
observed to compete against Ca2+ to interact with negatively
charged carboxylic units; however, being a monovalent ion,
Na+ was not able to induce gelation and prevented Ca2+ to
interact with alginate chains. They also showed that NaCl
allowed for improved protein diffusion in alginate beads by
decreasing the ionic interactions between chainswhile induc-
ing extensive hydrogen bonding.

In linewith the aforementioned studies, low-viscosity pre-
gel was obtained (Fig. 3f). As its shear rate was increased, its
viscosity decreased very rapidly, quickly reaching a plateau.
It was also very interesting to see that the presence of 5%
or 10% w/v BHT did not cause a drastic change in viscosity
under shear stress. As reported by Narayanan et al. [65], a
thicker and highly cohesive hydrogel layer is very hard to
adhere on a surface due to intramolecularly favored gelation.
Therefore, by obtaining a shear thinning solution, we were
able to homogeneously mix BHT particles at as high as 10%
w/w and thoroughly coated the implant surfaces. In addition,
the implant surface was coated with a thin alginate layer to
effectively accommodate upcomingA/GorA/G/BHT layers.
To overcome the flowof pre-gel on implants, we employed an
alginate layer to increase the surface tackiness, thus obtain-
ing a homogeneously thick composite hydrogel layer on the
surface [66].

TGA analysis revealed that the experimental BHT con-
tent was close to the theoretical value (Fig. 3g). However,
A/G/10BHT was observed to have statistically higher BHT
content (p<0.05). This could be the result of NaCl moieties
left in the hydrogel, as they might not have been thoroughly
removed by rinsing. Furthermore, it is of high importance to
note that BHT comprises 56% w/w of A/G/5BHT and 70%
w/w of A/G/10BHT in their final dry forms.

The effect of highBHT content wasmanifested in terms of
water uptake ability and hydrolytic degradation rate (Figs. 3h
and 3i). Bare A/G coatings resulted in the highest water
uptake of (977±45)% (p<0.001) as early as 24 h, and
then leveled off. Similarly, A/G/BHTs peaked at the end
of the 24-h period. However, increasing the BHT content
from 5% to 10% led to a drastic decrease in swelling abil-
ity (p<0.001). A/G/5BHT swelled up to (580±45)% and
A/G/10BHT showed (362±45)% increase in weight. There-
fore, it can be speculated that the inclusion of BHT did
not bring about a plasticizer effect, but rather it enabled
the compaction of alginate and gelatin chains due to the
release of Ca and B. However, it was determined that MB
was loaded as fast as 3 h and released within 15 min of the
initial wetting (Figs. 3j and 3k). This demonstrates the criti-
cal ability of A/G/10BHT coatings that neither the presence
of BHT affected drug loading rate nor it showed any effect on
the release profile. Ratanavaraporn et al. [67] demonstrated
that the alginate/gelatin/hyaluronic acid hydrogel system

performed considerably well owing to the burst release of
antibiotic drugs to rapidly eliminate bacterial infection. In
addition, Jing et al. [68] showed that an alginate/chitosan-
based hydrogel was able to collect exudate at the defect area
due to its rapid swelling capacity. Therefore, it is possible
for our coatings to stabilize the wound area while triggering
drug release to modulate host-implant interaction.

Recently, coatings have been designed using natural poly-
mers to undergo homogeneous hydrolytic/enzymatic erosion
for proportionate dissociation [69]. This concept plays a piv-
otal role in designing suitable coatings showing good overall
stability and the controllable release of their cargo over time.
In this sense, we determined that A/G coatings hydrolyti-
cally degraded much faster than BHT-loaded counterparts
(Fig. 3i). Although no statistical difference was observed
between A/G and A/G/5BHT, A/G/10BHT demonstrated
significantly lower weight loss in 4 weeks compared to
A/G (p<0.001). The reduction in degradation rate with the
increase in BHT content was also noted.

Ion release profile andmechanical properties
of coatings

We observed that the structural, topographical, physical and
chemical properties were substantially improved and the
rheological properties did not change with the increase of
BHT concentration. Therefore, the further investigation of
the effect of BHT inclusion in A/G was pursued by using the
10BHT counterpart. From this point on, A/G/10BHT will
represent A/G/BHT.

The ion release study revealed that A/G/BHT sam-
ples released the highest amount of Ca compared to A/G
(p<0.001, Table 3). This trend continued until the end of
the study. In terms of B, A/G/BHT was shown to release a
lower rate of B in comparison to unloaded BHTs (Table 3).
Since BHT was in a hydrogel structure, Ca and B could be
entrapped, and they might also partake in ionic interactions
with the polymer chains. Nonetheless, A/G/BHT allowed
the release of multifunctional Ca and B ions throughout the
experiments.

A microscratch analysis was conducted to quantitate the
total mechanical strength of coatings as a sum of adhesive-
ness and cohesiveness (Table 4, Fig. 4a). The utilization
of BHTs in a composite coating structure tremendously
enhanced coating adhesion to the implant surface (p<0.001).
The increment in tangential force (FT) increased with BHT
inclusion (Table 4, Fig. 4b). In addition, the strength of coat-
ings decreased over time for both samples. A/Gwas observed
to possess 1/3 of its original strength, while A/G/BHT main-
tained more than half of its original strength at the end of
the 8-month storage period. Moreover, similar PDs were
obtained for all samples (Table 4). Although a slight increase
in the thickness of coatings was detected over time during
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Fig. 3 Macroscopic images of samples (a), A/G/10BHT-coated screw
and pin (b),MB study (c) and carmine staining (d).Microscopic images
(e), apparent viscositymeasurement (f), TGA analysis (g), water uptake
(h), hydrolytic degradation studies (i), and the MB loading-release (j,
k) analysis of coatings. For f duplicate measurements were obtained,

while g–k had n=4. The scale bar in e is 100μmand the inset scale bar is
20μm. In h–j, A/G showed statistically higher values than A/G/10BHT
(p<0.001). In b–d, A/G and A/G/10BHT were selected as representa-
tive samples. Statistical differences were given as *p<0.05, **p<0.01
and ***p<0.001
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Table 3 Cumulative release of Ca and B from A/G and A/G/BHT (n=3)

Sample Day 1 Day 7 Day 14

Ca (mg/L) B (mg/L) Ca (mg/L) B (mg/L) Ca (mg/L) B (mg/L)

A/G 7.4±0.1 0 45.3±1.04 0 84.4±3.2 0

A/G/BHT 96±2 0.41±0.1 251±3 1.1±0.2 286±3.6 1.53±0.2

HT showed the highest Ca release, while only BHT showed the release of B

Fig. 4 SEM images of scratches obtained during coating strength anal-
ysis. Scratched samples after production (as-prepared, a), change in FT
and PD during microscratch analysis (b), and images of the resultant

surfaces during shelf-life analysis (c). The black arrows indicate the
starting point of scratching and the red arrows show the point where the
tip reached the bottom surface. Scale bars: 1 mm
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Table 4 Microscratch results of A/G and A/G/BHT (n=3)

Samples FT (N) PD (μm)

As is A/G 1.72±0.11 57.74±13.39

A/G/BHT 2.66±0.10*** 68.85±13.84

4-month storage A/G 1.32±0.19 63.73±2.68

A/G/BHT 2.48±0.07*** 69.27±4.47

8-month storage A/G 0.63±0.04 65.25±17.48

A/G/BHT 1.78±0.25*** 89.80±1.65

***A/G/BHT demonstrated significantly higher adhesive strength

storage, no abrupt increase in thickness or sudden structural
fail was detected.

The scratch paths were inspected to determine the type of
failures observed on various composite coatings (Figs. 4a and
4c). Similar to the findings acquired during the microscratch
analysis of A/G coatings, cohesive failure was observed for
all samples. From the start point (black arrows) up until the
end point (red arrows), no delamination or cracking occurred
beyond the scratch path for all samples. Moreover, the pres-
ence of BHT affirmed that coating strengthwas exceptionally
improved; thus, a break in the coatings was observed at a
later point on theA/G/BHT samples. Furthermore, no delam-
ination or cracking was observed during shelf-life analysis
(Fig. 4c). All of the samples remained intact for 8 months at
room temperature.

According to the previously elucidated structural, phys-
ical and chemical properties, the coatings demonstrated
improved mechanical properties as well as the ability to
burst release charged drugs (MB dye) and provide the
controlled release of multifunctional Ca and B ions while
maintaining structural coherence for at least 8 months.
Zhang et al. [70] demonstrated the presence of high Ca
in alginate-based hydrogels, which not only allowed for
a highly elastic and cohesive structure but also enabled
Ca to endow self-healing and high adhesiveness prop-
erties to the ALG matrix. The positive effect brought
about by the presence of BHT in the A/G matrix could
be the result of having high Ca ions around polymer
chains and BHT particles electrostatically keeping the
chains in close proximity, thereby increasing cohesive
strength.

Regenerative properties of coatings

For this experiment, human fetal osteoblasts were seeded
on the samples, and cell proliferation was analyzed on var-
ious coatings (Fig. 5a). It was observed that both A/G and
A/G/BHT coatings improved hFOB attachment and signif-
icantly increased (p<0.001) the rate of hFOB proliferation
over 7 days. The A/G coatings resulted in higher cell growth

than Ti-APA (p<0.001), possibly as a result of having cell
recognition and attachment patterns owing to the presence
of gelatin [71]. As reported by Stubbe et al. [72], alginate
has been mostly utilized along with gelatin to prevent cell
loss due to low cell attachment on pure alginate. In spite
of its biocompatibility, alginate is highly anionic and espe-
cially repels osteoblasts since their surface is negatively
charged. Therefore, inclusion in gelatin not only provides cell
adhesive peptide sequences but also neutralizes the surface
charge. Additionally, due to its surface roughness, A/G/BHT
might have resulted in the highest relative cellular growth
(p<0.001). Taken together, the results signify that coatings
successfully improved the ability of osteoblasts to attach and
flourish on A/G/BHT.

Cells on different surfaces attached independently of each
other, not forming any clusters and demonstrating spindle-
like morphology (Figs. 5b and 5c). They were observed to
proliferate and colonize all surfaces effectively; however,
they were in a monolayer on Ti-APA (Fig. 5b). Meanwhile,
both on A/G and A/G/BHT, hFOBs were in multilayers.
Moreover, hFOBs on these groups were determined to have
lamellopodia and spread much more than Ti-APA, as seen in
the SEM images (Fig. 5c). Therefore, our cell proliferation
study proved that A/G/BHT coatings could indeed provide a
suitable substrate for cell growth and colonization.

The osteogenic capacity of hFOBs incubated on various
samples directly demonstrated the osteoinductivity potential
of these surfaces.A/G/BHT showed significantly higherALP
activity at the end of the 1st week in comparison to Ti-APA
(p<0.05, Fig. 6a). Similarly, OCN release was observed to
be the highest in hFOBs incubated on A/G/BHT, but with no
statistical difference (Fig. 6a). In the 2nd week, ALP activity
as well as the concentration of OCN released to the extra-
cellular medium peaked for all samples. A/G/BHT led to the
highest ALP activity (p<0.001), while A/G triggered greater
ALP activity compared to Ti-APA alone (p<0.01). This trend
was also observed for OCN release in that A/G/BHT demon-
strated the highest concentration despite lacking statistical
difference compared to Ti-APA or A/G. OCNwas studied as
the late osteogenic marker taking a direct part in biomineral-
ization, similar to theALP enzyme [73]. Following the initia-
tion of calcium phosphate deposition in the ECM, OCN pro-
duction, release and its binding to organophosphate residues
immediately increase [53]. Therefore, we could observe an
increase in the late marker OCN release while intracellu-
lar ALP activity persisted. Despite the higher OCN release
obtained for A/G/BHT in the 1st week, no statistical differ-
ence was detected between the samples (Fig. 6a). An analo-
gous situationwas also found for the 2ndweek results.Hence,
A/G/BHT appeared to induce strong hFOB mineralization.

In order to evaluate the overall osteogenic response at
the transcriptional level, qPCR for specific genes was per-
formed (Fig. 6b). It was expected from osteogenic surfaces
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Fig. 5 Cell proliferation assay (n=5, a), and images of cells on various
coatings at different time points, as obtained by CLSM (b) and SEM (c).
The scale bar of CLSM is 450 μm, the scale bar of SEM is 200 μm and

the inset bar is 20 μm. Statistical differences were given as *p<0.05,
**p<0.01 and ***p<0.001

that they would induce cells used as osteoblast models, such
as hFOBs, to expand in number, differentiate toward amature
osteoblast phenotype and finally become osteocytes. Cells
incubated on A/G/BHT revealed a clear increment in the
expression of late osteogenic markers, while a steep decline
in Smad4 and RUNX2 was observed over time (Fig. 6b).
A/G/BHT led to a higher expression of Smad4 after incuba-
tion for a week, as compared to A/G and Ti-APA (p<0.001).

This trend completely reversed by the 2nd week of incuba-
tion, albeit without a significant difference between samples,
and it was displayed that Smad4 expression peaked in the
1st week of analysis for the cells incubated on A/G/BHT.
In parallel, it was observed that RUNX2 was the highest for
hFOBs incubated on A/G/BHT, although there was no statis-
tical difference. On the contrary, A/G/BHT prompted a lower
RUNX2 expression in comparison with other samples by the
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Fig. 6 Regenerative properties of coatings in terms of osteogenesis and
angiogenesis. ALP activity (duplicate study with n=4) and OCN release
(n=4, a), and the early and late osteogenic gene expressions (duplicate
study with n=3, b) of hFOBs. Cells incubated on A/G/BHT clearly
demonstrated more rapid osteogenic differentiation, as observed by the
highest ALP activity, OCN release and overall increase in expression
of late osteogenic markers such as BMP-2, OSX and OCN. HUVEC
relative viability and VEGF-A release at the end of the 4th day of

incubation (n=5, c), the SEM (d) and CLSM (e) images of HUVECs on
various coatings. VEGF-A release was quantitated on the 4th day due
to having the highest HUVEC number on coatings. A/G/BHT exhib-
ited good angiogenic potential and acted as a suitable substrate for
endothelial growth and differentiation. The scale bars of SEM images
are 300 μm, the inset bars are 100 μm, and the bars of CLSM images
are 450 μm. Statistical differences were given as *p<0.05, **p<0.01
and ***p<0.001

end of the 2ndweek. The expression analysis of another early
marker, the ALP gene, demonstrated statistically insignifi-
cant differences among the samples at the end of both the 1st
and 2nd weeks. However, two points should be noted in this
context: A/G/BHT allowed for a more rapid increase in ALP
expression by the end of the 1st week, and all samples led to
a tremendous increase in ALP expression (p<0.001). There-
fore, it is thought that hFOBs matured more efficiently on

A/G/BHT, and osteoblast differentiation was achieved more
rapidly.

Upon determining the expression levels of late osteogenic
marker genes, it was observed that osteoblast maturation
was indeed at play and rapid osteogenesis was promoted
on A/G/BHT. Three genes, BMP-2, OSX and OCN, all
demonstrated the highest fold change forA/G/BHT (Fig. 6b).

123



234 Bio-Design and Manufacturing (2023) 6:217–242

These cells upregulated OSX tremendously higher com-
pared to A/G and Ti-APA (p<0.01 and p<0.05, respectively).
This trend ensued for BMP-2 expression (p<0.05), while
OCN expression demonstrated similar results for Ti-APA
and A/G/BHT (p>0.05). Nonetheless, A/G/BHT revealed a
significant increase in OSX and OCN expression compared
to the other samples over time (p<0.001). Interestingly, Ti-
APA performed better compared to A/G with regards to the
increase in osteogenic marker expression, despite the lack of
statistical difference.

Owing to being an important canonical gene taking part in
cell proliferation and differentiation, Smad4 was found to be
highly expressed in osteoblastmaturation [74].As previously
mentioned, RUNX2 also takes part in the early maturation of
osteoblasts, while ALP expression is maintained throughout
the differentiation process until osteocyte formation. More-
over, BMP-2 is involved in osteogenic differentiation through
collagen mineralization and suppressing osteoclastogenesis
[75], along with OSX. It was observed that these markers
were enhanced in A/G/BHT coatings. In addition, it was
reported that the commitment of cells to osteoblast differenti-
ationwasmarked by an early increase in Smad4 and its direct
involvement in RUNX2 expression [76]. In addition, this
early increase was followed by higher expressions of OCN,
BMP-2 and OSX, revealing that hFOBs were prompted to
undergo phenotypic change.

Our osteogenesis study revealed that the A/G/BHT coat-
ing was the most osteogenic surface. The previously demon-
strated mechanical and physical properties of A/G/BHT led
to the formation of a highly cohesive layer, which in return
provided a stiffer substrate in comparison with A/G. Ti-APA
has been previously employed as a standard implant prepara-
tion method, because the APA modification brings about an
increment in osteogenic genes involved in osteoblast matu-
ration throughmechanobiological pathways due to enhanced
roughness and stiffness [77, 78]. However, it was discussed
elsewhere that a mechanobiological trigger itself is insuffi-
cient to successfully drive osteoblastogenic differentiation
[79, 80]. Parallel to these findings, the initial strong response
of hFOBs toward the Ti-APA surface was evident, as it
generated a more prominent BMP-2 and OCN expression
compared to A/G. Subsequently, this surge was surpassed
by A/G/BHT (Figs. 6a and 6b). Since osteogenic ion release
(Ca and B) and rapid cell proliferation were prompted by
A/G/BHT owing to ECM-like features, hFOBs differentiated
to a mature phenotype faster. Therefore, it can be concluded
that hFOBs acted in response to the sum of structural prop-
erties, surface topography, ECM-like chemical make-up and
osteogenic ion release. In return, chemical and biological
factors reinforced by the presence of BHT were shown to
play a rather essential role in driving hFOB differentiation
on A/G/BHT.

In addition to osteogenesis, angiogenic response plays a
critical role in governing a healthy response to bone damage
when an implant is placed. Moreover, it is a key to provide
a functional bridge between the bone and the metal surface.
Endothelial proliferation and the development of vascular
tissue could allow nutrient flow, the continuous exchange
of gases, the removal of waste and maintaining the pH of
ECM; thus, it may reinforce bone growth over the implant
surface and achieve a robust bone-implant fusion [81]. Here,
HUVECs were employed as model cells capable of inducing
an angiogenic response [82]. It was observed that cells could
attach to and proliferate on all samples (Figs. 6c and 6d).
Ti-APA resulted in the highest cell viability on day 7, while
other samples demonstrated a decline (p<0.01). The highest
HUVECviability on all sampleswas observed to be at the end
of the 4th day. Hence, the quantification of VEGF-A release
via ELISA was opted for on the 4th day of incubation [83].
We observed that both A/G and A/G/BHT yielded a similar
release of VEGF-A; however, Ti-APA triggered significantly
lower release (p<0.001, Fig. 6c). In terms of morphologi-
cal analysis, HUVECs on all samples demonstrated similar
morphology with a great number of intercellular connections
and spreading throughout the surface (Fig. 6d). HUVECs on
Ti-APA showed spread morphology, whereas they did not
form any colonies. In comparison, A/G and A/G/BHT har-
bored cell groups in more colony-like formations (Fig. 6e).
As reported previously, in a 3D confinement or on a struc-
ture that could be easily colonized, HUVECs tend to form
small multilayered colonies and migrate to establish tubular
structures [84]. In return, tubular structures demonstrate the
capability of surface structure—A/G/BHT in this case—to
be more receptive to vascularization.

In a study by Li et al. [85], a combination of alginate
with gelatin as a bioink systemwas manufactured, and it was
shown that gelatin presence drastically enhanced cell adhe-
sion and migration. They further highlighted the fact that
the spatial distribution of cells and morphological response
to surface properties were also responsible for driving phe-
notypic change. Therefore, we speculated that, in addition
to various factors prompting osteogenesis and angiogenesis,
cellular differentiation may indeed be linked to rapid colo-
nization and growth on implant surfaces.

Immunomodulatory properties of coatings

THP-1s seeded on Ti-APA, A/G and A/G/BHT under var-
ious conditions revealed that A/G and A/G/BHT coatings
led to a small decrease in cell viability from approximately
40% to 30%, while Ti-APA significantly hampered cell via-
bility, showing a steep decline from 60% to 34% (Fig. 7a).
Interestingly, Ti-APA allowed for the highest THP-1 col-
onization without LPS priming (p<0.01), while coatings
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Fig. 7 Relative viability of THP-1s on various surfaces before and after
treatmentwith LPS (a), CAS-1 and IL-10 release (b), and the expression
of different genes taking part in immunological response (c). A/G/BHT
was shown to maintain macrophage viability and was determined to
be capable of exhibiting a strong acute innate response that would be
resolved over time toward a pro-healing phenotype. SEM ımages of

THP-1s on the surfaces before (d) and after (e) LPS treatment. THP-
1s on the coating conformed into clusters and were observed not to
morphologically develop into aggressive macrophages (M1), unlike
Ti-APA. The ruffled morphology of M1s on Ti-APA shows that the
uncoated surface could induce a chronic immunological response. The
scale bars of SEM images are 200 μm and the insets are 50 μm. Statis-
tical differences were given as *p<0.05, **p<0.01 and ***p<0.001

prevented THP-1 adhesion, unlike Ti-APA. When an impor-
tant pyroptotic protein release, CAS-1 [86] was analyzed, it
was observed that A/G and A/G/BHT triggered higher CAS-
1 production but A/G/BHT prompted significantly higher
release compared to Ti-APA (p<0.001). However, after being
primed with LPS to induce extensive inflammatory reaction
leading to pyroptosis, all samples demonstrated a significant
increase in CAS-1 production (Fig. 7b). Ti-APA yielded a
significant increase in CAS-1 production; however, A/G and
A/GBHT triggered a modest increase. Nevertheless, CAS-1
produced by THP-1s on Ti-APA was still significantly lower

than that onA/G andA/G/BHT (p<0.001). On the other hand,
A/G/BHT prompted a significantly higher release of IL-10,
a pro-healing cytokine [87], compared to Ti-APA (p<0.01)
and A/G (p<0.05, Fig. 7b). After being primed with LPS,
the content of IL-10 in the extracellular environment did not
change for A/G and A/G/BHT, whereas a drastic increase
was observed for Ti-APA (p<0.05).

NfκB is a modulator protein for inflammatory response,
which takes part in osteoblast and osteoclast activities [88].
The influx of Ca2+, uptake of pathogen-associated molecular
patterns (PAMPs), such as LPS, could induce the signaling
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cascade through the pattern recognition receptors of NfκB
[89]. This further causes NfκB upregulation and the direct
activation of CAS-1 and IL-1β secretion to mount pyroptotic
activity. Upon the analysis of NfκB expression, both coatings
induced higher expression but without statistical difference
(Fig. 7c). They also demonstrated a comparable increase after
LPS treatment. When further analyzing these genes, both
playing role in pyroptosis, Ti-APA showed higher CAS-1
expression without a statistical difference compared to the
other samples. On the other hand, it led to a lower rate of
expression of IL-1β than A/G (p<0.01), while a similar rate
was achieved with A/G/BHT. In the case of IL-10 and iNOS
expression analyzed after being primed with LPS, A/G/BHT
demonstrated a tremendously high IL-10 expression of THP-
1s, while comparable iNOS expressions were obtained for all
samples (Fig. 7c). Despite the lack of statistical differences,
A/G led to the highest iNOS expression of THP-1s.

The SEM electrographs of THP-1 seeded samples were
obtained after incubation with either only PMA or PMA +
LPS containing media, to determine the change in cell mor-
phology (Figs. 7d and 7e). THP-1s were observed to form
clusters and appeared to protect their round shape on coat-
ings. On the contrary, the Ti-APA surface was determined to
be more provocative for THP-1s; that is, a more spread mor-
phologywith highly reactive appearancewas detected. These
cells, however, exhibited altered morphology under various
conditions such as during PMA treatment alone (Fig. 7d) or
after being primed with LPS (Fig. 7e). A/G/BHT was seen
to induce a less spread morphology with clusters.

The protein production and gene expression analysis
under inflammatory conditions allowed us to elucidate the
immunomodulatory potential of A/G/BHT coatings. It could
be concluded that none of the coatings supported mounting
a prolonged and extensive inflammatory response at around
the implants; however, they did not suppress themuch needed
early innate response, either. In a study by Rocha et al. [90],
NLRP3 and CAS-1 knockout brought about the induction
of alternative pathways that generated even larger pyroptotic
response than increasedCAS-1production,which led to bone
resorption in a periodontitis model. They further speculated
that the NLRP3 signaling cascade, that is, the upregulation of
NfκB and CAS-1, could attenuate a strong response against
bacterial invasion while inducing the resolution of inflamma-
tory response over time and allowing for bone remodeling.
In a different study by Ma et al. [91], a diabetic model was
used to show that the suppression of NfκB after the over-
production of reactive oxygen species (ROS) at a defect site
could ameliorate chronic inflammatory response and rein-
force osteogenesis. Hence, it is safe to consider that our
findings are in line with other studies that aimed to achieve
immunomodulatory response at around the implant area.

In vivo performance of coatings in a rabbit
osteochondral defect model

It is discussed in the literature that inflammatory response
is required for tissue regeneration and mounting a pro-
healing response. Zhao et al. [92] produced a 3D scaffold
structure through decellularized periosteum and reported
that this natural scaffold induced a rapid increase in innate
immune response, but it provided a timely resolution into
the pro-healing phase. In addition, Tan et al. [93] coated
an alkali-heat-treated Ti implant surface with Lactobacil-
lus casei and UV-irradiated it to establish an inactivated
biofilm layer. They aimed to induce rapid macrophage
colonization and thepreventionoffilm formationwhile deter-
ring methicillin-resistant Staphylococcus aureus adhesion
(MRSA), and then the release of potent osteogenic cytokines
from macrophages to drive osseointegration. In addition to
these findings, osteoimmunomodulatory surfaces in the liter-
ature were shown to provide results similar to our A/G/BHT
in vitro data. It was demonstrated that these surfaces favored
the upregulation of osteogenic/angiogenic markers such as
BMP-2, ALP and VEGF-A [94]. It was also observed that
an angiogenic response could be generated, as iNOS and
IL-1β were downregulated while IL-10 and VEGF-A gene
expressions were upregulated; however, both pro- and anti-
inflammatorygenes aswell as the expressionof inflammatory
genes were shown to be maintained [95–97].

In this context, we concluded that a smooth resolution
of innate immune response and a high regenerative over-
all response achieved with A/G/BHT in vitro would be
extremely advantageous in vivo. As observed in Fig. 8b,
A/G/BHT samples adhered to the surrounding bone (host
bone: HB, implant: Ti) and allowed ingrowth at the end of
the 1st month. New bone formation (NBF) at around the
coated zone (COAT) was found (Fig. 8b). Similarly, the A/G
zone showed new bone formation, but it occurred in a limited
area.A/Gwas also observed tomaintain a thickfibrous tissue,
whereas a thinner and discontinuous FDwas detected around
A/G/BHT.All samples showed an intactmarrow (BM).Over-
all, Ti-APA showed less new bone formation, despite that it
sustained HB. Moreover, a thin but dense FD, similar to that
of A/G, was detected around Ti-APA (Fig. 8b, insets).

Two months post-implantation, a strong and complete
integration at around A/G/BHT samples was observed
(Fig. 8b). Along with intense new bone (NB) staining, new
BM (NBM) formation at the intact zones was determined.
In the close-up images, NBM and NB formations coincided
at the implant periphery and no damage or bone erosion
occurred (Fig. 8b, insets). On the other hand, A/G coatings
still maintained a thin FD around implants. Even though pre-
maturely, these coatings demonstrated NB formation around
the implants. However, there was no mature NB observed,
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Fig. 8 Outcomes of in vitro cell culture studies (a), phase contrast
microscope images of implant-bone slides afterMasson trichrome stain-
ing (b), and fluorescent microscopy images of slides after IHC staining
(c). The abbreviations used in b and c are as follows: Ti, implant; FT,

fibrotic tissue; COAT, coating; NB, new bone; NBF, new bone for-
mation; HB, host bone; BM, bone marrow; NBM, new bone marrow
formation; OB, osteoblast; OCN, osteocalcin

but mature NB and a persistent HB were detected with Ti-
APA-implanted samples. Unlike A/G/BHT, Ti-APA did not
bring about a stable integration [98]. Having a fibrous tissue
formation between implant and bone, Ti-APA and A/G were
found to fail in establishing a functional bridge with host
tissue (Fig. 8b).

In parallel, immunohistochemical analysis (IHC) for the
OCN late osteogenic marker was conducted (Fig. 8c).
The stained areas revealed that A/G/BHT samples indeed
improved the rate of osseointegration [85].Osteoblasts (OBs)
colonized around the fibrotic tissue (FT) and characteris-
tic lacuna formation were observed [99]. The intensity of
OCN increased for all samples, while A/G/BHT demon-
strated the highest OCN-positive staining and the presence of

OBs. None of the samples showed tissue damage or chronic
wound formation. In addition, a small portion of FT pres-
ence was observed in A/G/BHT, but it was diminishing in
size and fully colonized by OBs. On the other hand, Ti-APA
and A/G exhibited more intense FT staining (Fig. 8c). To
sum up, A/G/BHT showed strong OCN staining and bone
growth as well as the establishment of osteocytes around the
implant area. Thus, we considered that A/G/BHT possesses
immense potential to be translated into clinical use.

The highly organized immunological response toward
coated implants, in addition to favorable regenerative induc-
tion with the occurrence of well-timed downstream pro-
cesses, might be utilized to facilitate the vigorous integration
of implant to host bone (Fig. 8a). Moreover, as reported by
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Steen et al. [100], a healthy response to implants may help
replace FTwithNBandNBM, so thatmetallic implantwould
not be isolated due to extensive fibrosis. Although various
studies focused on encouraging regeneration, they neglected
the coating stability, and the physical and chemical proper-
ties. Li et al. [101] studied plasma-sprayed calcium silicate
coatings, and observed good immunomodulatory, osteogenic
and angiogenic response and rapid osseointegration. How-
ever, nonhomogeneous particle coating with highly dense
ceramic zone facing the host bone could cause mechanical
mismatch and thus micromovement in the long term. Addi-
tionally, rapid ion release might create a highly cytotoxic and
inflammatory zone around the implant, leading to the aseptic
erosion of bone.Direct ion implantation [102] or coatingwith
bioactive peptides/drugs/biological factors [103] could also
lead to a retention and stability problem. Therefore, having
a readily swollen layer upon blood contact with the reservoir
properties may help overcome most of the storage problems
and allow for tailorable release ability.

In this study, we also observed that the robust and cohe-
sive A/G/BHT did not fail during swelling or implantation
in the osteochondral defect model (Fig. 8a). As one of the
most often employed coating methods, the layer-by-layer
approach involves mainly ionic/secondary bonding inter-
actions. Meanwhile, the mechanical stability and shelf-life
of coatings are mostly overlooked, which are due to the
weak cohesion of coated layer or rapid degradation due to
insufficient crosslinking [104, 105]. Here, we coated the
surface of implants with an alginate layer to both facilitate
the homogeneous diffusion of A/G/BHT layer and amplify
surface-polymer network bond availability and intramolecu-
lar crosslinking without agglomeration.

Owing to the aforementioned structural and physical
properties, as well as ECM-like chemistry, the composite
A/G/BHT layer demonstrated good potential as a multifunc-
tional coating. These samples scored the highest in terms of
various aspects of osseointegration by the end of the 2-month
evaluation period (Table 5). The overall scores demonstrated
that A/G coatings were not as successful as either Ti-APA
or A/G/BHT. In addition, Ti-APA without a coating did not
show satisfactory performance, since FDwasmaintained and
failed to induce NB formation to the extent that A/G/BHT
did.

Fisher et al. [106] argued that future implant sur-
faces would be immune-instructive to govern all biological
responses, to achieve robust osseointegration. It was pointed
out that these surfaces could be a combination of ECM-
like composite hydrogel coatings and multifunctional pep-
tides/cells/exosomes, for the ability to increase control over
the biological mechanisms at play. To this end, Rondanelli
et al. [107] reviewed various studies analyzing the effect of
B containing molecules and indicated that B is actually a

Table 5 Osseointegration scores of samples at the 1st and 2nd month
post-implantation (n=4)

Sample Score

Month 1 Month 2

Ti-APA 4.25±1.50 4.00±1.15a

A/G 2.25±0.95 2.75±0.50

A/G/BHT 2.50±0.58 4.50±0.58b

The scoring was performed in accordance withMasson trichrome stain-
ing results
aTi-APAdemonstrated a deteriorationwhere only theAPAmodification
appeared to be insufficient for establishing a functional bridge between
the host bone and Ti
bA/G/BHT could immensely reinforce the osseointegration capacity of
the Ti implant. It showed a significant increase in score from the 1st to
the 2nd month after implant placement

modulator of Ca metabolism, hence could act as a switch for
various metabolic activities.

Conclusions

As a promising interphase structure, the structural, morpho-
logical, mechanical, and chemical properties of A/G-based
coatings were presented and discussed in our previous study.
Herein, we doped HT with B and loaded it in A/G to
improve the biological properties of implants. A/G/BHT
was designed to mimic the ECM ultrastructure due to its
similarities with bone ECM, good stiffness, microscopic
roughness, and the release of bioactive ions. Hence, its intrin-
sic hydrogel-related properties, such as good cohesion, high
water uptake, extremely low pre-gel viscosity and tailorable
degradation rate to coincide with the development of new
bone, might have endowed it with unmatched regenerative
and immunomodulatory properties. The A/G/BHT samples
exhibited highmechanical strength, cohesiveness and surface
roughness. At the same time, they demonstrated high capac-
ity to support osteoblast and endothelial cell adhesion and
growth. Our experimental results suggest that A/G/BHT can
be used as a reservoir for custom-made peptides, antibacterial
agents, regenerative factors or disease-specific drugs such as
anti-osteoporotic agents, such that thesemaybe releasedwith
greater control in terms of rate and concentration, and directly
target the defect zone. The proposed A/G/BHT layer on Ti
demonstrated immense potential in provoking an early innate
immune response, which could rapidly be resolved into a
pro-healing/regenerative phenotype, in addition to beneficial
osteogenic and angiogenic properties. Therefore, it could be
stated that the versatility of the proposed gap-filling com-
posite coating had been proven, and it can be employed in
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regular/irregularly shaped implants in bone tissue engineer-
ing.
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