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ABSTRACT

Biphasic calcium phosphate ceramics (BCPs) have been extensively used as a bone graft in dental clinics to
reconstruct lost bone in the jaw and peri-implant hard tissue due to their good bone conduction and similar
chemical structure to the teeth and bone. However, BCPs are not inherently osteoinductive and need additional
modification and treatment to enhance their osteoinductivity. The present study aims to develop an innovative
strategy to improve the osteoinductivity of BCPs using unique features of zeolitic imidazolate framework-8
(ZIF8). In this method, commercial BCPs (Osteon II) were pre-coated with a zeolitic imidazolate framework-
8/polydopamine/polyethyleneimine (ZIF8/PDA/PEI) layer to form a uniform and compact thin film of ZIF8
on the surface of BCPs. The surface morphology and chemical structure of ZIF8 modified Osteon II (ZIF8-Osteon)
were confirmed using various analytical techniques such as XRD, FTIR, SEM, and EDX. We evaluated the effect of
ZIF8 coating on cell attachment, growth, and osteogenic differentiation of human adipose-derived mesenchymal
stem cells (hADSCs). The results revealed that altering the surface chemistry and topography of Osteon II using
ZIF8 can effectively promote cell attachment, proliferation, and bone regeneration in both in vitro and in vivo
conditions. In conclusion, the method applied in this study is simple, low-cost, and time-efficient and can be used
as a versatile approach for improving osteoinductivity and osteoconductivity of other types of alloplastic bone
grafts.

1. Introduction

amount of bone supply and surgical sophistication restrict the use of
autogenous bone grafts in clinical cases [7]. After autogenous bone

Bone grafting is a surgical procedure for reconstructing bone defects
that may be caused by injuries or trauma, infected nonunions, and ge-
netic disorders [1,2]. Annually over two million bone grafting proced-
ures occur around the world, which makes bone grafts the second most
common transplant procedure after the blood transfusion [3,4]. Bone
grafts provide support for the progenitor cells to attach, differentiate
into bone cell lineage, and grow until new bone tissue forms in defects
[5,6]. The gold standard for bone grafting is the autogenous bone graft
which is a rich source of cells and growth factors to promote both stem
cell recruitment and osteogenic differentiation. However, a limited

grafts, allografts are considered as an alternative option due to their high
osteoinductivity and osteoconductivity. Nonetheless, immunogenic re-
actions and an increased risk of disease transmission are the biggest
challenges when using allografts in bone grafting [8,9]. Another option
is to use alloplastic bone grafts which are synthetic materials and can be
fabricated on a large scale.

A wide range of substances has been used in the synthesis of allo-
plastic bone grafts such as metals, polymers, bioactive glasses, and cal-
cium phosphate ceramics (CaPs) [10,11]. Among them, CaPs are gaining
greater acceptance in dentistry and medical applications due to their
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desired bioactivity, osteoconductivity, and chemical similarity to the
mineral component of teeth and bone [12]. One of the examples of CaPs
is biphasic calcium phosphate ceramics (BCPs) which comprises a
mixture of different concentrations of hydroxyapatite (HA) and beta-
tricalcium phosphate (B-TCP). The optimum concentration of HA in
the BCPs can promote cell proliferation and differentiation, and the
optimum concentration of B-TCP can control the biosorption and
consequently lead to effective bone repair [13,14]. However, BCPs, like
other CaPs, suffer from a lack of mechanical stability and osteoinduc-
tivity [12,15-21].

A common strategy for enhancing osteoinductivity is using bio-
molecules (e.g., recombinant human bone morphogenic proteins
(thBMPs)) in the fabrication of bone grafts. BMPs can effectively pro-
mote osteoinductivity but increase the risk of inflammation, ectopic
bone formation, or cancer [22,23]. In addition, this method is successful
in high doses of biomolecules, which makes this strategy cost-inefficient
for large scale production of bone grafts [24,25]. Natural biomaterials
such as collagen and fibronectin have been applied for bone tissue en-
gineering due to their osteoconductivity and osteoinductivity potential
[26]. However, such approaches are unsatisfactory because of poor
mechanical strength, batch-to-batch variation, risk of contamination,
and allergic reactions caused by natural polymer [27-29]. Thus, syn-
thetic biomaterials with osteoinductive potential are highly desired for
the modification of the bone grafts.

A commonly used synthetic biomaterial for the modification of BCPs
is calcium phosphate-based materials in which release of calcium and
phosphate ions by these materials play a key role in inducing osteogenic
differentiation and bone repair. For instance, BCPs are modified with HA
using different techniques such as hydrothermal deposition, microwave
irradiation, polymer matrix mediated synthesis method, and polymeric
sponge methods [13,30-32]. However, long synthesis time, complexity,
and heterogeneity of modifications are the main issues that need to be
addressed. In addition to CaPs, synthetic materials, including carbon
nanotubes, gold nanoparticles, nano glass, and strontium [33-35], have
been found useful in the differentiation of stem cells into osteoblast cells.
Nonetheless, utilizing conformal thin-film coating instead of nano-
particles is proven to be more effective in generating uniform bone
grafts; thus controlling the physicochemical properties of the surface (e.
g, wettability, surface area, roughness) and consequently improving the
cell attachment and osteogenic differentiation [36]. Among advanced
materials such as carbon-based porous structures [37-39] or metal ox-
ides [40,41], metal-organic frameworks (MOFs) has gained great
attention. MOFs are nonporous materials comprised of metal clusters of
ions linked with organic ligands [42]. These components are linked
together by a covalent bond to form an unlimited network structure. The
MOF materials have been recently applied in various fields such as en-
ergy storage, catalysis, and filtration due to their high porosity, surface
area, high chemical and mechanical resistance, and chemical function-
ality [43-45]. Among different subclasses of MOFs, Zeolitic imidazolate
framework-8 (ZIF8) constructed from Zn?** jons and 2-MIM ligands
exhibit great potential in biomedical applications on account of their
high biocompatibility, pH responsivity, good degradability, and large
drug loading capacity [46]. The majority of MOFs either have toxic el-
ements such as chromium [47], or they have non-acquire based syn-
thesis routes, while ZIF8 thin film can be prepared using acquire based
methods [48-50]. ZIF8 has been successfully used as carrying thera-
peutic agents, protecting living cells from external environments, and
anti-bactericidal agents [51-54]. Moreover, ZIF8 has been employed as
a biomaterial in tissue engineering. We recently introduced the
impressive potential of the ZIF8 thin film layer for surface modification
of bone scaffolds [56]. The exceptional ability of ZIF8 for enhancing the
osteoconductivity and osteoinductivity of scaffolds could be explained
by three main reasons. First, ZIF8 modification of scaffolds leads to
changing physicochemical properties of the surface, such as hydrophi-
licity, roughness, functionality, and subsequently enhance cell attach-
ment, growth, and differentiation [55,56]. Second, ZIF8 incorporated
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scaffolds release Zn elements during scaffold degradation which has
been proved to be important in osteoblast differentiation and enhancing
bone regeneration [57]. Furthermore, ZIF8 can be applied to load and
release bioactive molecules required for osteogenic differentiation due
to their high porosity and high specific surface area [58,59]. In addition,
ZIF8 as an efficient reinforcement material can be incorporated with
synthetic polymers to enhance scaffolds’ mechanical properties [57].

We have previously demonstrated that ZIF8 thin-film can modify
surface properties of microcarriers and promote stem cell attachment
and proliferation in 3D cell culture [60]. Here we employed ZIF8 thin-
film coating as a facile method for enhancing osteoinductivity and
osteoconductivity of BCPs. In this study, we used Osteon II (Osteon) as
one of the commercially available BCPs for periodontal applications
with a ratio of 30/70 (HA/BCP). Osteon was modified with polydop-
amine/polyethyleneimine (PDA/PEI) to mediate in-situ crystallization of
the ZIF8 thin layer on the surface of Osteon (ZIF8-Osteon) (Fig. 1).
Finally, the capability of the ZIF8-Osteon to support cell attachment,
proliferation, and osteogenic differentiation were compared with
Osteon in both in vitro and in vivo conditions.

2. Experimental
2.1. Material

Osteon II (Dentium, Seoul, Korea) was purchased from Minimax
implant and dental company, Australia. Dopamine hydrochloride acid,
polyethyleneimine (PEI), tris (hydroxymethyl), aminomethane (Tris
base), 2-methylimidazole (2-MIM), Zinc nitrate, phalloidin (fluorescein
isothiocyanate labeled peptide), and Triton X-100 were purchased from
Sigma Aldrich, Australia. Minimum essential medium eagle alpha
modification («aMEM), fetal bovine serum (FBS), penicillin/strepto-
mycin, Purelink RNA Mini Kit, Revert Aid First Strand cDNA Synthesis
Kit, SYBR Green Master Mix, osteogenic differentiation medium
(StemPro™ Osteogenesis Differentiation Kit), and DAPI were purchased
from Thermo Fisher Scientific, Australia. MTS Assay Kit, Anti-Collagen 1
antibody (COL-1), Anti-Osteocalcin (OCN), Goat Anti-Mouse (IgG) ob-
tained from Abcam, Australia.

2.2. Synthesis of the ZIF8-Osteon

Osteon was coated with ZIF8 thin-film according to the procedure
explained elsewhere [60,61]. Briefly, 1 g Osteon was immersed in Tris
base buffer (pH 8.5) containing 2 mg/ml DA-HCI and 2 mg/ml PEL The
resulting mixture was shaken gently by an orbital shaker for 16 h. Then
PDA coated Osteon (PDA-Osteon) was washed with DI water several
times and dried at 40 °C. To fabricate ZIF8 coated Osteon (ZIF8-Osteon),
a solution of (Zn (NOs)2) (2.74 mg/ml) and 2-MIM (56.6 mg/ml) was
added to the 1 g PDA-Osteon, and the mixer was left at room tempera-
ture. After 2 h, the ZIF8-Osteon was rinsed with DI water and ethanol
several times and dried at 40 °C.

2.3. Characterization of ZIF8-Osteon

The elemental composition of the ZIF8-Osteon was analyzed using
Energy-dispersive X-ray spectroscopy (EDX) (Zeiss Supra 55VP, Zeiss
NTS GmbH, Oberkochen, Germany). Attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectroscopy of the bone grafts
were performed using a Thermo Scientific Nicolet 6700ATR spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA). The powder
X-ray diffraction (XRD) profile of Osteon samples was conducted by X-
ray diffractometer (D8 Discover XRD, Bruker, USA) for 26 from 4 to 36°
(0.026° step size) with Cu Ka radiation 0.15418 nm.

2.4. Cell seeding on bone grafts

Primary human adipose-derived mesenchymal stem cells (hADSCs)
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Fig. 1. Schematic illustration for the fabrication of the ZIF8-Osteon and improving Osteoinductivity and Osteoconductivity of Osteon for periodontal applications.
Briefly, Osteon was immersed on Tris base buffer solution with PEI and DA-HCI and then a solution containing (2-MIM) and Zn(NO3), to form ZIF8 crystals on the
surface of Osteon. The fabricated the ZIF8-Osteon was seeded with hADSCs to assess its potential in cell attachment, growth, and new bone formation.

were obtained from Regeneus Ltd, Australia. The cells were maintained
in the «MEM medium containing 10% FBS and 1% penicillin/strepto-
mycin. The ZIF8-Osteon was sterilized in ethanol 70% (v/v) followed by
UV exposure for 30 min. Prior to the cell seeding, the ZIF8-Osteon was
incubated in the culture medium overnight. The hADSCs were seeded on
the Osteon and the ZIF8-Osteon with a density of 3.5 x 10% hADSCs/mg
in the ultra-low adherent 24 well plates (Corning) and incubated at
37 °C and 5% COs, for 7 days.

2.5. Confocal microscopy images

To observe cell growth and morphology, samples on the 1%, 3" and
7™ day of cell culture were rinsed with PBS three times and fixed with
4% (v/v) paraformaldehyde for 30 min. Afterwards, bone grafts were
immersed in 0.2% Triton X-100 for 10 min, washed with PBS, and

stained with phalloidin. Finally, nuclides were stained with DAPI, and
samples were scanned under a confocal microscope (FV3000RS,
Olympus, Tokyo, Japan).

2.6. Proliferation assay
Cell proliferation of hADSCs cultured on the ZIF8-Osteon and Osteon
was assessed using MTS colorimetric assay on the 1%, 3 and 7t day of

culture according to the kit instruction. The absorbance was recorded at
490 nm by the multimode microplate reader (Tecan Spark, Switzerland).

2.7. Cytotoxicity assay

The biocompatibility of the ZIF8-Osteon was assessed by MTS
colorimetric assay. The bone grafts were sterilized with 70% ethanol and
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ultraviolet radiation for 1 h. Afterwards, the samples were placed into a
24-well plate and immersed with aMEM media with 10% FBS and
incubated at 37 °C for 24 h to obtain the extract solution. At the same
time, hADSCs were cultured at 96-well plate with a density of 5 x 10*
cell/ml at 37 °C in a humidified atmosphere containing 5% CO, to allow
cell attachment. After 24 h, the culture medium was removed, and the
extract solution was added to the well plate. Finally, the viability of the
samples was quantified using MTS assay after 24 and 72 h incubation
and reading absorbance at 490 nm according to the following equation:
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2.12. Real time-PCR

In order to evaluate the efficiency of differentiation, the expression
of some bone-specific markers (ALP, BMP2, SPP1) was quantified using
qRT-PCR. After 21 days of induction, total RNA was extracted using Pure
Link RNA Mini Kit and reverse-transcribed into cDNA by using Revert
Aid First Strand cDNA Synthesis Kit, according to the manufacturer’s
instructions. Subsequently, the qRT-PCR analysis was performed using
SYBR™ Green Master Mix on a Thermal Cycler Bio-Rad CFX96 (Bio-Rad,
USA) under optimal reaction condition as follow: 95 °C for 10 min,

Viable cells (%) = (Absorbancemple — Absorbanceh]ank) / (Absorbance“egm;ve control — Absorbanceb]ank) x 100

2.8. Scanning electron microscopy (SEM)

Bone grafts after 7 days of culture were washed with DPBS, and the
cells were fixed in 2.5% glutaraldehyde forl h. Next, they were dehy-
drated with a series of ethanol from 30% to 100% and air-dried. Samples
were sputter-coated with gold-palladium with a thickness of 15 nm (EM
ACE600, Leica, Germany). Bone grafts without cells were directly
sputter-coated with gold-palladium. All the bone grafts were visualized
with a Zeiss Supra 55VP microscope.

2.9. Osteogenic differentiation

The hADSCs were cultured on bone grafts in «aMEM medium,
including 10% FBS and 1% penicillin/streptomycin. 3 days after cell
seeding, the medium was replaced with osteogenic differentiation me-
dium, and the medium was refreshed every 3 days. The plate was
maintained at 37 °C in a humidified atmosphere containing 5% CO»
incubator for 21 days.

2.10. Immunofluorescence

After 21 days of osteogenic induction, bone grafts were washed with
PBS. Cells were fixed with 4% paraformaldehyde for 20 min and were
permeabilized using 1% Triton X-100. The samples were washed with
PBS three times and then incubated with COL-1 and OCN overnight at
4 °C. After washing with PBS three times, samples were incubated with
FITC-conjugated secondary antibody for 1 h at room temperature and
observed with confocal microscope (FV3000RS, Olympus, Tokyo,
Japan). The mean fluorescent intensity (MIF) was calculated using the
ImageJ software from three independent experiments.

2.11. Alizarin Red S quantification

Alizarin Red S staining was used to identify the presence of extra-
cellular matrix calcium deposits after 21 days of osteogenic differenti-
ation. Briefly, cells treated with osteogenic differentiation media were
fixed in ethanol for 15 min and stained with an aqueous solution con-
taining 0.2% Alizarin Red S adjusted in pH 4.2 at room temperature for
1 h. For the quantitative analysis of staining, bone grafts were immersed
in an aqueous solution containing 20% methanol and 10% acetic acid for
15 min. The liquid was then read at a wavelength of 450 nm by using a
Spark multimode microplate reader.

followed by 40 cycles of 95 °C for 10's, 60 °C for 1 min and 72 °Cfor 10 s
temperature. Target gene expressions were normalized to ACTB house-
keeping gene and calculated based on the ddCt method. The primer
sequence of genes designed for real time-PCR is summarized in Table 1.

2.13. Surgical procedure

This study was performed on four adult male New Zealand rabbits
(weight: 2.5-3.0 kg) following approval from the Ethics Committee for
experimental  animals, Royan Institute = (IR.ACECR.ROYAN.
REC.1397.21), and in accordance with the Animal Research: Reporting
In vivo (ARRIVE) guidelines [62]. Prior to surgery, rabbits were adapted
under standard conditions for seven days in individual cages. The gen-
eral anaesthesia was induced by intramuscular injection using a com-
bination of 40 mg/kg ketamine hydrochloride (10% Ketamine, Alfasan,
Netherlands, Woerden) and 5 mg/kg xylazine (2% Xylazine, Alfasan,
Netherlands, Woerden). The scalp was disinfected and shaved, and
calvarial bone was exposed via a full-thickness midline incision. Sub-
sequently, under saline irrigation, three circular defects (2 mm depth/8
mm diameter) were created around the sagittal suture using a trephine
bur. Two out of three defects were filled with 0.5 mg of Osteon or the
ZIF8-Osteon, while the control defect kept unfilled. To minimize the
uncontrollable effect of the implant site, materials were placed in a
clockwise direction for individual rabbits, according to a modified Latin
square design. Lastly, the soft tissues were closed using 3/0 silk sutures,
and the animals received antibiotics (penicillin, 400,000 U/d) for 3
days. At the end of four weeks after surgery, the animals were eutha-
nized by an overdose of intravenous injection of pentobarbital (100 mg/
kg IV). The surgical area of calvarial bones was dissected out, and the X-
ray radiographs were taken using X-ray radiography (Siemens, Ger-
many, Munich) for analyzing bone tissue regeneration, with 55 kV
irradiation for 12 s and 80 cm distance from the target. The density of
new bone tissues was quantified for all groups applying Image J software
(Version 1.42q, National Institutes of Health, USA).

Table 1
Primer sequences of the genes used for the real-time PCR.

Gene Sequence Gene ID
COLIA Forward 5'-TAGTCTGTCCTGCGTCCTCTG-3' 1277
Reverse 5'-TTTTGCTTCCTCCCACCCCTA-3'

SPP1 Forward 5'-TTCGCAGACCTGACATCCA-3' 6696
Reverse 5'-CCATTCAACTCCTCGCTTTCC-3'

ALPL Forward 5'-CTGATGTGGAGTATGAGAGT-3' 249
Reverse 5'-AGTGGGAGTGCTTGTATC-3'

BMP2 Forward 5'-TAGCAGTTTCCATCACCGAA-3' 650

Reverse 5'-CACTTCCACCACGAATCCATG-3'
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2.14. Histological analysis

The harvested specimens from each group were fixed with 0.5%
formaldehyde and then decalcified by 10% EDTA at 4 °C for 5 weeks.
Afterwards, the sample blocks were dehydrated in a graded alcohol se-
ries, embedded in paraffin, and perpendicular sections (6-pm thickness)
were prepared along the central region of defects. Sections were stained
with hematoxylin and eosin (H&E) and visualized by light microscopy
(Olympus, BX51, Japan). New bone formation was measured in three
randomly selected fields using Image-Pro Plus software. Moreover, the
probable inflammatory response was analyzed by evaluating the pres-
ence of inflammatory cells in the analyzed area.

2.15. Statistical analysis

The statistical significance of the differences between the experi-
mental groups was determined using the Student’s t-test method using
Graph Pad Prism7 software. Significance levels were shown as *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

3. Results
3.1. Characterization

The ZIF8-Osteon was fabricated by coating Osteon with PDA and
forming Zinc chelation through catechol groups on the surface of PDA-

Osteon. Fig. 2A-C shows the change in colour of Osteon from white to
brown after coating with PDA and PDA-ZIF8. The surface morphology of

:‘F‘DA—Ostéon loum RS ROA-OSteoN

10 pm

Zif8-Osteon

Zif8-0Osteon
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Osteon before and after coating with PDA and ZIF8 were investigated
with SEM. Fig. 2A indicates the surface of HAP/B-TCP ceramics in the
Osteon is clean, and the crystals are exhibiting elongated hexagonal
bipyramid shapes with a grain size of 1-3 pm. After PDA/PEI coating in
the basic condition, a polydopamine film was formed on the surface of
Osteon (Fig. 2B). Following ZIF8 in situ crystallization, a dense ZIF8
crystal layer is formed on the surface of Osteon (Fig. 2C). ZIF8 formation
was examined by EDX (Fig. 2D). The presence of Zinc atoms after
coating the ZIF8 layer on the surface of Osteon confirms the formation of
ZIF8 on the surface of Osteon. The FT-IR spectrum of Osteon indicates
peaks at 1022, 969, and 550 cm ™! corresponding to PO3 groups at
BCPs. In the FTIR spectrum of PDA-Osteon, the peaks at 1646 em ™!
assign the C=N bonds during the formation of imine by the Schiff base
reaction between PDA and PEI, and the peaks at 1450, 1375 indicates
C—C stretching. FTIR spectrum of the ZIF8-Osteon reveals a peak at 429
em ! which is associated with Zn—N stretching in tetrahedrally coor-
dinated Zn?* with 2-MIM ligands. The formation of ZIF8 was confirmed
by the XRD analysis. The XRD pattern of the ZIF8-Osteon shows major
characteristic peaks of ZIF8 at 20 = 7.45, 10.86, 12.9, 14.83 which are in
great agreement with simulated ZIF8 XRD patterns [63].

3.2. Cell attachment and proliferation

To investigate the cell attachment, spreading, and proliferation of
hADSCs on the surface of Osteon and the ZIF8-Osteon, the cell nucleus
and actin filaments were stained with DAPI and phalloidin, respectively.
The confocal microscopy images revealed that in the first 24 h, the
number of cells adhered to the surface of the ZIF8-Osteon was more than
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Fig. 2. Characterization of morphology and structure of bone grafts. SEM and digital images of Osteon (A), PDA-Osteon (B), and the ZIF8-Osteon (C). The color of
Osteon changed from white to brown after coating with PDA/PEI and ZIF/PDA/PEI. A dense ZIF8 crystal layer formed on the surface of Osteon by coating ZIF8/PDA/
PEL. SEM-EDX spectra of the ZIF8-Osteon (D). FTIR-ATR spectrum of Osteon after coating with PDA and ZIF8 (E). XRD spectra of Osteon coated with PDA/PEI and
ZIF/PDA/PEI (F). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Comparison of hADSCs attachment and proliferation on the surface of Osteon before and after coating with ZIF8. DAPI/phalloidin staining after 1, 3, and 7
days of culturing on the surface of Osteon (A1-A3) and the ZIF8-Osteon (B1-B3) indicate cell attachment and growth enhanced by coating ZIF8 crystals. F-actin
filaments were visualized via FITC labeled phalloidin (green) and nuclides with DAPI (blue). Yellow scale bars indicate100 pm, and white scale bars indicate 50 pm.
SEM images of cells attached to Osteon (C) and the ZIF8-Osteon (D) after 7 days of culture show more cell growth on the surface of Osteon-ZIF8 compared with
Osteon. MTS viability/proliferation of Osteon and the ZIF8-Osteon (E). MTS cytotoxicity assay of hADSCs in contact with extraction media exposed to Osteon and
ZIF8-Osteon after 1 and 3 days of incubation (F). Data are presented as mean + SEM (****p value < 0.0001, n > 3). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Osteon alone with a higher cell spreading area, normal spindle-shaped,
and flat morphology (Fig. 3A1 and B1). Over time, ADSCs maintained
their morphology and continued to expand until a dense cell layer was
formed on the surface of the ZIF8-Osteon on 7 day of culture (Fig. 3B2
and B3). On the contrary, the adhered cells on the surface of Osteon had
rounded shapes on day 1, and moderate cell expansion was observed on
day 3 onwards. Overall, these results suggest a small number of cells
could grow on the surface of Osteon (Fig. 3A1-A3). The cell morphology
and cell proliferation of the ZIF8-Osteon were evaluated by SEM mi-
croscopy, too (Fig. 3C and D). SEM images confirmed a greater number
of hADSCs covered the ZIF8-Osteon, suggesting the ZIF8 layer can
potentially enhance the cell adhesion and support higher cell growth.
Cell viability of hADSCs on ZIF8 coated substrates was assessed by
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the MTS assay (i.e., through measurement of the cell metabolic activity).
Fig. 3E indicates ZIF8 modification did not have any cytotoxic effect. In
contrast, cells cultured on the ZIF8-Osteon even proliferated at a faster
rate and reached a significantly higher level of metabolic activity
compared with the Osteon alone.

3.3. Cytotoxicity

The cytotoxicity of ZIF8-Osteon was assessed in vitro by using MTS
assay against hADSCs. The viability of cells cultured in the extraction
medium exposed to Osteon was used as a control. Fig. 3F revealed that
ZIF8-Osteon has a significantly higher viability rate when compared
with the control (Osteon) after 24 h incubation. On day 3 the viability
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the ZIF8-Osteon (B) after 3 weeks of treatment with osteogenic supplements. Mean fluorescent intensity analyzed with ImageJ (C). High expression of COL-1 and
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of mineralization than Osteon; Real-time RT-PCR analysis of genes involved in osteogenesis (F). Data are represented as mean + SEM, from four independent ex-
periments. (**p value < 0.01, and****p value < 0.0001, n > 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web
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rate value raised more than 100% which indicates ZIF8 coating does not
have any cytotoxicity effect and enhances cell proliferation.

3.4. Osteogenic differentiation

The osteogenic potential of the ZIF8-Osteon and Osteon were eval-
uated with immunofluorescence staining of hADSCs with COL-1 and
OCN as typical bone-specific markers. The confocal microscopy images
of hADSCs attached to the ZIF8-Osteon indicated a high expression level
of COL-1 and OCN. However, weak green fluorescence was observed for
the cells differentiated on the surface of Osteon alone, reflecting a lower
expression of COL-1 and OCN proteins (Fig. 4A and B). In addition to
that, the quantification of fluorescent intensity in Fig. 4C indicates that
COL-1 and OCN expression in ZIF-Osteon increased significantly
compared with Osteon. Calcium mineralization was detected by staining
bone grafts with Alizarin Red S after 21 days of osteoinduction. The
scanned image of mineralization presents more intense red staining
(Fig. 4D) and significantly higher calcification ability of the ZIF8-Osteon
in comparison with naked Osteon (Fig. 4E).

Further osteogenic differentiation potential of ZIF8 modification was
performed through the mRNA expression of a series of osteogenic genes
such as ALP, BMP2, and SPP as the specific markers of early, middle, and
late stages of osteogenesis, respectively. Fig. 4F shows a slight increase
in ALP expression of the ZIF8-Osteon which suggests ZIF8 coating did
not have a significant effect on the early osteogenic differentiation of
hADSCs against Osteon. On the contrary, significantly higher levels of
BMP2 and SPP expression were observed in cells seeded on the ZIF8-
Osteon which demonstrates that ZIF8 modification enhances the later
osteogenic differentiation potential of hADSCs.

3.5. In vivo bone regeneration

The bone regeneration capacity of Osteon and the ZIF8-Osteon bone
substituents was assessed in a rabbit calvarial defect model (Fig. 5A-C).
All animals recovered well, and no signs of infection or inflammation
were detected during the follow-up period. After four weeks of im-
plantation, the macroscopic analysis revealed newly formed bone tissues
at the defect sites implanted with the Osteon and the ZIF-Osteon com-
posite. However, maximum osseous regeneration was observed with
defects filled with the ZIF8-Osteon (Fig. 5D). The radiographic densi-
tometry images and quantitive analysis also verified significantly higher
bone density in the ZIF8-Osteon-grafted defects compared to other
groups (a 2-fold increase relative to the Osteon and a 9-fold increase
When compared with the control) (Fig. 5E, I). Histological evaluation of
bone regeneration revealed the formation of loose connective tissue (CT)
in the border area of host bone tissue (HB) in the control group and

generation of new immature woven bone tissue (ImB) on the Osteon
defect site (Fig. 5F and G). Meanwhile, in the ZIF8-Osteon group, a new
trabecular bone (NB) matrix contained mature osteocytes were formed
in the defect area (Fig. 5H). In addition, higher vascularized connective
tissue and bone-lining osteoblast was observed in the ZIF8-Osteon
compared with other groups. The result of histomorphometric analysis
in four rabbit models is summarized in Fig. 5J, which confirmed the
higher level of new bone formation in the ZIF8-Osteon group in all
animals.

4. Discussion

The high osteoconductivity of BCPs makes them a suitable material
for bone grafts in maxillo-facial and orthopedic surgeries [64]. However,
limited osteoinductivity of BCP ceramics poses a limit in their applica-
tions in regenerative medicine. While many studies have focused on
using biomolecules for enhancing the osteoinductivity of BCPs, the
purpose of this study was to explore the efficacy of ZIF8 thin-film coating
to enhance the osteoconductivity of BCPs.

The first step toward modification of BCPs is to ensure the ZIF8 thin-
film is biocompatible and does not mask their bioactivity and osteo-
conductivity. The results of cytoskeletal staining by phalloidin and MTS
assay confirmed cells are healthy and maintained their morphology on
the surface of the ZIF8-Osteon. A comparison of cell attachment and
proliferation of the ZIF8-Osteon and Osteon alone showed that the ZIF8
coating does not reduce the bioactivity of Osteon and improves cell
attachment and proliferation significantly. Our findings suggest that
ZIF8 coating can enhance better the cell attachment and proliferation of
BCPs compare to the traditional coating techniques using synthetic
polymers such as poly(lactic-co-glycolic acid) (PLGA), poly(D, L-lactic
acid) (PDLLA), and polycaprolactone (PCL) [65-69]. According to the
literature, several factors such as roughens, composition, porosity, sur-
face charge, surface energy, and functional groups can impact cell
adhesion to BCPs [70]. Our technique for modification of BCPs shows a
clear change in the surface morphology of Osteon, generating rough
nanotopography compared to the smooth surface of naked Osteon. This
has been observed for other surfaces such as silicon and tissue culture
plates using the AFM analysis [60,71]. Our previous study also
confirmed that ZIF8 coating can increase wettability and surface free
energy, resulting in better cell attachment and growth [60].

The present study demonstrated that the ZIF8-Osteon has a higher
osteogenic differentiation capacity and produce more intracellular
mineralization than Osteon alone (Fig. 4). These results have further
strengthened our confidence in using ZIF8 modification as a method to
improve the osteogenic potential of BCPs. In fact, the osteoinductivity of
Osteon modified by ZIF8 is as high as BCPs immobilized by biomolecules
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and growth factors in vitro and in vivo conditions reported in previous
works [72-75]. The high osteoinductive potential of the ZIF8-Osteon is
in line with previous results which confirmed bone grafts incorporated
with Zn ions can significantly favour osteogenic differentiation through
releasing Zn?* jons [57,58,76]. In addition to that, the modification of
BCPs with ZIF8 as a material with a high surface area can increase the
possibility of cell recruitment and adsorption of environmental proteins
and growth factors on BCPs. According to Zhue et al., BPSs with porous
structures and high surface area play a significant role in the adsorption
of proteins and, as a result, promote the osteoinductive potential of BCPs
[77]. Lin et al. stated that the surface area of bioceramics increases with
hierarchical 3D micro-nanotextured. This higher surface area enhances
the capability of ceramics in Vitronectin and Fibronectin protein
adsorption and consequently improves the osteogenic differentiation
potential of cells [78]. Taken together, our in vitro results are in agree-
ment with the in vivo findings, which displayed a reasonable degree of
regeneration of compact bone tissues in the ZIF8-Osteon transplanted
defects after a relatively short time. However, the formation of imma-
ture bony tissues in the presence of Osteon grafts was observed in defect
edges.

Some studies have shown that modification of BCPs with nano-
materials can enhance the osteoinductivity of BCPs. In fact, a bone
matrix is composed of two phases: organic components that contain
many proteins such as collagen, fibronectin, and inorganic part, includes
HA and Cajg (PO4)¢ (OH),. Both these phases are at the nanoscale, so
bone grafts with nanostructure can exhibit better interaction with bone
tissue and affect their functionality [79]. For example, Hu et al. showed
nano-HA coating using the hydrothermal deposition method could
promote osteoconductivity and osteoinductivity of BCP significantly
[80]. In the present study, ZIF8 modification formed compact nano-
crystals on the surface of Osteon which could well be responsible for
stimulating osteogenic differentiation.

The method presented in this study for modification of BCPs showed
a homogenous coating of ZIF8 on the surface of Osteon (Fig. 2). In fact,
uniform modification of Osteon is closely associated with using PDA and
PEI in the fabrication of the ZIF8-Osteon. The interacting PDA with PEI
through covalent bond assists in forming uniform PDA coating on the
surface of Osteon. In fact, ZIF8 crystals were formed on the surface of
PDA-PEI in a water-based system at room temperature, and the formed
PDA layer acts as a reducing and stabilizing agent for facilitating
nucleation and growth of ZIF8 crystals. The formation of ZIF8 crystals
involves the coordination of Zn?* centers with 2-MIM, deprotonation of
2-MIM, and eventually, the formation of ZIF8 crystals, according to
Fig. 6 [81]. In contrast, cooperating osteoinductive material during the
sintering process or modification using thermal deposition resulted in a
non-homogeneous coating [68,78,80]. In addition, the catechol and
amino groups on a PDA layer acts as a covalent linker, which allows ZIF8
to adhere tightly to the surface and improve the mechanical stability of
the ZIF8 coating [60]. By contrast, modification of BCPs with osteoin-
ductive HA particles using various techniques (e.g., sol-gel coating,
thermal spraying, sputter coating, electrophoretic deposition, dip-
coating) results in poor mechanical stability of BCPs due to the poor
coating—substrate adherence and the brittle property of HA [82].

5. Conclusion

We successfully developed an effective approach to enhance the
osteoinductivity of BCPs via ZIF8 thin-film modification. We demon-
strated that the Osteon coated with ZIF8 thin-film exhibits better cell
spreading, attachment, and proliferation than uncoated Osteon. In
addition, ZIF8 thin-film coating enhances the osteoinduction potential
of BCPs significantly which we confirmed by immunostaining, Alizarin
Red S staining, and real time-PCR. The results from in vivo studies
indicate higher new bone formation after 4 weeks of bone healing. The
modification of BCPs using this method is time and cost-effective and
can be simply performed in mild conditions without using organic

Materials Science & Engineering C 123 (2021) 111972

solvents or toxic reagents. Overall, this study presents a versatile method
for enhancing osteoinductivity and osteoconductivity of BCPs, whereby
this method can be extended to other alloplastic bone grafts and help to
solve their low osteoinduction potential in bone tissue engineering.
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