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Abstract

Bone regeneration for large, critical-sized bone defects remains a clinical challenge nowadays. Guided bone regenera-
tion (GBR) is a promising technigue for the repair of multiple bone defects, which is widely used in oral and maxil-
lofacial bone defects but is still unsatisfied in the treatment of long bone defects. Here, we successfully fabricated

a bilayer mineralized collagen/collagen (MC/Col)-GBR membrane with excellent osteoinductive and barrier function
by coating the MC particles prepared via in situ biomimetic mineralization process on one side of a sheet-like pure
collagen layer. The aim of the present study was to investigate the physicochemical properties and biological func-
tions of the MC/Col film, and to further evaluate its bone regeneration efficiency in large bone defect repair. Fourier-
transform infrared spectra and X-ray diffraction patterns confirmed the presence of both hydroxyapatite and collagen
phase in the MC/Col film, as well as the chemical interaction between them. stereo microscope, scanning electron
microscopy and atomic force microscope showed the uniform distribution of MC particles in the MC/Col film, result-
ing in a rougher surface compared to the pure Col film. The quantitative analysis of surface contact angle, light trans-
mittance and tensile strength demonstrated that the MC/Col film have better hydrophilicity, mechanical properties,
light-barrier properties, respectively. In vitro macrophage co-culture experiments showed that the MC/Col film can
effectively inhibit macrophage proliferation and fusion, reducing fibrous capsule formation. In vivo bone repair assess-
ment of a rabbit critical segmental radial defect proved that the MC/Col film performed better than other groups

in promoting bone repair and regeneration due to their unique dual osteoinductive/barrier function. These findings
provided evidence that MC/Col film has a great clinical potential for effective bone defect repair.
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1 Introduction

Bone defect, often caused by trauma, disease, surgery, or
congenital malformations, is a significant health prob-
lem worldwide, resulting in decreased life quality and
increased healthcare costs. Its incidence is increasing due
to the aging of the global population coupled with higher
obesity ratio and insufficient physical activity of the
working class [1]. It’s estimated that there are approxi-
mately 20 million patients worldwide annually who suffer
from a lack of bone tissue, with more than half a million
in the United States and Europe, where the annual cost
of treating bone defects is approximately greater than
$5 billion [2, 3]. Bone regeneration for large critical-
sized bone defects, referring to the defects longer than
1-3 c¢cm with a loss of bone circumference of greater than
50%, presents a great clinical challenge in terms of non-
union or delayed union [4]. Bone defect reconstruction
can be achieved currently by different strategies includ-
ing traditional bone-grafting procedures, which are usu-
ally carried out using four main categories of materials,
i.e., autografts, allografts, xenografts, and biomaterial-
based bone graft substitutes [5]. The techniques involved
include distraction osteogenesis (the Ilizarov technique),

induced membrane technique (the Masquelet technique),
and vascularized fibular grafting (VFG) [5]. Among these,
autologous bone grafting is considered the gold standard
but is limited by severe complications, i.e., additional sur-
gery, and the amount of tissue available (less desirable for
segmental bone defects larger than 5 cm) [6, 7]. And the
remaining strategies currently are also associated with
their own complications and drawbacks to their applica-
tion and availability. The emergence and development of
guided bone regeneration provides a new clinical option.
And the use of artificial periosteum as a barrier mem-
brane in guided bone regeneration has attracted much
interest from researchers [8].

Guided bone regeneration (GBR) was first proposed
by Nyman et al. [9] in the 1980s, based on experiments
investigating the healing of periodontal tissues. Subse-
quently, Buser et al. [10] developed the surgical proce-
dures for GBR in 1990s, which made it possible for the
technique to be used in oral and maxillofacial repair
widely. Conventional barrier membrane materials used
in GBR procedures can be grouped as non-bioabsorba-
ble membranes (PTFE, Ti meshes) and bioabsorbable
membranes (polylactide, collagen, and polyglycolide)
[11]. These membranes act not only as a barrier to seal
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off the defect from the surrounding soft tissue but also
as a scaffold to promote the adhesion and proliferation of
osteogenic precursor cells. However, compared to natural
periosteum, the lack of adequate mechanical properties,
degradation rates and osteoinductivity of the conven-
tional GBR membranes limits their use in the treatment
of large bone defects. The selection of appropriate mate-
rials to manufacture new generation bioactive GBR
membranes is a critical stage in the development of the
GBR technique.

As is known, collagen, the major organic component of
bone tissue, has been the most commonly used artificial
periosteum material as well as GBR membrane material
due to its low immunogenicity and similar composition
of natural periosteum. Collagen membranes are also
preferred over other bioabsorbable membranes because
of their hemostatic function, permeability (facilitating
nutrient transport), and their superior ability to promote
adhesion and growth of the osteogenic precursor cells
[12]. Despite their advantages, collagen membranes have
non-negligible drawbacks, such as relatively poor ten-
sile stress bearing ability, low osteoconductivity, and an
uncontrollable degradation profile by the ubiquitous col-
lagen enzymes in vivo [13—16], which have impeded their
application. Various studies have attempted to improve
the properties of collagen membranes, including the
addition of minerals to the collagen phase. A typical class
of material is bone-like apatite, which has been widely
used as the artificial bone material. Bone-like apatite,
with the composition of calcium and phosphate, shows
excellent biocompatibility and osteoinductivity [17-19].
Recent studies have demonstrated that the bone-like
apatite/collagen composite materials potentially are use-
ful for bone regeneration in bone defect repair. Among
these, mineralized collagen (MC), a biomimetic com-
posite of collagen and hydroxyapatite, stands out for its
close chemical and structural resemblance to natural
bone tissue [20, 21]. Until now, there are numerous MC-
based bone substitute materials, some of which have
been commercialized and approved by governmental
administrations for clinical application [22]. Lian et al.
[23] demonstrated that MC is a good autograft alterna-
tive in displaced intra-articular calcaneal fractures with
trabecular defects. Kou et al. [24] showed an effective
result of MC in the treatment of bone nonunion. Nevins
et al. [25] observed that the use of MC combined with
recombinant human platelet-derived growth factor-BB in
extraction socket defects in patients would promote bone
formation.

Here, we designed and prepared an artificial perios-
teum, defined as ‘MC/Col film] which consists of a min-
eralized collagen layer with a rough surface and a pure
collagen layer with a smooth surface. The MC particles
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used in this study were prepared according to a biomi-
metic mineralization process [26]. The design concept
is that the mineralized collagen side of the MC/Col film
can successfully promote osteoinduction for bone defect
repair with high cytocompatibility, and the pure collagen
side will exhibit good properties as a barrier to shield the
local regenerative environment. In this study, together
with the physicochemical and mechanical properties
evaluation, we further investigated the bone regenera-
tion ability of the MC/Col film to act as a GBR membrane
using a segmental radial defect model in New Zealand
white rabbits.

2 Materials and methods

2.1 Materials and chemicals

Ethylenediaminetetraacetic acid disodium salt (EDTA-
2Na) was purchased from BioFROXX Co. (Einhausen,
Germany). Sodium hydroxide (NaOH), anhydrous etha-
nol (EtOH), hydrochloric acid (HCI), dimethyl sulfoxide
(DMSO), and other chemical reagents were supplied by
Kelong Chemical Reagent Co. Ltd. (Chengdu, China).
The cell culture reagents used in this study including 10%
fetal bovine serum (FBS) and Dulbecco’s Modified Eagle
Medium (DMEM) (1% penicillin-streptomycin solution)
were provided by Life Technologies Corp. (California,
USA). Specimen handling reagents such as phosphate
buffered saline (PBS, pH=7.4), 4% polyformaldehyde,
and other reagents such as 0.1% pentobarbital sodium,
fluorescein diacetate (FDA), and 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-2H-tetrazol-3-ium bromide (MTT)
were obtained from Sigma-Aldrich, Inc. (St. Louis,
MO, USA). All of the above experimental reagents were
applied without further purification.

2.2 Preparation of MC/Col film

The MC/Col film was prepared by the following two
main steps and a schematic illustration of the fabrication
process is shown in Fig. 1A.

Firstly, the biomimetic MC particles, as one of the most
important ingredients, was prepared via the in situ bio-
mimetic mineralization process according to a method
our group reported previously [21, 27]. Type-I collagen
fibrils extracted from the bovine achilles tendon were
dissolved in acetic acid and stirred for more than 10 h to
provide a homogeneous collagen solution. Water-soluble
phosphate salt and calcium salt solution were added at
a Ca/P molar ratio of 1.67 into the acidic collagen solu-
tion respectively under gentle magnetic stirring at room
temperature, and then the pH value of the liquid mixture
was adjusted to 8.0 with NaOH to form MC deposits.
This step was similar to the biomineralization process of
the natural bone. During this process, amorphous cal-
cium phosphate precursors nucleated on the surface of
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collagen microfibrils and were then converted to crys-
talline hydroxyapatite, with the crystallographic c-axis
parallel to the collagen fibril length, guided by the colla-
gen microfibrils [26, 28]. The deposits were washed with
deionized water three times, and then freeze-dried to
obtain porous MC particles. The obtained MC particles
exhibited an interconnected porous microarchitecture,
similar to our previous findings [29], aiming to facilitate
the subsequent cellular infiltration and vascular penetra-
tion, and eventually an augmented bone regeneration.
Secondly, the MC/Col film composed of a barrier layer
and osteogenic layer was built. The barrier layer, also
defined as pure collagen layer, was synthesized by pure
type-1 collagen solution only. Briefly, 10 mL collagen
solution was poured into PTFE mold evenly by rolling
and dried in blast drying oven at 40 °C for 2 h. Mean-
while, the solution of the osteogenic layer also defined
as mineralized collagen layer was made by adding 20%
porous MC particles into 1% (W/W) type-I collagen gel
and stirred thoroughly. Then, the osteogenic solution
was poured on the pure collagen layer evenly and dried
in blast drying oven for 24 h. For the better integration
of two layers, the bilayer membrane was cross-linked by
immersing in the EDC/NHS (100 mM:25 mM) solution

in 90% alcohol at — 4 °C for 6 h, and then washed with
ethanol and deionized water for 3 times respectively, and
dried in vacuum oven for 24 h. The final product was
sterilized by ®°Co radiation.

2.3 Characterization of MC/Col film

To determine the physicochemical and mechanical prop-
erties of the artificial periosteum, a pure collagen mem-
brane recorded as ‘Col film’ provided by Allgens Medical
Technology Co. Ltd. (Beijing, China) was used as a con-
trol in all experiments. Unless otherwise noted, the test
of the MC/Col film was performed on the mineralized
collagen side.

2.3.1 Structure identification

The chemical structure of the Col and MC/Col films
were studied by Fourier-transform infrared (FT-IR) spec-
tra taken on an INVENIO™ Fourier-transform infrared
spectroscopy (Bruker, Germany). The spectra were col-
lected at the scanning wavenumber ranges from 700 to
4000 cm™'. Further, the phase composition and crys-
tal structure of the Col and MC/Col films were inves-
tigated via X-ray diffraction (XRD) patterns obtained
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on an Empyrean X-ray diffractometer (PANalytical,
Netherlands).

2.3.2 Morphology observation

The surface morphology of the Col and MC/Col films
was visually characterized by a stereo microscope (SM,
Olympus, Japan) and a field-emission scanning electron
microscopy (SEM, Hitachi S-4800, Japan) under differ-
ent multiples. Before the SEM observation, all samples
were sprayed with gold for 90 s. The elemental composi-
tion and distribution of samples were conducted by the
scanning electron microscopy equipped with an energy-
dispersive spectrum (EDS, Hitachi S-4800, Japan). In
addition, the surface roughness of the samples was exam-
ined by a Dimension ICON atomic force microscope
(AFM, Bruker, Germany) instrument. NanoScope analy-
sis (version 2.00) was used to analyze the images and cal-
culate roughness parameter from the scanned area.

2.3.3 Surface hydrophilicity and optical properties
The surface wettability of the Col and MC/Col films
were analyzed by surface contact angle (SCA) measured
through a Theta water contact angle tester (Biolin, Swe-
den). 10 pL distilled water was used as the indicator, and
at least four different points of each sample were tested.
The optical properties of the Col and MC/Col films
were evaluated by the light transmittance of dried films
at the wavelength from 200 to 800 nm, using an UV-Vis
spectrophotometer (UV-2600, Hitachi, Japan) according
to ASTM method D1746-15 [30]. Based on Beer—Lam-
bert’s law, the light transmittance was calculated as fol-
lows [31].

Light transmittance (%) = x 100%

100D

where OD is the absorbance at selected wavelengths.

2.3.4 Mechanical properties

The mechanical properties of the Col and MC/Col films
were investigated by the bending and tensile test. The
bending test was performed on dry film samples to evalu-
ate the flexibility and good resistance to cracking of sam-
ples, while the tensile test was accomplished under both
wet and dry conditions using a universal testing machine
(UTM, Shimadzu, Japan) to evaluate the tensile strength
of samples. For wet state tensile test, the films were
immersed into deionized water at 25 °C for 2 min prior
to the test [32]. At least three specimens of each sample
were tested under each condition to obtain the average
value of tensile strength.
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2.4 In vitro macrophage co-culture

Mouse RAW 264.7 macrophages were purchased from
Chinese Academy of Sciences (Shanghai, China). The pre-
pared samples of the Col and MC/Col films were placed in
cell culture plates. The cells were then seeded at a density
of 1x10° cells per well and cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM) supplemented with 10% FBS
and 1% penicillin-streptomycin cocktail in an incubator
under an atmosphere of 5% CO, at 37 °C. It has to be men-
tioned that the RAW 264.7 macrophages were seeded on
the mineralized collagen side of the MC/Col film. Cell live/
dead fluorescent staining, MTT assays, and cell morphol-
ogy experiments were performed on days 1, 4, and 7.

2.4.1 Cell viability and proliferation

To test the survival and proliferation of the macrophages on
the surface of samples, live/dead fluorescent staining and
MTT assays were performed on days 1, 4 and 7. For live/
dead assays, the cells were gently rinsed several times with
PBS, followed by staining with live/dead dye (FDA/PI) in
the dark until the cells were stained. Cell viability was then
observed by a confocal laser scanning microscopy (CLSM,
Carl Zeiss, Germany). For MTT assays, after removing the
excess of culture medium with PBS, 100 pL MTT solution
(5 mg/mL) was introduced to each well and incubated with
the cells for 4 h at 37 °C in the dark. After incubation for
4 h, DMSO was added to dissolve the blue thyroxine crys-
tals and the optical density (OD) of the resulting solutions
was measured under the wavelength of 570 nm using a
Synergy H1 multifunctional enzyme marker (BioTek, USA).

2.4.2 Cell morphology

To evaluate cell morphology, TRITC-phalloidin and
4/ ,6-diamidino-2-phenylindole (DAPI) were used for the
cytoskeletal F-actin and nuclear staining, respectively. In
brief, on days 1, 4 and 7, macrophages were fixed with 4%
paraformaldehyde, and stained with TRITC-phalloidin
for 30 min, followed by counterstaining with DAPI. To
investigate the effect of the Col and MC/Col films on mac-
rophage fusion competency, the expression of cells fusion
protein genes, CD44, CD47 and DC-STAMDP, was studied.
Cell culture on days 1, 4 and 7 was collected for analysis of
fusion-related gene expressions with qPCR. The total RNA
from different groups were extracted by a RNeasy Mini Kit
(Qiagen, Germany) and were then reverse transcribed into
complementary DNA (cDNA) using an iScript’ cDNA
Synthesis Kit (Bio-Rad, CA, USA). Real-time quantitative
PCR reaction was performed using SoFast’ EvaGreen®
Supermix (Bio-Rad, USA). Subsequently, the expression
levels of CD44, CD47 and DC-STAMP were measured and
analyzed.
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2.5 Evaluation of in vivo radial bone defect repair in rabbit
model

2.5.1 Animal surgery

To evaluate the bone regeneration efficiency of the fab-
ricated artificial periosteum, bilateral large segmental
radial defect model in adult rabbits was employed in this
current work. All experimental procedures performed
were approved by the Institutional Animal Care and Use
Committee (IACUC) of Sichuan University and followed
the Guidelines for Care and Use of Laboratory Animals
of Sichuan University.

The experimental design was as follows, and the surgi-
cal procedure was shown in the Fig. 1C-F. 12-week-old
New Zealand white rabbits were purchased from Experi-
mental Animal Center of Sichuan University (Chengdu,
China). To prepare for surgery, the weighed rabbits were
anesthetized with 2-3% isoflurane using an anesthesia
machine and kept at a horizontal position, then the surgi-
cal areas of bilateral forelimbs were shaved and sterilized
by iodine. Bilateral radials and attached periosteum were
exposed through a lateral longitudinal skin incision fol-
lowed by separation of the skin, fascia and muscles of
the forearm. Subsequently, the periosteum was peeled
carefully, and a segmental defect of 10 mm was created
in the middle of radial bone using a hemostat. Twenty-
four bone defects in bilateral radials in 12 rabbits were
randomly divided into 3 groups with 8 defects for each
group: (1) control group (without treatment), (2) Col
group (treated with the Col film), (3) MC/Col group
(treated with the MC/Col film). Specifically, the film
materials from the Col and MC/Col groups were spread
over the defect sites, wrapped tightly to both bone ends
of defects, and sutured with the remaining autologous
periosteum on both sides. Notably, the mineralized colla-
gen side of the MC/Col film was placed toward the defect
site. Internal fixation of the osteotomized radial was
unnecessary because the ulna can act as external fixation
to support the forelimb through the interosseous mem-
brane and ligaments [33-35]. After implantation, the tis-
sues were then sutured in layers. At weeks 2, 4 and 8 after
surgery, the rabbits were euthanized using an overdose
of pentobarbital, and complete forelimb samples (includ-
ing radial and ulna) were harvested and fixed in 4% para-
formaldehyde for further analysis.

2.5.2 Micro-computed tomography (micro-CT) examination
To assess the amount of new bone within the defect
area, a high-resolution micro-CT system (u-CT, Scanco
Medical, Switzerland) was performed at weeks 2, 4 and
8. The harvested specimens were scanned at an energy
level of 70 kV, an intensity of 114 pA, and a pixel matrix
of 2048x2048. After scanning, the resulting greyscale
images were analyzed and reconstructed using Mimics
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Research 17.0 (Materializ, Belgium) to provide a three-
dimensional model, and the areas of new bone formation
in the defects were quantified through threshold parti-
tion and Boolean calculation. The region of interest was
a three-dimensional volume that extends over the entire
10-mm radial defect space created at the time of surgery.
Quantitative data such as bone mineral density (BMD)
were then obtained. The morphology of the regenerated
bone at week 8 after surgery was also assessed by radi-
ographic analysis. The X-ray radiographs of rabbit fore-
limb specimens were taken using a Siemens digital X-ray
machine (Germany).

2.5.3 Histological analyses

After micro-CT analysis, all fixed specimens were decal-
cified in 20% neutral phosphate-buffered EDTA solution
for approximately 1 month at room temperature. Half of
the ulna of each specimen was then removed along the
sagittal direction. The remainder of each specimen was
dehydrated in a series of ethanol (70 to 100%), embed-
ded in paraffin, and sliced into 5-um section. After rou-
tine histological preparation, the tissue sections were
stained with hematoxylin and eosin (H&E) or Masson’s
trichrome, followed by observation using a Pannoramic
MIDI pathological section scanner (Budapest, Hungary).

2.6 Statistical analyses

All quantitative data collected from at least three inde-
pendent trials per experiment were presented as the
mean + standard deviation (SD). Statistical analyses were
performed using Microsoft Office Excel 2021 and Orig-
inPro 2023b SR1. Significant differences among groups
were indicated by student’s ¢ test or one-way analysis
followed by post-hoc Tukey’s test, and the differences
between groups of *»<0.05, **»<0.01, ***»<0.001 and
*+#4 <0.0001 were considered significant, while ns was
defined as not significant (p > 0.05).

3 Results and discussion

Healing of large bone defects requires operative inter-
vention and remains a significant clinical problem. A
main obstacle for successful bone regeneration and bone
healing is the rapid formation of connective tissue at the
bone defect area, in contrast to osteogenesis [36—38].
Therefore, the GBR technique has attracted considerable
attention in recent years due to its principle of preventing
connective tissue invasion into the defect. The membrane
plays a vital role in the GBR technique, acting not only as
a barrier to seal off the defect from the surrounding soft
tissue, but also as a scaffold to promote the adhesion and
proliferation of osteogenic precursor cells. It has been
proposed that an ideal GBR membrane should address
the requirements for biocompatibility, cell-occlusiveness,
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space maintaining capacity, tissue integration, and clini-
cal manageability [39]. In the current study, we prepared
a novel artificial periosteum with excellent dual oste-
oinductive and barrier function as a GBR membrane in
bone defect repair. We further demonstrated its potential
effects to fully repair large bone defects, providing new
intriguing cues for the clinical application of the GBR
technique in segmental bone defect repair.

3.1 Characterization of MC/Col film

3.1.1 Structure identification

FT-IR spectra were used to confirm the structure
of the MC/Col film and to verify the structural dif-
ferences between the Col film and MC/Col film. As
shown in Fig. 2E, the infrared spectrum of the MC/
Col film showed the PO,>” band (1031 cm™') consist-
ent with the standard patterns of hydroxyapatite and
the characteristic bands of collagen, such as amide A
(3332 cm™), amide I (1637 cm™?), amide II (1528 cm™!)
and amide III (1224 cm™!) [40, 41]. The absorption peak
of amide A (3332 cm™') is N—H stretching vibration,
whose frequency depends on the strength of the hydro-
gen bond between the collagen chains. The peaks of
amide I (1637 cm™"), amide II (1528 cm™) and amide III
(1224 cm™) corresponded to C=0 stretching vibration,
the out-of-phase combination of N-H bending vibra-
tion and the C-N stretching vibration, and N-H bend-
ing vibration, respectively, were weakened in the MC/Col
film compared with the Col film, indicating that the bind-
ing of hydroxyapatite to collagen fibers has successfully
occurred. Moreover, the presence of these amide bands
further revealed that the triple helix structure of collagen
was maintained in the MC/Col film, consistent with the
Col film [42].

For further confirmation of the presence of
hydroxyapatite in the MC/Col film, the phase composi-
tion of the Col and MC/Col films were identified by XRD
analysis. As shown in Fig. 2F, the diffraction patterns of
the Col and MC/Col films presented similar amorphous
hump-like peaks at 26 =8° and 22° [43]. However, com-
pared to the Col film, the corresponding characteristic
peaks of the MC/Col film are attenuated, which was due
to the presence of the MC particles coating on the MC/
Col film. Furthermore, the pattern of the MC/Col film
contained some typical but broader and weaker HA dif-
fraction peaks of (002), (211), (300), (202), (310), (213)
and (004), implying that the deposited hydroxyapatite
minerals via biomimetic mineralization process with
poor crystallinity in the composite similar to that of the
regenerated bone tissue, resulting in greater absorption
in vivo [44—46]. The XRD results were in agreement with
the FT-IR results, indicating that the MC/Col film con-
tained both hydroxyapatite and collagen phases.
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3.1.2 Morphology observation

The macro-appearance of the Col film was transparent
and homogeneous, whereas the MC/Col film appeared as
a white sheet, as shown in Fig. 1B. SM and SEM images
were used to visualize the surface morphology of the sam-
ples and the homogeneity of MC particles loading inside
the MC/Col film. Based on the SM images shown in
Fig. 2A, the surface of the Col film was smoother, and the
ridged surface protrusions are suspected to be collagen
fibers, which were arranged in a network and the woven
structure was dense. Compared to the Col film, certain
irregular MC particles with a darker color appeared to be
homogeneously distributed within the MC/Col film with
average sizes ranging from 10 to 100 um. The closer to
the surface, the larger the particle size of MC particles.
The gravity of the MC particles during the manufacturing
process contributed to their spatial distribution.

A similar result was seen more evidently in the SEM
images (Fig. 2C), that is, the MC/Col film exhibited cer-
tain granular aggregates of a narrow range of size with
a clear boundary in addition to relatively loose ridged
protrusions, while the Col film was relatively flat and
there were only denser ridged protrusions with blurred
boundaries on the surface. Larger magnification revealed
that the MC particles on the surface of the MC/Col film
were almost completely covered by a thin layer of colla-
gen, which prevented the unnecessary loss of MC par-
ticles due to friction or extrusion during surgery. The
distribution situation of chemical elements in the sam-
ples was investigated by EDS analysis. From the EDS
mapping inserted in Fig. 2C, it can be visualized that the
main chemical elements of the MC/Col film are calcium
(Ca), phosphate (P), carbon (C) and oxygen (O) elements,
whereas the Col film contains only carbon (C) and oxy-
gen (O) elements, confirming the occurrence of collagen
mineralization. Besides, as can be seen in the cross-
sectional SEM micrographs in Fig. 2D, the MC/Col film
presented two distinct layers: a dense layer, composed of
collagen, which directly contacts with the surface of the
soft tissue and is beneficial in preventing the fibrous con-
nective tissue from growing into the defected region; and
a loose layer, composed of MC particles and collagen,
which directly contacts with the surface of the defected
bone tissue and provides an ideal environment for osteo-
blasts to grow and proliferate. The whole thickness of the
MC/Col film was approximately 0.6 mm, which facilitates
surgical manipulation and provides appropriate mechan-
ical strength and biodegradation period for GBR.

AFM analysis was used to examine the 3D surface
topography and measure the surface roughness of the
samples. In Fig. 3A, the three-dimensional (3D) AFM
images of the Col and MC/Col films can be observed.
The arithmetic average (Ra) of the surface and the
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root-mean-square average (Rq) of height deviations
for Col film were determined to be 1.48 and 1.98 nm
on one side (a-side) and 1.86 and 2.53 nm on the other
side (b-side), respectively, whereas the Ra value and
Rq value for MC/Col film were 3.68 and 4.75 nm on
the pure collagen side (a-side) and 4.02 and 5.16 nm
on the mineralized collagen side (b-side), respec-
tively. After mineralization, the roughness of the film
increased slightly, indicating that the good hydrogen
bonding interaction between the hydroxyl group of
hydroxyapatite and the carboxyl group of collagen leads

to a uniform distribution of MC particles in the colla-
gen matrix.

All together, these results showed that the MC parti-
cles was efficiently loaded onto the surface of the MC/
Col film designed for bone regeneration.

3.1.3 Surface hydrophilicity and optical properties

Surface contact angle measured by the static sessile
drop method was used to evaluate the hydrophilic-
ity of the samples, which is associated with cell adhe-
sion and proliferation. Based on the images presented
in Fig. 3B, the contact angle of the MC/Col film (67.45°)
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was significantly lower than that of the Col film (78.73°)
(p<0.05). This result indicated that the wettability of the
MC/Col film was improved due to the large number of
hydrophilic hydroxyl groups provided by hydroxyapatite.

Light transmittance was used to evaluate the light bar-
rier properties of the Col and MC/Col films, which is
essential to a film’s function-ability. The transmission of
the two samples at selected wavelength (200-800 nm)
were shown in Fig. 3C. In the UV-Vis range, the MC/
Col film blocked at least 80% of UV light transmission
and almost all visible light transmission, while the Col
film blocked less than 30% of the UV light transmission
and less than 20% of the visible light transmission. The
increased light-barrier property of the artificial perios-
teum was due to the effective scattering and reflection
of UV-visible light by the MC particles that were loaded
onto the film [47].

3.1.4 Mechanical properties

An obvious drawback of current available artificial
periosteum on market is that it is difficult to effectively
anchor or integrate with bone scaffolds, which will lead to
serious complications in clinical procedures [48]. There-
fore, it is important to take flexibility into account in the
preparation of an artificial periosteum. For example, a
recent study demonstrated that 2D ultrathin polymeric
nanosheets were ideal candidates for artificial perios-
teum due to their unique feature of flexibility [48]. In this
study, both of the Col film and the MC/Col film exhibited
excellent flexibility, which facilitates suture manipulation
during surgery, and good resistance to cracking, which
helps maintain the functional integrity of films, as dem-
onstrated by their bending tests (Fig. 3D). There were no
visible cracks in the two groups, even when the bending
angle was gradually increased.

The tensile strength was used to further investigate
the mechanical properties of the Col and MC/Col films.
Notably, the mechanical properties of artificial bone
membrane samples under wet conditions, closely related
to clinical application, have been neglected in most stud-
ies, which have mainly focused on the mechanical prop-
erties of dry samples [49]. Here, we measured the tensile
strength of samples under both dry and wet conditions
simultaneously. The average tensile strengths of the
dry and wet Col film were 78+9 MPa and 19+2 MPa,
respectively, while that of the corresponding MC/Col
film were 123 + 14 MPa and 80+ 10 MPa, respectively. As
expected, the MC/Col film in dry or wet state all showed
a significant increase in tensile strength in comparison
with the control one (p<0.05), as shown in Fig. 3E. This
proved that minerals in the fabricated artificial perios-
teum should contribute to the general mechanical fea-
ture of the MC/Col film [50]. Besides, the cross-linking

Page 10 of 16

treatment also improved the thermal stability and tensile
strength of the MC/Col film [51], in addition to enabling
better integration.

3.2 Invitro macrophage co-culture

It is widely accepted that biomaterial-bone integration
requires consideration of not only the osteoinductive
properties of the biomaterials, but also the effect of the
biomaterials on inflammation, which plays a critical role
in the initializing process of implantation [52, 53]. The
effects of MC particles on promoting osteogenic differen-
tiation of human mesenchymal stem cells (hMSCs) have
been demonstrated by many in vitro studies, and the
related molecular mechanism at gene level has also been
clarified [22, 54]. However, there are few reports on how
MC particles affect the inflammatory response. Gener-
ally, physiologic inflammation contributes to the later
neovascularization as well as osteogenic differentiation,
but long-term or severe inflammation may lead to fibrous
package tissue destruction, and even biomaterial-bone
disruption [55-57].

It is generally known that monocytes/macrophages
act as a switch that controls the body’s inflammatory
response [52]. Moreover, Gretzer et al. [58] demonstrated
that fibrosis and encapsulation of the biomaterials always
correlated with the macrophage density and fusion.
Besides, Lee et al. [59] reported that the biocompatibil-
ity of the implant surface negatively associated with the
density of macrophages. Thus, in this study, in vitro cell
experiments were conducted using RAW 264.7 mac-
rophages co-cultured on the surface of the Col and
MC/Col films to investigate the potential inflammatory
response of fabricated artificial periosteum.

3.2.1 Cell viability and proliferation

Cell live/dead fluorescent staining results were shown in
Fig. 4A. Apparently, relatively fewer live cells, as stained
in green, can be observed on the surface of the MC/Col
film, whereas more dead cells, as stained in red, were
presented on the surface compared to the Col film. This
results of MTT assays were consistent with the Cell
live/dead fluorescent staining study. Based on the prolif-
eration data shown in Fig. 4B, the absorbance at 570 nm
of the two groups increased on days 1, 4 and 7 consist-
ently, indicating that macrophages could proliferate in
a time-dependent manner in all groups, but the prolif-
eration rate of macrophages on the MC/Col film was
significantly lower than that on the Col film (p <0.05).
These results showed that the viability and prolifera-
tion of macrophages were inhibited by the MC/Col film.
Similar observations have reported by Meng et al. [60]
who found that macrophage cell proliferation was more
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inhibited in the MC group than in the Col group on  3.2.2 Cell morphology

days 1 and 2. Recent studies have shown that inhibition of mac-
rophage recruitment and fusion is related with reduced
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thickness of the fiber capsule and improve the survival of
the implants [58, 61, 62]. The actin cytoskeleton staining
results were shown in Fig. 4C. The macrophages adhering
to the surface of the Col film appeared in oval or spin-
dle shape with more amoeboid-like protrusions, whereas
macrophages on the MC/Col film had a rounder mor-
phology. Besides, the number of multinucleated giant
cells was significantly higher in the Col group than in
the MC/Col group. Quantitative analysis of macrophage
fusion also showed the same results, suggesting the fewer
occurrence of cell fusion events in the MC/Col group
(p<0.05), as shown in Fig. 4D. Similar to our study, Shi
et al. indicated that adhering to MC had a rounder mor-
phology than those grown on culture glass [52]. The
qPCR analysis of the gene expression levels of CD44,
CD47 and DC-STAMP on days 1, 4 and 7 were shown
in Fig. 4E-G, respectively. We found that gene expres-
sion levels of CD44, CD47 and DC-STAMP in both
groups increased progressively with the prolonged cul-
ture time. There is no significant difference in the growth
rate of CD47 expression among groups, but the growth
rate of CD44 and DC-STAMP expression were signifi-
cantly slower in the MC/Col group compared to the Col
group at weeks 4 and 7. This indicated that the MC/Col
film may affect the macrophage fusion by inhibiting the
gene expression of CD44 and DC-STAMP. Recently, Fang
et al. [63] in their study of the effect of three-dimensional
matrices on macrophage fusion found that the stiffness
of the three-dimensional matrix controlled the number
of fused macrophages by altering the expression of these
fusion proteins.

Results from in vitro cell experiments showed that the
MC/Col film can effectively inhibit macrophage prolif-
eration and fusion, reducing host rejection, excessive
inflammatory response and fibrous capsule formation.

3.3 Evaluation of in vivo radial bone defect repair in rabbit
model
While GBR is widely used in oral and maxillofacial
reconstruction, its application in segmental defects is
limited [64]. In this study, a 10-mm-segmental long-bone
defect model in the rabbit radial was used in vivo studies
of bone regeneration. As bone defect model is concerned,
the radial was chosen because it is easily accessible, and
does not require the introduction of additional internal
fixation, which would increase trauma and experimental
variability [35]. Besides, considering that no osteoinduc-
tive cytokines were introduced in the fabricated artificial
periosteum, we used a 10-mm rather than 15-mm defect
model, which is considered as the standard critical-size
defect model of a rabbit’s radial, to better characterize
the osteoconductivity of the artificial periosteum. Zhou
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et al. demonstrated that a 10-mm radial defect in rabbits
retained its size for 12 weeks after removal of the perios-
teum [65—67]. Similar to our study, Guda et al. [64] chose
a healing 10-mm bone defect model rather than the more
challenging 20-mm bone defect model when investigat-
ing the effect of combining hydroxyapatite scaffolds and
collagen GBS membranes on bone regeneration in long
bone defects for similar reasons.

3.3.1 Micro-computed tomography (micro-CT) examination
The representative 3D reconstructed micro-CT images of
the rabbit forearm conducted at weeks 2, 4 and 8 were
shown in Fig. 5A. The control group showed only minor
new bone formation until 8 weeks. Compared with the
control group, more new bone formation was present
in the Col and MC/Col groups throughout the process.
Both the Col and MC/Col groups exhibited compara-
tively good bridging and fast healing, but the MC/Col
group performed better than the Col group with clearer
boundary between ulna and repaired radius at week 8.
In addition, the X-ray radiographs of these three groups
at week 8 demonstrated a similar result. As shown in
Fig. 5B, it can be distinctly observed that the defect in the
MC/Col group has been completely covered by a robust
callus with the formation of a uniform marrow cavity, and
the defect in the Col group has been covered by a callus
with partial marrow remodeling, whereas in the control
group, at week 8, callus formation was noticed adjacent
the construct but did not bridge the gap with the charac-
teristics of a non-union. Our findings are consistent with
the study conducted by Chen et al. [68], who found that
the Col/HA scaffold group and SDF-1a/Col/HA scaffold
group both exhibited comparatively good bridging and
fast healing at week 8 in their study of matrix elasticity-
modified scaffolds loaded with SDF-1a to improve in situ
regeneration of radial segmental bone defects. They also
found that the Col/HA scaffold group exhibited good
MSC recruitment, which contributed to new bone for-
mation. Further quantitative analysis of BMD within the
10-mm defect site allowed for a more accurate assess-
ment of new bone formation within the osteotomy gap,
and the results were shown in Fig. 5C. BMD increased in
all three groups and was significantly higher in the MC/
Col group than in the Col and the control groups from 2
to 8 weeks (p<0.05).

These results suggested that the MC/Col group exhib-
ited the optimal bone regeneration ability.

3.3.2 Histological analyses

Radiographic analysis and p-CT analysis of the segmental
defects were further supported by histological observa-
tion. The H&E staining and Masson trichrome staining
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images were shown in Fig. 5D and E. The control group
showed massive fibrous tissue in the defect and essen-
tially no mature new bone formation until 8 weeks after
surgery. Compared to the control group, the Col and
Col/HA groups had more pronounced new bone for-
mation from 2 to 8 weeks, whereas the volume of newly
formed bone tissue appeared to be greater in the Col/
HA group at week 4, and mature trabecular and lamellar
bone appeared to be more compact in the Col/HA group
at week 8 [69, 70]. This further demonstrated that the
MC/Col film exhibited better bone healing performances
compared to the pure Col film, and possessed great capa-
bility to regenerate new bone of the defected region.

4 Conclusion

Taken together, we successfully fabricated and charac-
terized the MC/Col film, a new bilayer mineralized GBR
membrane consisting of an osteogenic layer and a bar-
rier layer, which correspond to the mineralized collagen
layer and the pure collagen layer, respectively. The chemi-
cal composition and microstructure of the MC/Col film

were similar to that of natural periosteum, which facili-
tated the adhesion and proliferation of osteogenic pre-
cursor cells. In vitro experiments showed that the MC/
Col film can effectively inhibit macrophage proliferation
and fusion, reducing fibrous capsule formation. In vivo
experiments demonstrated that the MC/Col film can pre-
vent the defects from the surrounding soft tissue while
promoting osteogenesis to repair the large segmental
radial defect in rabbits. These results indicated that the
MC/Col film possessed great potential for clinical appli-
cations of large bone defect repair.
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