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GRAPHICAL ABSTRACT
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ABSTRACT

Synthetic materials allow easy processing and modification for bone defect repairing with a good immunological
compatibility and minimal risks of infections and donor site morbidity. But compared with an autologous bone
graft, these artificial scaffolds still have limitations in terms of the osteogenic capacity and mechanical properties
including excellent strength and toughness of super-light natural bone. In this study, we aimed to construct a
bone scaffold with both a biomimetic multi-level hierarchical structure and similar constituents of a natural
bone using HA/collagen composite nanofibers. The electrospinning technique and rolling method were used
for bottom-up synthesis of this artificial system from nano-level to micro-level and then to macro-level. MicroCT
scanning and scanning electron microscopy confirmed successful preparation of the bone scaffold composed of
fully assembled microscopic fibers. The mechanical properties of the mineralized scaffolds were double rein-
forced by a large number of newborn HA nano particles and the chemical bonds. The bonds were formed be-
tween HA and collagen within and between the layers of the scaffold's matrix membrane. The scaffold showed
an excellent biocompatibility profile. These suggest the scaffold potential for use in bone tissue engineering.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Repairing a large bone defect often requires the use of implants,
which can be an autologous bone graft, an allogeneic bone graft, or an
artificial one [1,2]. Autologous and allogeneic bone grafts are inevitably
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associated with donor site surgeries and can be exposed to potential
risks of pathogen transmission and immune rejection [3,4]. Tissue-
engineered implants using synthetic materials exhibit great advantages
for bone defect repair, but currently such artificial bones have inherent
limitations in their biocompatibility, biological activity, biodegradability
and mechanical compatibility to the host bones [5-7]. Therefore, the
goal of bone tissue engineering is to find a biomimetic implant that is
more consistent with human bone in composition, structure, function
and performance.

In the field of biomimetic bone implant materials, calcium
phosphate ceramics such as hydroxyapatite (HA) are widely used
for constructing artificial bone scaffolds due to their similarity in in-
organic composition to a human bone [8]. HA can be prepared into
scaffolds with a three-dimensional porous structure to promote
seed cell ingrowth and transmission of nutrients and metabolites
[9]. Nevertheless, scaffold porosity is inversely correlated with its
strength [10], thus this porous material can only be used for non-
load-bearing bone replacement and filling bone defects [11]. Deville
et al. [12] attempted to improve the compression strength of HA
scaffolds by creating a directional porous structure using directional
freeze-drying technique, but the modified scaffold was still not as
strong as natural bones.

The properties of human bone are determined by complex composi-
tion, macroscopic structure and precise microstructure. Human bone is
composed of nanoscale apatite, collagen and other trace elements, and
its microstructure is characterized by bone Haversian motifs, the super
microstructure units is composed of mineralized collagen fibers
[10,13-17]. In recent years, many scholars have conducted biomimetic
preparation of human bone composition and nano structure. Deville
et al. [12,18,19] revealed directional frozen suspension for ceramics,
using the microstructure of ice as a framework of template to produce
layered pores and layered crystals with a width from one to several
hundred microns, which resulted in much enhanced strength (by nearly
3 folds) compared to that of conventional materials. The recent ad-
vancement in 3D printing, drop deposit printing, laser pulse, and UV
3D imaging makes possible the fabrication of composite scaffolds with
complex structure of a customized design [20-26]. Gorodzha et al.
[27,28] reported that the randomly oriented and well-aligned
microfibers scaffold simulates the extracellular matrix of bone tissue,
reveal good cells adhesion and proliferation. Hydrophilic SiHA
nanoparticles improve tissue growth, and piezoelectric poly(3-
hydroxybutyrateco-3-hydroxyvalerate) (PHBV) demonstrates good
calcium deposition. However, the bone scaffolds does not have the ad-
vantages of simulating multi-level hierarchical natural bone structure
(the structure with extraordinary properties) and nano component of
bone (collagen and nano HA, natural bioactive components), and the or-
ganic component of the bone scaffolds is non-hydrophilic and has poor
degradation performance [29]. Shao et al. [30] demonstrated that
electrospun multi-layer nanofibers scaffold simulating the hierarchical
structure of bone collagen fibers resulted in excellent mechanical prop-
erties and biocompatibility. The scaffolds prepared by layer-by-layer
rolling or cross-linking homogeneous/heterogeneous spinning nanofi-
ber membrane could improve the cell compatibility and mechanical
properties [31-34].

In spite of these advancements, the microstructure, composition
and properties of the currently artificial materials are far from
ideal when compared to the human bone. In this study, we aimed
to develop a new bone substitute similar to natural bone in
both composition and microstructure using aligned HA/collagen
composite nanofibers, which were hierarchically assembled in a
bottom-up fashion to simulate the natural human bone structure at
the nano-, micro- and macro-level. The mimic multi-level hierarchi-
cal artificial bone scaffold rarely reported. Finally, it is desired that
the bone scaffold can show excellent mechanical properties and
biocompatibility which make it an ideal biomimetic implant for
tissue engineering.

2. Materials and methods
2.1. Preparation of HA/collagen nanofiber biocomposite

The sol-gel solution was prepared by dissolving 1.18 g polyvinylpyr-
rolidone (PVP) (molecular weight of 1.3 x 10° g mol™'; provided by
Aladdin Industrial Co., China) in 10 mL absolute ethyl alcohol. HA nano-
particles with a diameter of around 20 nm. 1.18 g HA (provided by Nan-
jing Epui Nanometer Material Co. Ltd., China) were dispersed in 10 mL
absolute ethyl alcohol and sonicated for 30 min twice. The prepared
HA suspension was mixed with PVP sol-gel solution, stirred with a mag-
netic stirring apparatus, and sonicated for 30 min twice to obtain a sta-
ble and homogeneous spinning solution, which was then electrospun in
an electrostatic spinning apparatus with a rotating cylinder as the col-
lector. The cylinder rotation speed was 2700 rpm, and the
electrospinning was carried out at a voltage of 20 kV, a flow rate of
0.05 mL h~! and a receiving distance of 12.5 cm). The membrane was
then calcined at 550 °C for 2 h to obtain the HA nanofibers. The fibers
were immersed in a solution containing 64 mg/mL collagen (Sichuan
Mingjean Biotechnology Co. Ltd., China) for 2 times, and the HA/colla-
gen nanofiber biocomposite obtained were cross-linked for 24 h in the
presence of 25% glutaraldehyde.

The HA/collagen nanofiber membrane was soaked in 10x simulated
body fluid (SBF, prepared according to the protocols described by Tas
et al. [35]), which was changed every 2 h. After 6 h, the membrane
was taken out, washed with distilled water for 3 times, and then dried
at 37 °C. The ultrastructure of the membrane was observed using scan-
ning electron microscopy (SEM) coupled with energy-dispersive spec-
troscopy (EDS) analysis (JEOL JSM-6700F microscope, Zeiss, Germany).

2.2. Construction of multi-level hierarchical HA/collagen composite implant

To construct the multi-level hierarchical HA/collagen composite im-
plant with biomimetic bone Haversian motif, the fibers were first
aligned in parallel by electrospinning technique, and the aforemen-
tioned composite fiber membrane composed of nanoscale raw HA and
collagen were rolled (parallel to the fibers axial) to form the biomimetic
bone motifs (500 pm in diameter), which contained 3 bottom-up hier-
archical levels: raw materials of HA and collagen (nanoscale), HA/colla-
gen fibers (nanoscale), and composite fiber membrane (microscale).
The motifs (the 4th, or the microscale, level of the bone) were paralleled
in its axial direction to construct bone Haversian system (5 mm in diam-
eter, macroscale) as the bone scaffolds, which mimicked the hierarchi-
cal structure of the natural bone [13,16,17,36,37].

2.3. Characterization of biomimetic bone scaffold microstructure

The constructed bone scaffold was scanned with micro-computed
tomography (microCT) (Siemens Inveon 3125). The resultant datasets
were evaluated for the micro-architectural parameters in an Inveon re-
search workplace including the scaffold volume (SV), material volume
(MV) of the scaffold, pore size, and the distribution and specific surface
area (SS/SV). The porosity analyzed with Inveon research workplace
was derived using Eq. (1).

Porosity% = (SV—MV)/SV x 100% (1)

The cross-sectional and three-dimensional morphology of the scaf-
fold was observed with microCT.

To analyze the fine microscopic structure of the bone scaffold, the
transverse and longitudinal sections of the bone scaffolds were magni-
fied step-by-step. To characterize the longitudinal section morphology
and microstructure, the motif of the scaffold was torn apart, immersed
it in liquid nitrogen for 15 min.
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2.4. Mechanical property assessment of the bone scaffold

According to the standard specimen size range for compression test
recommended by Keaveny et al. [38-40], we prepared the scaffolds into
6 mm x 12 mm specimens. The mechanical properties of the scaffolds
were tested using a high-temperature electronic testing machine at a
compression speed of 0.5 mm/min. To assess the stability of the bone
scaffold in vivo, we soaked the bone scaffolds in 10 x SBF for 1, 2, or
6 h to simulate the mineralization in vivo before testing the mechanical
properties; for each soaking time (including 0 h), the compression test
was repeated for 5 times and the compressive strength, Young's modu-
lus and the strength corresponding to the strain of the samples were all
analyzed. For convenience of description in the following text, we coded
the scaffold specimens soaked in 10 x SBFfor O h, 1 h, 2 h,and 6 h as 1#,
24, 3# and 44, respectively.

2.5. Biocompatibility assessment of the bone scaffolds

The bone scaffolds were cut into small pieces (6 mm in diameter)
and irradiated with short-wavelength UV-light for 30 min, sterilized
with 70% ethanol overnight, and washed with phosphate buffer saline
(PBS) for 3 times. Mesenchymal stem cells (MSCs) were cultured at 37
°C in Dulbecco's modified Eagle medium (DMEM; Gibco, USA)) supple-
mented with 10% (V/V) fetal bovine serum (FBS) in a humidified atmo-
sphere containing 5% CO,. The media was changed every other day.
After 7 days of culture, the monolayer MSCs were detached with
Trypsin-EDTA to prepared the single cell suspensions. The viable cells
were counted with a hemocytometer and resuspended in the medium
containing 5% FBS at the final density of 2 x 10° cells/mL. The MSCs
were seeded in a 6-well cell culture plate at 4 x 10° cells/well in 2 mL
of DMEM supplemented with 10% FBS and incubated with the bone
scaffolds at the bottom of the wells at 37 °C, with the cells cultured in
the absence of the scaffold as control.

After 72 h of incubation, the scaffolds were removed and washed
twice with cold PBS; the cells adhering to the scaffolds were fixed by im-
mersing the scaffolds in PBS containing 2.5% (V/V) glutaraldehyde for
10 min followed by washing with PBS for 3 times. The scaffolds were
carefully placed on glass slides, air dried, stained with 4’,6-diamidino-
2-phenylindole, dihydrochloride (DAPI), and observed with laser scan-
ning confocal microscope (Carl Zeiss, Jena, Germany) [41]. A second set
of scaffold specimens were further dehydrated in gradient ethanol of
50%, 60%, 70%, 80%, 90%, and 100%, for 15 min for each concentration,
dried overnight, and observed under SEM [42].

For CCK8 assay, the scaffold samples were leached (ISO 10993-
12:2012, Biological Evaluation of Medical Devices) with DMEM contain-
ing 10% FBS for three days before the experiment. The leach solutions
were blended every day and stored at 4 °C until use. The cells were
seeded in triplicate in 96-well plates (100 pL per well) at a plating den-
sity of 1 x 10* cells/well and incubated to allow for cell attachment.
After 24 h, the culture medium was removed and the cells were cultured
with 100 pL of 100% leach liquor for 24, 48, or 72 h. The wells containing
100% leach solution but no cells served as the blank control, and the cells
cultured in the culture medium without the leach solution as the posi-
tive control. After the incubation, 10 pL of CCK8 solution was added to
each well, and the plate was incubated at 37 °C for 2 h before measure-
ment of the optical absorbance (OA) at 450 nm using a full-wavelength
spectrophotometer (Thermo Fish Co. Ltd., Germany). The relative
growth rate (RGR) of the cells was quantified by optical absorbance
(OA) (450 nm) using the following equation:

RGR% = |OA|Experimental/|OA|C0ntrol x 100%

The toxicity of the scaffold material was classified into 5 grades ac-
cording to RGR: no toxicity (a RGR above 100), grade 1 toxicity (a RGR
between 99 and 75), grade 2 toxicity (a RGR between 74 and 50),

grade 3 toxicity (a RGR between 49 and 25), grade 4 toxicity (a RGR be-
tween 25 and 1), grade 5 toxicity (a RGR less than 0) [43].

3. Results and discussion

3.1. Morphology, cross-linking and biomineralization of the nanofiber
membrane

The morphology of the aligned HA/PVP nanofiber membrane was
shown in Fig. 1a. The uniform nanofibers were basically parallel to
each other. The membrane was calcined and used as the nanofiber skel-
eton for preparing HA/collagen composite. Fig. 1b-d show the aligned
HA/collagen nanofiber membrane after cross-linking and biominerali-
zation. Glutaraldehyde cross-linking did not affect the intrinsic chemical
structure of the native collagen or HA [44] and maintained the biological
activities of HA and collagen in the composite. As shown in Fig. 1c, the
nanofibers were coated with fine and dense biomineralization products,
which enhanced the membrane strength. The product had an atomic
ratio of Ca/P about 1.37 (Fig. 1d), similar to the composition of HA in
human bones [45].

3.2. Bottom-up construction of the biomimetic scaffold

The process of the biomimetic scaffold construction is illustrated in
Fig. 2. The current studies of biomimetic bone scaffolds focus mainly
on simulation of the porous bone structure (multistage gradient pores
[23], directional through-pores [19], etc.) and improvement of the
strength of the graft (by cross-linking [46], rolling nanofibers [34] and
weave fibers [30], etc.). Based on the above design method, the work
is not only from the perspective of bone composition but also bone mi-
crostructure, including nanometer level (nano scale raw materials and
nanofibers), micron level (nanofibers membrane and biomimetic mo-
tifs), and macroscope level (biomimetic bone plants). We mimic the
multi-level hierarchical structure of natural human bone step-by-step.
The structure bone scaffold had an optimal collagen to HA mass ratio
of 57.55/42.45.

3.3. MicroCT and structural characterization of the scaffold

Fig. 3 presents the microCT morphology of the implant. The sections
and stereogram show that the biomimetic bone consists of motifs sim-
ilar to the actual anatomy of natural bones [42]. The structural parame-
ters of HA/collagen composite implant are listed in Table 1. The porosity
of the scaffold was 39.23 + 0.43% by microCT (total porosity) and 34.45
=+ 0.39% by Archimedes method (open porosity). The open/total poros-
ity was about 87.82%, which could facilitate cells adhesion and promote
cells growth and metabolism. The specific surface area of the scaffold
was 47.40 + 2.12 m?/m?, and this large specific surface area may pro-
mote vascularization and cellular infiltration [47].

3.4. Microstructure SEM analysis of the motifs composed HA/collagen
implant

Microstructural observation with SEM of the composite HA/collagen
implant on the transverse section (Fig. 4) and the longitudinal section
(Fig. 5) showed the presence of lamellar cylindrical motif in the scaffold,
highlighting concentric lamellations in the motif (Fig. 4a) with straight-
through gaps between the layers ranging from 40 pum to 50 pym (Fig. 4b),
which could expand the contact area of the scaffold with body fluid to
facilitate the degradation and mineralization of the implant. SEM at a
higher magnification revealed a clear pattern of arrangement of the
nanofiber (Fig. 4c) and the nanoparticles that made up of each fiber
(Fig. 4d).

SEM of the longitudinal section of the scaffold revealed the parallel
alignment of the nanofibers and the biomimetic bone structure at the
nanoscale and micro- and macroscopic levels (Fig. 5). The scaffold
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Fig. 1. Scanning electron microscopic (SEM) images of aligned composite nanofibers. (a, Aligned HA/PVP nanofibers. b, HA/collagen nanofibers after glutaraldehyde cross-linking. c,

Biomineralized nanofibers in 10 x SBF. d, Composition of the biomineralized product).

implant we constructed had the expected structure resembling the hi-
erarchical structure of a natural bone [13].

3.5. Mechanical properties of the bone scaffolds
As shown in Fig. 6, the compressive strength of samples 1#, 2#, 3#

and 4# were about 3, 10, 19 and 22 MPa, respectively. The substantial
increments of the compressive strength as the soaking time in SBF

(Tl i)y  [(Imdzs >

increased was attributed to the formation of HA during continuous
soaking time in SBF increased was attributed to the formation of HA
during continuous mineralization process (Fig. 1c, d). The Young's mod-
ulus of samples 1#, 2#, 3# and 4# were approximately 19, 165, 335 and
360 MPa, respectively, demonstrating significant increments in Young's
modulus of samples after soaking in SBF for 1, 2, and 6 h (by 8.6, 17.6,
and 18.9 folds relative to the sample without SBF treatment, respec-
tively). The compressive strength corresponding to strain were about
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Fig. 2. Multi-level hierarchical structure schematic diagram of HA/collagen composite implant (a composite implant that is assembled step by step; the microstructure is similar to the

human bone constituent unit which has a hierarchy of multiple levels).
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2 mm

2 mm

Fig. 3. MicroCT scanning of the longitudinal and cross sections and three-dimensional topography of HA/collagen composite implant. (a, Longitudinal section. b, Cross section. ¢, Oblique

section. d, Stereogram).

only 16%, 6%, 8% and 6% for the 4 samples, respectively, suggesting that a
small strain caused a rapid increase in compression resistance, as the
positive effect of Haversian microstructure and HA. The compressive
strengths and Young's modulus of the scaffold were greatly improved
after soaking in SBF in a time-dependent manner, possibly because of
the biomineralization of the collagen component triggered by calcium
and phosphate ions in the SBF through a mechanism similar to that de-
scribed by Shin et al. [48]. As a result, HA was formed and distributed
along the composite nanofibers to reinforce the strength of the
scaffolds.

In addition, collagen is rich in amide groups, which can form chem-
ical bond with HA [49]. The scaffold had a large specific surface area and
an interpenetrating porous structure to allow SBF circulation, thus
abundant HA was generated and bonds were formed among HA and
collagen, fibers, membrane layers and biomimetic bone motifs, resulting
in much enhanced mechanical properties of the scaffold. The strains

Table 1
Microstructural parameters of HA/collagen composite implant.
The scaffold
Microstructure parameters HA/collagen composite implant
Total porosity (%) (LCT) 39.23
Open porosity (%) (Archimedes method) 34.45
Open porosity/Total porosity (%) 87.82
The specific surface area (m?/m>) 47.40

corresponding to the compressive strength of the samples were all not
higher than 16%, which was consistent with the loading strain of no
more than 8% in natural bones; a loading strain over 16% may likely re-
sult in fracture [50,51].

According to the available reports, when compared to the mechani-
cal properties of the scaffolds reported, the scaffold simulating multi-
level hierarchical bone structure, its initial compression strength is
3 MPa, better than that of mimic honeycomb structure bone scaffold
(1.62 MPa) [52].and that of self-assembly-induced 3D plotting for
macro/nano-porous collagen scaffolds with nanofibrous collagen fila-
ments (0.35 MPa) [53]. Moreover, the compression strength of multi-
level hierarchical bone scaffold before and after mineralization (the
mineralization time only 6 h) are 3 and 22 MPa respectively, mineral-
ized Young's modulus is 18.9 folds of initial modulus. While the com-
pression strength of the bovine gelatin electrospun scaffold before and
after mineralization (the mineralization time 7 days) are 2.8 and
6.3 MPa separately [54], and mineralized biomimetic collagen/algi-
nate/silica composite scaffolds is only 2.4 folds of initial modulus [55].
The above results show that the excellent properties of the biomimetic
multi-level hierarchical bone structure were not only demonstrated, but
also the mechanical properties of the mineralized scaffold were also
greatly improved.

3.6. Biocompatibility of biomimetic bone scaffolds
We used SEM and CCK-8 assay to assess the biocompatibility of the

scaffold by observing MSC growth on the scaffold implant. After culture
for 3 days on the implant, numerous MSCs were attached to the
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Fig. 4. SEM images of the transverse sections of biomimetic Harversian bone motif. (a, A general view of the motif. b, Interlayer morphology. c, Cross-section of the fibrous layer. d,
Nanostructure of the fibers).

10
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Fig. 5. SEM images of the biomimetic Harversian bone motif on the longitudinal section. (a, SEM image showing longitudinal alignment of the motif. b, Nanofibers aligned in parallel along
the motif. ¢, Nanostructure of the fibers).
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composite membranes (Fig. 7). The adhering MSCs showed elongation
and stretching with an optimal distribution over the implant, suggesting
the HA/collagen composite implant had a good biocompatibility and
could well support cell growth [56,57].

We also observed the growth of MSCs seeded onto the implant using
confocal microscopy. After 3 days of incubation, a large number of cells
with blue nuclei were observed with a regular distribution over the HA/
collagen nanofibers (Fig. 8). DAPI staining showed that the cells on the
implant and the control cells had similar morphologies of the cell nuclei,
suggesting the cell-friendliness of the HA/collagen nanofiber implant.

The results of CCK-8 assay showed that higher absorbance of the HA/
collagen nanofibers implant at different time intervals (24, 48 and 72 h)

100 um

was shown (Fig. 9), confirming that the implant leach liquor enhanced
the cellular proliferation. Moreover, the cytotoxity of HA/collagen nano-
fibers composite implant was listed in Table 2. The cytotoxity of leach li-
quor in 24 h,48 h and 72 h was below 1 grade, within the realm of
medical use. Overall, regardless of cell adhesion, vitality and the cyto-
toxicity of HA/collagen nanofibers implant, the biocompatibility of HA/
collagen nanofibers implant is in the favor of bone tissue engineering.

3.7. Limitations and prospect

In spite of the many advantages, we found that the composite HA/
collagen nanofiber scaffold had still insufficient compressive property

50 um

Fig. 7. SEM images of MSCs cultured 3 days on HA/collagen composite implant. (a, b — MSCs adhesion morphology and local enlarged MSCs morphology, red arrow pointed to MSCs). (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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50 jum

50 pm

Fig. 8. Confocal images showing early attachment of MSCs on HA/collagen composite implant at 72 h after seeding. MSCs were stained with DAPI (blue, nuclei) after chemical fixation using
2.5% glutaraldehyde. (a — The blue nucleus of MSCs were distributed along the aligned nanofibers which composed the composite plant, b — MSCs nucleus on the composite plant, ¢ —
MSCs nucleus of control group). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

after biomineralization compared with the natural bone (the axial com-
pressive strength and young modulus of human compact bone are
131-224 MPa and 17-20 GPa, respectively [58]). Further analyzed the
microstructure of bone, we found the size of the motifs in natural
bone is not uniform, ranging from 10 um to 500 pm [10]. The motif
size in the HA/collagen nanofiber scaffold was designed to be uniform
(about 500 pm). In addition, the interlayer fibers found in natural
bone motifs are arranged at different angles to each other (including
parallel) [59], and the center of every bone motif has a pore of 20-100
um. These features may affect the mechanical performance of the bone
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Fig. 9. CCK8 assay for assessing proliferation of MSCs cultured in leaching solution of HA/
collagen composite scaffold for 24, 48 and 72 h.

scaffold. In the future study, we will further optimize the biomimetic
bone microstructure.

Technically, small micropore and micro-size motifs are not easy to
construct, and converting the orientation of the fiber matrix composing
the micron motifs is more difficult. The bioinspired control of structure
and function is recognized as a promising strategy to enhance bone scaf-
fold performance. Ultimately, these will be achieved by technical ad-
vancement in the future.

4. Conclusion

We used bottom-up biomimetic bone structure synthesis from
the nanoscale to the micro- and macroscopic levels to construct
HA/collagen composite scaffold with a biomimetic bone Haversian
microstructure. The mechanical properties of the mineralized scaf-
folds were improved by the double strengthening, one is a large
number of newborn nano-particles HA strengthening, HA particles
distributed on the scaffold microstructure; the other is the new

Table 2
Cytotoxity of HA/collagen composite implant.
Culture time OD (450 nm) RGR (%) Grade
24h 1.9781 + 0.1044 87.41 1
48 h 2.4496 + 0.2022 100.70 0
72 h 2.473 4 0.0395 96.11 1
Control (24 h) 2.2631 4 0.01745 100
Control (48 h) 2.4326 4+ 0.0146 100
Control (72 h) 2.573 £ 0.04716 100
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chemical bonds strengthening, these bonds between HA and colla-
gen generated within and between the nanofibrous matrix mem-
brane of the scaffold. In addition, the scaffold maintains the fibrillar
structures, large specific surface area and through pores suitable for
bone tissue engineering, which are beneficial to cell growth, prolifer-
ation and material metabolism. Thus, we believe that this biomi-
metic bone scaffold can provide a promising application for bone
tissue engineering.
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