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ABSTRACT: Natural bone is a complex material with well-
designed architecture. To achieve successful bone integration
and regeneration, the constituent and structure of bone-
repairing scaffolds need to be functionalized synergistically
based on biomimetics. In this study, a hybrid membrane
composed of chitosan (CS), sodium carboxymethyl cellulose
(CMC), and nano-hydroxyapatite (n-HA) was curled in a
concentric manner to generate an anisotropic spiral-cylindrical
scaffold, with compositional and structural properties mimick-
ing natural bone. After optimization in terms of morphology,
hydrophilicity, swelling and degradation pattern, the osteoblast
cells seeded on the membrane of 60 wt% n-HA exhibited the
highest cell viability and osteocalcin expression. In vivo
osteogenesis assessment revealed that the spiral-cylindrical architecture played a dominant role in bone regeneration and
osseointegration. Newly formed bone tissue grew through the longitudinal direction of the cylinder-shaped scaffold bridging both
ends of the defect, bone marrow penetrated the entire scaffold and formed a medullary cavity in the center of the spiral cylinder.
This study for the first time demonstrates that the spiral-cylindrical scaffold can promote complete infiltration of bone tissues in
vivo, leading to successful osteointegration and functional reconstruction of bone defects. It suggests that the biomimetic spiral-
cylindrical scaffold could be a promising candidate for bone regeneration applications.
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1. INTRODUCTION

Bone repair represents a major research focus of bone defects
resulting from injuries, malformation, osteoporosis, and tumor
surgery.1 For large bone defects, bulk scaffolds are preferred to
other forms of materials (such as cements, injectable gels, and
membranes2−5) because of their capability of filling the missing
segments and provide sufficient temporary mechanical support
for host bone immediately after implantation.6 However, to
achieve successful bone regeneration, the constituent and
structure of the scaffold need to be functionalized synergisti-
cally. Despite the hard endeavors in this field, a very few
scaffolds succeeded in completely bone integration and
functional reconstruction in vivo.7

Natural bone is an anisotropic complex material that mainly
composed of cells, collagen matrix, and calcium phosphate in
the form of hydroxyapatite (HA). Inspired by the constituents
of the natural bone, a number of studies have used organic−
inorganic compounds to fabricate bone-repairing scaffolds.8−11

Among various classes of polymeric materials, polysaccharides
(chitosan, cellulose, alginate, etc.) possess several inherent
advantages: biodegradability, noncytotoxicity, low immunoge-
nicity, good biocompatibility, as well as abundant renewable
recources.12,13 They have been extensively used as polymer

matrix of organic−inorganic composite materials in recent
years, such as hydroxyapatite-containing chitosan nanofibers,
hydroxyapatite/bacterial cellulose nanocomposites, and calcium
phosphate-alginate hydrogels.14−16 On the other hand, the
structure of the scaffold plays another critical role in the
reconstruction of bone tissues, of which a highly porous
structure is identified as being critical for bone ingrowth, as well
as necessary nutrient and waste transport.17,18 However, the
past decades have witnessed limited success for the use of
porous scaffolds for the treatment of large bone defects, the
primary reason for this is the limitation of bone ingrowth.19−21

Unlike the anisotropy of natural bone, conventional porous
scaffolds exhibit isotropic transmission characteristics of
stress,22 which hampers their integration with the host bone.
Accordingly, finely designed 3D scaffolds with similar structures
of natural bone are required for better bone integration.
In recent work, we reported a hybrid CS/CMC/n-HA

membrane prepared by gradual electrostatic assembly.23

Natural biodegradable polysaccharides, cationic CS and anionic
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CMC, together with inorganic phase of n-HA were integrated
to generate a hybrid membrane with organic-inorganic
constituents similar to that of natural bone. Opposite charged
CS-CMC polysaccharides assembled through electrostatic
interaction to form the membrane framework, while n-HA
crystals filled in the polymer matrices with hydrogen bonds to
make a uniform distribution. Herein, an anisotropic spiral-
cylindrical scaffold with similar structure of natural bone was
developed based on the hybrid membrane, aiming at promoting
complete infiltration of bone tissue throughout the entire
scaffold and eventually achieving bone integration and
functional reconstruction. Similar structures were also found
in the literatures, such as microchannel structure reported by
Zuo et al.,24 orienting nanofiber matrices studied by Deng et
al.25 and spiral nanofibrous scaffolds prepared by Wang et
al.26−28 These studies confirmed that osteon-like structures
have the potential promotion of cell attachment, migration,
proliferation and differentiation during in vitro culture;
however, in vivo osteointegration of these scaffolds has not
been proved. In this study, physicochemical characteristics,
degradation behaviour, and cellular compatibility of the hybrid
membranes were assessed prior to scaffold fabrication. The
optimized membrane was perforated and curled in a concentric
manner to generate an anisotropic spiral-cylindrical scaffold. To
investigate the in vivo osteogenesis capability, the scaffolds were
implanted into radius defects of New Zealand white rabbits.
Osteogenesis assessment was carried out by means of X-ray
photography, microcomputed tomography (micro-CT), and
histological analysis with hematoxylin and eosin (H&E)
staining.

2. EXPERIMENTAL SECTION
2.1. Preparation of the Hybrid Membranes. The hybrid

membranes were prepared by gradual electrostatic assembly according
to our early work.23 The chemical interaction among the three
components was confirmed by FT-IR and XRD in the previous work,
and the preparation parameters of the hybrid membrane were
optimized according to their mechanical properties. On the basis of
this, the mass ratio between CS and CMC was fixed at 1:1, membranes
with different n-HA ratio were used for further assessment. The hybrid
membranes containing 0, 20, 40, and 60 wt % of n-HA were listed as
M0, M20, M40, and M60 respectively. Membranes with n-HA ratio
higher than 60 wt % were too fragile for practical application which
were not used in this study.
2.2. Characterization of the Hybrid Membranes. 2.2.1. Macro-

scopic Observation. The macroscopic observation of membranes in
the wet state was recorded by digital camera (EOS600D, Canon,
Japan).
2.2.2. Water-Contact Angle. Water-contact angle experiments of

the dry membranes were performed using a contact angle meter
(JC2000C, Zhongchen, China) at room temperature.
2.2.3. Swelling. The swelling behavior of the membranes was

determined in deionized water using a gravimetric method. The dry
membranes of known weight (Wd) were immersed in deionized water
at 37 ± 0.1°C for 48 h, and the wet weight (Ww) was determined by
wiping off the surface water with filter paper. The swelling degree
(SD) of the membrane was calculated according to the following
equation: SD (%) = (Ww − Wd)/Wd × 100.
2.3. Degradation of the Hybrid Membranes. The in vitro and

in vivo degradation behaviors of the hybrid membranes (M0, M20,
M40, and M60) were investigated. Pure CS membrane (symbolized as
CS) prepared under the same conditions was used as a control. The in
vitro biodegradation were examined by soaking the membranes in
phosphate buffer solution (PBS, pH = 7.4, changed once a week), 37
± 0.1°C water bath and 150 rpm permanent shaking to mimic a typical
physiological condition. For the in vivo biodegradation, the

membranes were intramuscularly implanted into back muscles of
Sprague−Dawley (SD) rats. All animal experimental procedures were
approved by the Ethic Committee of West China Hospital, Sichuan
University. The samples were collected at 1, 4, 8, and 12 week time
intervals. Before test, the in vivo samples were immersed in a 0.25%
trypsin solution at 37 °C for 24 h to digest the tissues attached on the
membranes after implantation. Non-implanted control samples were
subjected to the same conditions, indicating that the trypsin did not
degrade the membranes. Then both the in vitro and in vivo samples
were fully rinsed with deionized water and air-dried at room
temperature.

2.3.1. Scanning Electron Microscopy (SEM) and Energy
Dispersive X-Ray Spectroscopy (EDS) Analysis. The surface
morphologies of the membranes and the distribution of n-HA
particles were characterized by SEM (JSM-6510LV, JEOL, Japan)
and EDS (INCA Energy 250, Oxford, Britain) area scan at 20 kV after
surface gold sputtering.

2.3.2. Weight Loss. The degradation rate of the membranes was
examined with respect to weight loss: Weight loss (%) = (Wo −Wr) ×
100/Wo, where Wo and Wr represent the weight of the dried
membrane before and after degradation respectively.

2.3.3. Roasting Test. The n-HA ratio of residual hybrid membranes
at different degradation time were measured by roasting test. The
membranes (M20, M40, and M60) were roasted in muffle furnace at
1000 °C for 2 h to burn out polysaccharides, and the remaining weight
was from heat stable n-HA. Three samples were tested in parallel for
each membrane.

2.4. Cellular Compatibility of the Hybrid Membranes.
Primary osteoblast cells were obtained from the calvarias of 3-day-
old SD rats according to established procedure.29−31 Immuno-
cytochemistry and mineralized nodule formation test were used to
identify the cell phenotype (see the Supporting Information, Figure
S1). Osteoblasts at the third passage were used in the experiments.
The hybrid membranes (M0, M20, M40, and M60) were tailored into
disk-shaped slices (thickness ≈ 300 μm, diameter ≈ 13 mm). After
sterilization with 75% ethanol and washing with distilled water, the
membranes were seeded with osteoblasts (2 × 104 cells/well) in 24-
well plates. The cells were cultured with Ham’s F-12 medium (Gibco,
U.S.A., 1 mL/well) in humidified incubator (37°C, 5% CO2).

2.4.1. Morphology. The morphology and spreading of osteoblasts
growing on the membranes were observed with SEM (JSM-6510LV,
JEOL, Japan) and fluorescence microscopy (TE2000-U, Nikon
Eclipse, Japan). Before SEM observation, the samples were rinsed
with PBS, fixed with 2.5 vol. % glutaraldehyde, dehydrated through
graded ethanol and critical point dried in CO2. For the fluorescence
observation, the cells were labelled with the red fluorescent dye DiI
(Beyotime Institute of Biotechnology, China) before seeding.

2.4.2. Proliferation. The proliferation of osteoblasts cultured with
membranes was measured by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl-2H-tetrazolium bromide, Amresco, U.S.A.) assay with a
multilabel counter (Wallac Victor3 1420, Perkin-Elmer Co., U.S.A.) at
490 nm.

2.4.3. Differentiation. The osteocalcin (OCN) content was
measured in the culture medium using the rat bone gla protein/
osteocalcin (BGP/OCN) ELISA kit (RapidBio Lab, U.S.A.) according
to the manufacturer’s protocol.

2.5. Preparation and Characterization of the Membrane-
Based Spiral-Cylindrical Scaffold. The CS/CMC/n-HA hybrid
membrane with 60 wt % n-HA (M60) was used for scaffold
fabrication. An anisotropic spiral-cylindrical scaffold was designed to
simulate the microstructure of natural bone (Figure 1). To achieve
better bone ingrowth, the membrane (thickness ≈ 300 μm) was
treated by mechanical perforation, with a pore size of 300 μm and a
pitch (pore-to-pore spacing) of 1.0 mm. Then, the perforated
membrane was closely curled in a concentric manner to form a
column with a spiral cross-section, the skirt was eroded by acetic acid
solution and cemented on the scaffold (Figure 2a). The size of the
scaffold can be regulated according to the membrane size.

The compressive strength of the scaffold was characterized by
universal mechanical testing machine (RGT-5A 5KN, Shenzhen Reger
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Instrument Co., China). The cylindrical scaffold was prepared with a
size of Φ8 × 16 mm. Three parallel samples were tested with a cross-
head speed of 1.0 mm/min until 40% reduction in specimen height.
2.6. In Vivo Osteogenesis Assessment of the Spiral-

Cylindrical Scaffold. The animal experiments were approved by
the Ethic Committee of West China Hospital, Sichuan University. The
spiral-cylindrical scaffolds were adjusted to 10 mm in length and 3 mm
in diameter for the designed animal model. Eighteen New Zealand
white rabbits (2.0−2.5 kg) were divided into the scaffold group (9)
and the control group (9). Rabbits were anesthetized with intravenous
sodium pentobarbital (30 mg/kg body weight) before surgery. Then a
concave defect (10 mm long, 3 mm deep) was created at the middle
segment of the left radius (Figure 2b). After the debris at defect site
was washed away by physiological saline solution, the defect was filled
with the spiral-cylindrical scaffold, fixed by stitches (Figure 2c). The
control group was operated without implantation. Animals were
sacrificed at 4, 8, and 12 weeks post-operation for assessment (3
samples for each time point and each group).
2.6.1. X-ray Photography. The mineralization and osteogenesis of

radius defects were evaluated with high-resolution digital radiography

system (Elitys, Trophy Radiologie Inc, France), operating at 60 kV, 4
mA, and 0.06 s for exposure.

2.6.2. Microcomputed Tomography (Micro-CT). Three-dimen-
sional (3D) analysis was conducted on the rabbit bone specimens
using a micro-CT imaging system (μCT80 scanner, Scanco Medical,
Switzerland). The scanning system was set to 55 kV, 145 μA, a total of
700 microtomographic slices with a slice increment of 25 μm were
taken for each sample. A threshold between 200 and 1000 was applied
to discriminate bone from other tissue, and 3D Gaussian filter was
constrained at σ = 1.2 and support = 2 for partial suppression of the
noise in the volumes. The 3D reconstructed images were acquired
from a series of 650 serial 2048 × 2048 bitmap images. For the
quantitative evaluation of osteogenesis inside the scaffold, a cylindrical
region of interest (ROI) with a diameter of 3 mm and a height of 10
mm was chosen to represent the spiral-cylindrical scaffold and the
inner regenerated bone.

2.6.3. Histological Analysis. For the histological analysis, rabbit
bone specimens (only for the scaffold group) were fixed in 10%
neutral formalin, decalcified with EDTA, gradient-dehydrated with
ethanol and embedded in paraffin. Histological cross sections (5 μm
thick) were made in the middle part of the cylindrical scaffold, which
were perpendicular to the long axis of the radius, as shown in Figure 2a
(the dotted line). The sections were stained with hematoxylin and
eosin (H&E, Solarbio, China) and observed by optical microscopy
(TE2000-U, Nikon Eclipse, Japan).

2.7. Statistical Analysis. Quantitative data were presented as
means ± standard deviation (SD). Statistical analysis was carried out
using one-way ANOVA with a Student−Newman−Keuls test. A
significant difference was considered when p < 0.05.

3. RESULTS
3.1. Physicochemical Properties of the Hybrid

Membranes. Figure 3a exhibited the macroscopic morphology

of the membranes. With the increase of n-HA, the membrane
changed its appearance from transparent to dense quality,
accompanying with the increase of surface roughness. More-
over, both of the water contact angle and swelling degree
decreased with the increase of n-HA ratio in the membrane, as
shown in Figure 3b and c.

3.2. Degradation Behavior of the Hybrid Membranes.
The surface morphologies of the membranes before and after
12 weeks of in vitro and in vivo degradation were shown in
Figure 4. The CS membrane exhibited a smooth surface, little
morphology change was observed implying its slow degradation
rate. However, irregular ridges and visual defects were observed
on all the hybrid membrane surface after degradation. Except

Figure 1. (a) Microstructure of natural bone and (b) fabrication
process of biomimetic spiral-cylindrical scaffold based on the hybrid
CS/CMC/n-HA membrane.

Figure 2. (a) Schematic diagram of surgical procedures, (b) concave
defect of rabbit radius, and (c) implantation and fixation of the
scaffold.

Figure 3. (a) Macrographs, (b) water contact angle, and (c) swelling
degree (S.D.) of the hybrid membranes. (Error bars represent standard
deviation from the mean (n = 3). ***: p<0.001. *: p<0.05.)
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for craters and ridges of M0, some visual holes appeared on
M20, M40, and M60 because of the degradation of
polysaccharides. Irregular holes with size of 100−300 μm in
diameter were observed on M60. EDS area scan showed that
calcium (Ca) and phosphorus (P) are uniformly distributed in
all the CS/CMC/n-HA membranes before and after in vitro/in
vivo degradation (data not shown). This indicated that the
distribution of n-HA particles was uniform in polysaccharide
matrix after degradation. According to SEM observation, the
porosity of degraded scaffold was higher in in vivo experiments
when compared to that of in vitro experiments. Morphology
changes implied that the in vivo degradation level was higher
than in vitro for all the membranes, these results were further
confirmed by the weight loss. Data showed that the in vivo
weight loss level was around 2 times of the in vitro level. As can
be seen from Figure 5, the weight loss of CS membrane was
very low. For the hybrid membranes, the initial weight loss
decreased with the increase of n-HA ratio. But several weeks
later, the weight loss of M60 became higher than M20 and
M40 while still much lower than M0 which containing no
inorganic n-HA. This phenomenon was similarly observed in
both in vitro and in vivo degradation process. To check if n-HA
diffused into the surrounding environment, roasting test was
run at different time intervals. The n-HA ratio of the residual
hybrid membranes remained unchanged throughout the whole
degradation process (data not shown).
3.3. Cellular Compatibility of the Hybrid Membranes.

The morphology of osteoblast cells growing on the hybrid
membranes was shown in Figure 6a and b. The cells on M0
exhibited an elongated shape and limited intercellular
communication, probably because the smooth surface was
unfavorable for cell adhension.32,33 However, M20, M40, and
M60 appeared to be more suitable for cell attachment. The
flattened cells spread with numerous filopodia, lamellipodia,
and cytoplasmic extensions on these membranes. Most
importantly, increased cell proliferation was found with the
increase of n-HA ratio in the membranes. More continuous cell
layers were formed on M40 and M60 substrates than that of
M0 and M20. These results were confirmed by MTT assay. As
shown in Figure 6c, there was no significant difference in cell

Figure 4. SEM photographs of the surface morphologies of different membranes before and after 12 weeks in vitro/in vivo degradation.

Figure 5. Weight loss of different membranes at designed degradation
time: (a) in vitro degradation in PBS and (b) in vivo degradation in
the back muscles of SD rats. (Error bars represent standard deviation
from the mean (n = 3). ***: p<0.001. **: p<0.01. *: p<0.05. ns (no
significant difference): p > 0.05.)
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viability at initial period of culture. But 4 days later, cell viability
was enhanced with the increase of n-HA ratio in the membrane.
The cells seeded on M60 showed the highest cell viability
compared with M0, M20, and M40. This trend continued in
the following culture periods. Osteocalin (OCN) expression of
osteoblasts cultured on the membranes was shown in Figure
6d. As can be seen from the bar chart, the OCN level increased
with the increase of n-HA ratio in the membrane, and the cells
seeded on M60 showed the highest level of OCN expression.
3.4. Mechanical Properties of the Spiral-Cylindrical

Scaffold. The scaffold exhibited a compressive strength of 4.91
± 0.54 MPa, which was comparable to that of cancellous bone
(1−12 MPa).34

3.5. In Vivo Osteogenesis of the Spiral-Cylindrical
Scaffold. Figure 7a showed the typical X-ray images of the
surgical site at different implantation time. An opaque calcified
shadow was observed at the bone-implant interface 4 weeks
after surgery, but the density of the implant was lower than
normal tissues. Eight weeks later, calcification became evident
at the implant site, and callus formed around the periphery of
the scaffold as well as along the adjacent host bone surface.
Radiopacity was observed in the whole implant bridging both
ends of the defect at 12 weeks, implying that new bone tissue

grew through the entire scaffold and remodelled into cortical
bone. The defect of the control group also gradually cicatrized
with time, but the newly formed bone was slightly thinner than
the normal radius. Figure 7b showed the 3D reconstructed
images of the surgical site at rabbit radius. Limited amount of
new bone generated at the periphery of the implant at 4 weeks,
and clear suture marks were observed on the scaffold and
cortical bone surface. At 8 weeks post-surgery, callus formed at
both ends of the scaffold and the suture marks faded away. The
regenerated bone tissue tightly integrated with the scaffold at
12 weeks, a large area of the scaffold surface was wrapped with
new bone tissue. For the control group, the edges of the radius
defect became smooth with time due to callus formation. But
the defect was not fully reconstructed at 12 weeks as evidenced
by a slight concave surface in the middle part of the radius. To
evaluate bone regeneration inside the scaffold, a cylindrical
region of interest (ROI) was chosen for quantitative analysis
(only for the scaffold group). The detailed information on
structural parameters was shown in Figure 7c. Bone volume
density (bone volume/tissue volume, BV/TV) and bone
mineral density (BMD) were significantly increased with
time. On the contrary, bone surface density (bone surface
area/bone volume, BS/BV) showed a downward trend, which

Figure 6. (a) SEM photographs at 7 days, (b) fluorescence images at 7 days, (c) MTT, and (d) OCN assay of osteoblasts cultured on the hybrid
membranes. (Error bars represent standard deviation from the mean (n = 3). ***: p < 0.001. **: p < 0.01. *: p < 0.05. ns (no significant difference):
p > 0.05.)
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indicated that the new formed bone gradually grew into the
scaffold. Moreover, the increase of trabecular thickness (TbTh)
and trabecular number (TbN) as well as the decline of
trabecular separation (TbSp) also confirmed the bone
regeneration.
To detect whether the bone tissue grew throughout the

entire spiral-cylindrical scaffold, cross sections in the middle of
the scaffold were assessed by histological observation (only for
the scaffold group). As shown in Figure 8a and d, the spiral

scaffold was surrounded by a fibrotic tissue layer at 4 weeks, this
can be considered part of the normal response of the host. The
fibrotic capsule degraded at 8 weeks (Figure 8b), and the newly
generated bone tissues spread along the spiral wall of the
scaffold (Figure 8e). Moreover, bone marrow was observed in
the central part and among the membrane layers of the spiral
cylinder (Figure 8a and b). It confirmed that the spiral-
cylindrical structure allowed bone marrow flow. At 12 weeks,
the new bone tissues wrapped around the scaffold and grown

Figure 7. (a) X-ray photographs and (b) 3D reconstructed images of rabbit forelimb bone, and (c) micro-CT parameters of new bone formation
inside the spiral-cylindrical scaffold (only for the scaffold group). (Error bars represent standard deviation from the mean (n = 3). **: p<0.01. *:
p<0.05.)
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into the spiral structure, evidenced by a great amount of woven
bone and bone trabecula formed along the spiral wall and
tightly integrated with the scaffold (Figure 8c). Most
importantly, the regenerated bone tissues formed a medullary
cavity in the center of the spiral material, abundant bone
marrow was observed filling in the cavitary space (Figure 8f).

4. DISCUSSION

The hybrid CS/CMC/n-HA membrane was formed by gradual
electrostatic assembly. During the process, the extended
cationic CS chains bond with surrounding anionic CMC
chains through electrostatic interaction and hydrogen bonding
forming a polymer matrix framework, in which the n-HA
crystals also formed hydrogen bonds with the polymer chains
and helped to promote the stability of the membrane (see the
Supporting Information, Figure S2). The n-HA crystals contain
a large amount of hydrophilic groups (−OH). With the
increase of n-HA, the number of −OH on the membrane
surface grew accordingly, and the hydrophilicity of the
membrane could be increased. This hypothesis was confirmed
by water contact angle assay. M0, M20, and M40 exhibited
water contact angles higher than 65° implying their hydro-
phobic surface property, M60 showed a water contact angle of
54.37 ± 4.50° lower than that of the typical hydrophobic
surface (>65°).35 With a moderate hydrophilic surface, M60
was considered to be more favorable for cell adhesion and
proliferation than other hydrophobic membranes.36 In addition,
the membranes showed a decline in swelling degree due to the
increase of n-HA and decrease of CS and CMC ratio. Besides,
the increased intermolecular hydrogen bonds between n-HA
and polysaccharides also made a more compact polymer matrix.
The decrease of swelling degree could prevent the material
from serious deformation. When used as bone repair material,
this property is helpful for providing sufficient mechanical
support for the host bone before new bone formation. On the
basis of the above mentioned results, we concluded that M60
was better than the other membranes for scaffold fabrication.

The repairing process of bone defects could take several
weeks or even longer. In this process, the scaffold has to
provide temporary mechanical support before new tissue
regeneration, and meanwhile it should be gradually absorbed
or metabolized in vivo. Thus it is important to regulate the
balance between scaffold degradation and new bone formation.
Since our scaffold was fabricated using the hybrid CS/CMC/n-
HA membrane, the degradation behaviors of the membranes
were carefully evaluated. The results showed that the in vivo
degradation level was higher than in vitro for all the
membranes. This was because the degradation of CS and
CMC was primarily attributed to enzyme hydrolysis, and the
existence of in vivo hydrolysis enzymes (such as such as
lysozyme, proteases, and lipases37,38) accelerated the cleavage
of β-(1-4) glycosidic bounds in CS and CMC.37,39,40 Moreover,
the combination of CMC with CS could greatly improve the
degradation rate of CS membrane, and the addition of n-HA
could slow down the degradation of CS/CMC membrane. This
was due to the existence of strong hydrogen bonds between n-
HA and polysaccharides, which regulated the structure stability
of the hybrid membrane. It should be noted that, the network
was stable only within a certain range of n-HA, when the n-HA
ratio increased to 60 wt %, the polymer matrix could not
remain long-term stable, and the degradation accelerated in the
later period. During the process, calcium ion and inorganic
phosphate gradually released into the surrounding environ-
ment, which could be benefit for the reconstruction of bone
defect.41 Moreover, the irregular holes appeared on M60 with
pore size larger than 100 μm were helpful for bone ingrowth
into porous scaffold.17 These degradation behaviors suggested
that M60 was better than other membrane for scaffold
fabrication.
In the literature, there are some reports that demonstrate the

inhibitory effect of hydroxyapatite nanoparticles on the
proliferation of cells.42,43 However, hydroxyapatite in the
form of coating or composite has been confirmed to promote
osteoblast proliferation and differentiation, as well as bone
reconstruction.44−47 Our experiment also gave a positive result

Figure 8. Histological sections of the scaffold at 4 (a, d), 8 (b, e), and 12 weeks (c, f) post-implantation. (HB: host bone. NB: new bone. FT: fibrotic
tissue. BM: bone marrow. M: material.)
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that n-HA in the hybrid membrane do enhance cell adhesion,
spreading, proliferation and differentiation. The membranes
with higher n-HA ratio exhibited better cellular compatibility.
According to the previous report, n-HA have high osteocon-
ductivity and bioactivity, as well as excellent biocompatibility
with hard tissues.48−50 Besides, the membranes with higher n-
HA ratio are much rougher and more hydrophilic than the
lower ones. These properties resulted in the enhancement of
cell proliferation and phenotype expression on the membranes
with higher n-HA ratio. Compared with other membranes,
M60 (60 wt % n-HA) was most favorable for cell growth, thus
it was used to fabricate the spiral-cylindrical scaffold.
Besides the biodegradability and biocompatibility, the

mechanical property of the implant also plays an important
role in bone reconstruction. According to our previous study,
the tensile strength of M60 membrane was 2.38 ± 0.11 Mpa.23

After curling it in a concentric manner to generate an
anisotropic spiral cylinder, the scaffold exhibited sufficient
compressive strength (∼4.91 MPa) to support new bone
regeneration at the site of implantation.34

Osteogenesis capability of the spiral-cylindrical scaffold was
evaluated in a concave radius defect model of rabbit. Both X-ray
photographs and 3D micro-CT analysis showed that, new
formed bone wrapped around the scaffold and grew into the
spiral-cylindrical structure. Because the animal model was a
non-critical-sized defect, bone regeneration was also observed
in the control group. However, in many cases when the bone
defect is too severe or the local environment conditions are not
adequate for self-repair, the bone-repairing scaffolds are
necessary for healing these defects.51 In this experiment, the
n-HA ratio of the scaffold (60 wt %) was similar to that of
natural bone (around 65 wt %),52 which was helpful for implant
osteointegration. With the degradation of the material, the
scaffold could be tightly integrated with newly formed bone
tissue. Histological sections showed the details of bone
regeneration inside the spiral-cylindrical scaffold. At the initial
stage after surgery, the implantation of biodegradable materials
would activate humoral and cellular mechanisms to produce
inflammatory and healing responses of the foreign objects.53

The inflammatory cells, including leukocytes, monocytes and
lymphocytes faded away 4 weeks after surgery, but the
fibroblasts still gathered around the material. This can be
considered part of the normal process of response of the host
after implantation. Subsequent degradation of fibrotic layer and
infiltration of regenerated bone tissues revealed that the scaffold
was highly biocompatible. Since the scaffold architecture
consisted of a porous surface and a spiral-cylindrical channel,
bone would be forming not only from the margins but also
throughout the whole space of the scaffold, this discontinuous
bone ingrowth could result in faster healing than continuous
ingrowth.19,54 Most importantly, bone marrow was observed
inside the the spiral-cylindrical scaffold. This was critical for
bone tissue regeneration since the bone marrow was rich of
mesenchymal stem cells and osteoblasts.55,56 Bone marrow
penetrated the spiral cylinder and eventually formed a
medullary cavity in the center of the scaffold, which
demonstrated that the spiral-cylindrical scaffold could guide
oriented bone regeneration throughout the entire implant in
vivo, leading to successful bone integration and regeneration.

5. CONCLUSION
The biomimetic spiral-cylindrical scaffold was developed based
on hybrid CS/CMC/n-HA membrane for bone regeneration.

After assessment of physicochemical characteristics, degrada-
tion behaviour, and cellular compatibility, the optimized hybrid
membrane exhibited a rough and moderate hydrophilic surface,
controllable degradation behaviour, and provided excellent
microenvironment for osteoblast adhesion, proliferation and
differentiation. In vivo evaluation demonstrated that the spiral-
cylindrical architecture could promote complete infiltration of
bone tissue throughout the entire scaffold. New bone tissues
grew along the spiral wall bridging both ends of the defect,
bone marrow penetrated the entire spiral cylinder and formed a
medullary cavity in the center of the scaffold, leading to
successful osteointegration and functional reconstruction.
Taken together, the fabricated scaffold has a potential for the
treatment of large bone defects, and the capability of the
scaffold for healing of critical-sized segmental bone defects is
currently under investigation.
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(3) Wang, H.; Hansen, M. B.; Löwik, D. W. P. M.; van Hest, J.; Li, Y.;
Jansen, J. A. Adv. Mater. 2011, 23, H119−H124.
(4) Wang, H.; Boerman, O. C.; Sariibrahimoglu, K.; Li, Y.; Jansen, J.
A.; Leeuwenburgh, S. C. G. Biomaterials 2012, 33, 8695−8703.
(5) Vallet-Regi, M.; Ruiz-Hernandez, E. Adv. Mater. 2011, 23, 5177−
5218.
(6) Petite, H.; Viateau, V.; Bensaid, W.; Meunier, A.; De Pollak, C.;
Bourguignon, M. Nat. Biotechnol. 2000, 18, 959−963.
(7) Kolambkar, Y. M.; Dupont, K. M.; Boerckel, J. D.; Huebsch, N.;
Mooney, D. J.; Hutmacher, D. W. Biomaterials 2011, 32, 65.
(8) Vallet-Regí, M.; Colilla, M.; Gonzaĺez, B. Chem. Soc. Rev. 2011,
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