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anowire/collagen elastic porous
nanocomposite and its enhanced performance in
bone defect repair†

Tuan-Wei Sun, Ying-Jie Zhu * and Feng Chen*

The synthetic bone grafts that mimic the composition and structure of human natural bone exhibit great

potential for application in bone defect repair. In this study, a biomimetic porous nanocomposite

consisting of ultralong hydroxyapatite nanowires (UHANWs) and collagen (Col) with 66.7 wt% UHANWs

has been prepared by the freeze drying process and subsequent chemical crosslinking. Compared with

the pure collagen as a control sample, the biomimetic UHANWs/Col porous nanocomposite exhibits

significantly improved mechanical properties. More significantly, the rehydrated UHANWs/Col

nanocomposite exhibits an excellent elastic behavior. Moreover, the biomimetic UHANWs/Col porous

nanocomposite has a good degradable performance with a sustained release of Ca and P elements, and

can promote the adhesion and spreading of mesenchymal stem cells. The in vivo evaluation reveals that

the biomimetic UHANWs/Col porous nanocomposite can significantly enhance bone regeneration

compared with the pure collagen sample. After 12 weeks implantation, the woven bone and lamellar

bone are formed throughout the entire UHANWs/Col porous nanocomposite, and connect directly with

the host bone to construct a relatively normal bone marrow cavity, leading to successful

osteointegration and bone reconstruction. The as-prepared biomimetic UHANWs/Col porous

nanocomposite is promising for applications in various fields such as bone defect repair.
1. Introduction

Millions of people worldwide need bone gras to reconstruct
large bone defects caused by trauma, tumor surgery and infec-
tion each year.1–4 Nowadays, autologous bone graing and
allogeneic bone graing remain the most preferable treatments
for large bone defects. However, the clinical applications of the
autogra and allogra are limited by the donor-site morbidity,
limited supply, risks of infection and immunological reac-
tion.5–7 To overcome the shortcomings of the autogra and
allogra, various types of synthetic bone gra substitutes have
been extensively investigated to full bone integration and bone
regeneration in vivo.8–10

To achieve successful bone regeneration, the synthetic bone
gra substitutes should be osteoconductive and osteoinductive,
that is, the ideal synthetic bone gra substitutes should recruit
progenitor cells and facilitate their proliferation and osteogenic
differentiation, support the formation of new blood vessels and
bone tissue, and be gradually metabolized and replaced by the
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newly formed tissues.11–13 In addition, the ideal synthetic bone
gra substitute should possess excellent mechanical properties
to allow surgical handling and xation.11,14 To achieve these
goals, it is important to develop bone gra substitutesmimicking
the chemical composition and structure of human natural bone.
The natural bone is an inorganic–organic biocomposite with
�70 wt%minerals mainly hydroxyapatite (HAP, Ca10(PO4)6(OH)2)
and �30 wt% organic matrix (mainly type I collagen). More
interestingly, the natural bone is hierarchically constructed by
HAP nanocrystals and collagen matrix at the macro-, micro-, and
nanoscales, which endows the natural bone with excellent
mechanical properties.3,9,15 Thus, it is a rational strategy to
develop bone gra substitutes based on biomimetics.

The synthetic HAP is similar to the major inorganic
component of the natural bone in terms of chemical composi-
tion and structure, and has high biocompatibility, excellent cell
adhesion, and high osteoconductivity.16–18 Moreover, collagen,
as the organic constituent of the bone extracellular matrix, is
a promising biomaterial owing to its excellent biocompatibility,
cell affinity and biodegradability.19–21 Consequently, the HAP/
collagen (HAP/Col) composite scaffolds can chemically and
structurally mimic the natural bone, and have excellent bioac-
tivity, biodegradability and osteoinductive activity.11,13,22 So far,
the biomimetic HAP/Col composite scaffolds with high porosity
are typically fabricated via lyophilisation, which is benecial for
cell inltration, neovascularization and new bone ingrowth.23–25
This journal is © The Royal Society of Chemistry 2018
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However, the lyophilized HAP/Col scaffolds usually exhibit
small pore sizes and poor mechanical properties.11,22,26

Recent reports indicate that the addition of one-dimensional
HAP nanostructured materials such as HAP whiskers and
nanowires can signicantly improve the mechanical properties
and biological responses of the composite biomaterials.11,18,22,27

More signicantly, the highly exible ultralong HAP nanowires
(UHANWs) with lengths of several hundred micrometres were
prepared by the calcium oleate precursor solvothermal method
by this research group,28–30 and exhibit a great potential in
constructing different types of biomaterials with enhanced
mechanical properties and improved biological responses.18,27,31

In addition, the morphology of the UHANWs is similar to that of
mineralized collagen brils in the natural bone. Thus, the
UHANWs offer a promising prospect for the construction of
biomimetic HAP/Col porous nanocomposite with enhanced
mechanical properties and biological responses.

In our previous work, the UHANWs/collagen (UHANWs/Col)
composite porous scaffolds with UHANWs weight fractions
ranging from 0 to 100 wt% were synthesized, and exhibited
signicantly enhanced mechanical properties compared with
the HAP nanorods/collagen scaffolds.32 In this study, inspired
by the chemical composition and structure of the natural bone,
a biomimetic UHANWs/collagen (UHANWs/Col) elastic porous
nanocomposite with 66.7 wt% UHANWs has been prepared by
the freeze drying and subsequent chemical crosslinking.
Furthermore, the mechanical properties and cell attachment
performance of the UHANWs/Col porous nanocomposite are
investigated in detail. More importantly, the in vivo studies have
been performed to evaluate the performance of the biomimetic
UHANWs/Col porous nanocomposite in bone regeneration
compared with the pure collagen sample. Compared with the
pure collagen control sample, the biomimetic UHANWs/Col
elastic porous nanocomposite exhibits signicantly improved
mechanical properties. More signicantly, the rehydrated
UHANWs/Col porous nanocomposite exhibits excellent elastic
behavior. Moreover, the biomimetic UHANWs/Col porous
nanocomposite has a good degradable performance with
a sustained release of Ca and P elements, and can promote the
adhesion and spreading of mesenchymal stem cells. The in vivo
evaluation reveals that the biomimetic UHANWs/Col porous
nanocomposite can signicantly enhance bone regeneration
compared with the pure collagen sample. Aer 12 weeks
implantation, the woven bone and lamellar bone are formed
throughout the entire UHANWs/Col porous nanocomposite,
and the newly formed bone can connect directly with the host
bone to construct a relatively normal bone marrow cavity,
leading to successful osteointegration and bone reconstruction.

2. Experimental section
2.1. Chemicals

CaCl2, NaOH, NaH2PO4$2H2O, and methanol were purchased
from Sinopharm Chemical Reagent Co. Ltd. Absolute ethanol
was obtained from Lingfeng Chemical Reagent Co. Ltd. Oleic
acid was purchased from Aladdin Industrial Corporation. N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride
This journal is © The Royal Society of Chemistry 2018
(EDC) and N-hydroxysuccinimide (NHS) were purchased from
Sigma-Aldrich. The lyophilized collagen sponge was purchased
from Chengdu Kele Biological Technology Co. All chemicals
were used as received without further purication. Deionized
water was used in all experiments.

2.2. Synthesis of ultralong hydroxyapatite nanowires
(UHANWs)

UHANWs were synthesized by the calcium oleate precursor
solvothermal method.28–30 In a typical experiment, 150 mL of
NaOH (10.500 g) aqueous solution, 120 mL of CaCl2 (3.330 g)
aqueous solution and 180 mL of NaH2PO4$2H2O (9.360 g)
aqueous solution were separately added to a mixture of meth-
anol (60 mL), oleic acid (105 mL) and deionized water (135 mL)
under vigorous mechanical stirring in an ice-water bath. Then,
the resulting mixture was transferred to a Teon-lined stainless
steel autoclave with a volume of 1 liter, sealed, and heated at
180 �C for 20 h. Aer cooling to room temperature, the product
was collected, and washed with absolute ethanol and deionized
water several times, and dispersed in deionized water to form
a homogeneous suspension for further use.

2.3. Preparation of UHANWs/Col porous nanocomposite

The biomimetic UHANWs/collagen (UHANWs/Col) porous
nanocomposite with 66.7 wt% UHANWs was prepared by the
freeze drying method. Firstly, a homogeneous collagen aqueous
solution with a concentration of 0.04 g g�1 was obtained by
mixing the lyophilized collagen sponge with deionized water
under vigorous magnetic stirring at room temperature. Then,
the as-prepared UHANWs aqueous suspension (0.04 g g�1) was
added to the collagen aqueous solution (0.04 g g�1) with
a weight ratio of 2 : 1. Aer vigorous stirring, the homogeneous
mixture was transferred into a 48-well plate, frozen at�20 �C for
36 h, and freeze-dried at �20 �C. Finally, the lyophilized
UHANWs/Col nanocomposite was chemically cross-linked in
a mixture of 80 vol% ethanol and 20 vol% deionized water
containing 20 mM EDC and 8 mM NHS for 24 h.18,33,34 Then, the
cross-linked UHANWs/Col porous nanocomposite was rinsed
with ethanol and deionized water several times, and dried at
37 �C. Similarly, the pure collagen sample as the control sample
was prepared under the same conditions but using the pure
collagen aqueous solution. The as-prepared pure collagen
sample and UHANWs/Col porous nanocomposite were steril-
ized with 29 kGy of 60Co radiation before use.

2.4. Characterization

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images of the samples were recorded with
the eld-emission scanning electron microscope (Hitachi
SU8220, S-3400, Japan) and a eld-emission transmission
electron microscope (JEOL JEM-2100F, Japan), respectively. The
UHANWs powder, pure collagen sample, and biomimetic
UHANWs/Col porous nanocomposite were compressed into
tablets and characterized with X-ray diffraction (XRD) using an
X-ray diffractometer (Rigaku D/max 2550 V, Cu Ka radiation, l¼
1.54178 Å).
RSC Adv., 2018, 8, 26218–26229 | 26219
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2.5. Porosity of the as-prepared porous nanocomposite

The porosity as the percentage of void space in a porous
nanocomposite was calculated from the relative density
value.22,35,36 The relative density (ra/rm) was determined from
the apparent density (ra) and material density (rm) of the freeze-
dried porous nanocomposite. The material density of solid
collagen and HAP was assumed to be 1.30 and 3.15 g mL�1,
respectively.35,37 Thus, the material density of the collagen
sample and UHANWs/Col porous nanocomposite with 66.7 wt%
UHANWs was calculated to be 1.30 and 2.14 g mL�1, respec-
tively. The apparent density of the freeze-dried porous nano-
composite was calculated using the equation (ra ¼ m/V), where
m and V are the mass and volume of the freeze-dried porous
nanocomposite, respectively. The porosity of the as-prepared
freeze-dried porous nanocomposite was calculated using the
formula:

Porosity (%) ¼ (1 � ra/rm) � 100

For each type of the nanocomposite, 5 samples were tested
and the average value was reported.
2.6. Mechanical properties of the nanocomposite

The rehydrated porous nanocomposite was obtained by soaking
the freeze-dried porous nanocomposite in deionized water for
12 h. Then, the mechanical properties of the freeze-dried
porous nanocomposite and rehydrated porous nanocomposite
(F 10 mm � 10 mm) were characterized using a universal
testing machine (Drick, China). The compressive modulus of
the porous nanocomposite was calculated based on the slope of
the stress–strain curve in the elastic strain within 0–10% strain.
For each type of the porous nanocomposite, 5 samples were
tested and the average value was reported.
2.7. In vitro degradation of the UHANWs/Col porous
nanocomposite

The release behaviors of Ca and P elements from the biomi-
metic UHANWs/Col porous nanocomposite were investigated as
follows: the UHANWs/Col porous nanocomposite (20 mg) was
immersed in normal saline (15 mL), sealed, and shaken
constantly (120 rpm) at 37 �C in a desk-type constant-
temperature oscillator (THI-92A, China). At given time inter-
vals, 3 mL of the supernatant solution was withdrawn and
measured by an inductively coupled plasma-optical emission
spectrometer (ICP-OES, JY 2000-2, Horiba) to analyze the
concentrations of Ca and P elements in the release medium,
and replaced with the same volume of fresh normal saline.
2.8. In vitro studies

2.8.1. Cell isolation and culture. The rat bone marrow-
derived mesenchymal stem cells (rBMSCs) were isolated from
the femurs of 4 week-old Sprague-Dawley (SD) rats. Firstly, the
bonemarrow of the diaphysis was ushed out and suspended in
Dulbecco's modied Eagle's medium (DMEM, Gibco, USA)
26220 | RSC Adv., 2018, 8, 26218–26229
supplemented with 10% fetal bovine serum (Gibco, USA) and
1% (v/v) penicillin/streptomycin (Gibco, USA). Then, the cells
were cultured at 37 �C in a 5% CO2 incubator, and the non-
adherent cells were removed aer 48 h of culture. The cells
were subcultured at a conuence of 80–90%, and the cells from
passages 2 to 6 were used for the experiments.

2.8.2. Cell adhesion and morphology. The collagen sample
and UHANWs/Col porous nanocomposite (F 10 mm � 2 mm)
were placed into a 48-well plate and seeded with 0.5 mL of cell
suspension at a density of 1 � 105 cells per nanocomposite.
Aer 3 days of culture, the cell morphologies on the collagen
sample and UHANWs/Col porous nanocomposite were
observed using a confocal laser scanning microscope (CLSM,
LSM 510, Zeiss) and a scanning electron microscope (Hitachi S-
3400, Japan). For the cytoskeleton staining, the porous nano-
composite with cells was xed in 4% paraformaldehyde, treated
with Triton X-100 (0.5 vol%) for 5 min, and stained with
rhodamine phalloidin (Sigma) and 40,6-diamidino-2-
phenylindole (DAPI; Sigma) in darkness for 30 min and
5 min, respectively. Then, the cells on the porous nano-
composite were observed and imaged with CLSM. For SEM
observation, the porous nanocomposite with cells was xed
with 2.5 vol% glutaraldehyde for 4 h, dehydrated in a series of
ethanol solutions with gradient concentrations (50, 70, 80, 90,
95, and 100 vol%) for 10min, and freeze-dried. Aer coated with
platinum, the cells on the porous nanocomposite were observed
with SEM.

2.8.3. Cell proliferation. The proliferation of rBMSCs on
the collagen sample and UHANWs/Col porous nanocomposite
was assessed using the cell counting Kit-8 assay (CCK-8,
Dojindo Molecular Technologies, Inc., Japan). Briey, the
rBMSCs were seeded on the porous nanocomposite (F 10 mm
� 2 mm) at a density of 1 � 105 cells per nanocomposite and
cultured for 1, 3 and 5 day(s). At each time point, the culture
medium was removed and the cells were washed twice with
phosphate buffered saline (PBS). Then, 500 mL of fresh medium
containing 10% CCK-8 was added to each well. Aer incubation
for 2 h at 37 �C, aliquots (100 mL) from each well were trans-
ferred to a 96-well plate for measurement. The absorbance of
the samples was measured with a microplate reader (Bio-Rad
680, USA) at 450 nm. The result was expressed as the absor-
bance of the aliquot minus that of the well without cells, and
each data was represented as the mean value of three parallel
measurements.
2.9. In vivo bone regeneration

2.9.1. Animal surgical procedure. The animal experiments
were performed in accordance with the Guide for the Care and
Use of Laboratory Animals of National Research Council and
approved by the Animal Research Ethics Committee of the
Second Military Medical University. 24 New Zealand white
rabbits (2.5–3.0 kg) were used in the animal experiments. The
rabbits were randomly divided into the UHANWs/Col porous
nanocomposite group (n¼ 12) and the collagen control group (n
¼ 12). Aer anesthetized with intravenous pentobarbital
sodium (30 mg per kg body weight), a concave bone defect
This journal is © The Royal Society of Chemistry 2018
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(15 mm long, 3 mm deep) was created at the middle segment of
the radius of the right forelimb. Followed by a rinse of sterile
physiological saline solution, the defect was implanted with the
collagen or UHANWs/Col porous nanocomposite. Then, the
incision was sutured using absorbable suture. Aer surgery,
each rabbit was given penicillin injection.

2.9.2. Micro-computed tomography (micro-CT) assess-
ment. The animals were sacriced at 4, 8 and 12 weeks post-
operation (4 rabbits for each time point and each group). The
bone specimens were collected and scanned by a micro-CT
scanner (mCT-80, Scanco Medical, Switzerland) to evaluate
the new bone formation in the defects. The morphologies of the
bone specimens were reconstructed into 3-D images. New bone
volume relative to tissue volume (BV/TV) and trabecular number
(Tb.N) were quantied by micro-CT.

2.9.3. Histological analysis. For the histological analysis,
the bone specimens were decalcied, dehydrated in ethanol
solutions with ascending concentrations, and embedded in
paraffin. Then, histological longitudinal sections (5 mm thick) of
each bone specimen weremade in themiddle part of the defects
which were parallel to the long axis of the radius. The sections
were stained with hematoxylin and eosin (H&E) and observed
with an optical microscope.

2.10. Statistical analysis

The data was presented as the mean � standard deviation (SD).
One-way analysis of variance (ANOVA) and Student-Newman-
Keuls post hoc tests were used to determine the level of signi-
cance. And the values of p < 0.05 were accepted to be signicant.

3. Results and discussion
3.1. Morphological characterization of the as-prepared
nanocomposite

Ultralong hydroxyapatite nanowires (UHANWs) as the inorganic
constituent of the as-prepared UHANWs/Col porous nano-
composite were synthesized by the calcium oleate precursor
solvothermal method at 180 �C for 20 h. As shown in Fig. 1, the
as-prepared UHANWs have diameters of about 10–40 nm and
ultralong lengths of several hundred micrometers. Moreover,
Fig. 1 SEM micrographs (a–c) and TEM image (d) of the as-prepared
highly flexible ultralong hydroxyapatite nanowires.

This journal is © The Royal Society of Chemistry 2018
the as-prepared UHANWs exhibit excellent exibility and are
bendable at an arbitrary degree. These experimental results
demonstrate that the as-prepared UHANWs have obvious
advantages in constructing hierarchical porous nanocomposite
with enhanced mechanical properties.

In consideration of the chemical composition and structure
of the natural bone, the biomimetic UHANWs/Col porous
nanocomposite with 66.7 wt% UHANWs was synthesized by
freeze-drying the aqueous suspension containing UHANWs
and collagen. From the insets in Fig. 2a and d, one can see that
the as-prepared collagen sample and UHANWs/Col porous
nanocomposite exhibit a cylindrical shape and are similar in
size. The collagen sample shows pale yellow in color, whereas
the UHANWs/Col porous nanocomposite exhibits milk-white
in color owing to the presence of a high weight fraction of
UHANWs. The structure of the collagen sample and UHANWs/
Col porous nanocomposite is evaluated by SEM (Fig. 2). As
shown in Fig. 2a and d, the as-prepared collagen sample and
UHANWs/Col nanocomposite are highly porous and exhibit
a three-dimensional interconnected pore network with pore
sizes ranging from 200 to 400 mm, which is benecial for the
ow transportation of nutrients, cell growth and bone
ingrowth.38,39 Higher magnication SEM images further reveal
that the surface of pore walls of the collagen sample is dense
and relatively smooth (Fig. 2b and c), whereas the surface of
pore walls of the UHANWs/Col porous nanocomposite (Fig. 2e
and f) is signicantly different from the collagen sample,
which is obviously rough. Moreover, the highly exible
UHANWs are uniformly covered by collagen and interweave
with each other to form the hierarchical porous fabric-like
structure.
Fig. 2 SEM images: (a–c) the collagen sample; (d–f) the biomimetic
UHANWs/Col porous nanocomposite with 66.7 wt% UHANWs. The
insets in (a) and (d) are digital images of the collagen sample and the
UHANWs/Col porous nanocomposite, respectively.

RSC Adv., 2018, 8, 26218–26229 | 26221
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Fig. 4 Porosities of the collagen sample and biomimetic UHANWs/
Col porous nanocomposite with 66.7 wt% UHANWs.
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3.2. Characterization of the chemical composition of the as-
prepared nanocomposite

The chemical compositions of the UHANWs, collagen sample,
and UHANWs/Col nanocomposite were further analyzed by
XRD. As shown in Fig. 3, the XRD pattern of the collagen sample
exhibits the characteristic peaks of collagen with a weak
diffraction peak at around 8� and a broad hump at around
22�,18,40 indicating that the collagen sample has a low crystal-
linity. The well-dened diffraction peaks of UHANWs at 2q
values of 10.8�, 18.8�, 21.8�, 29.0�, 31.8�, 32.9�, 39.8�, 48.6�,
51.3� and 59.9� correspond to the (100), (110), (200), (210), (211),
(300), (310), (320), (410) and (420) crystal planes of HAP, the
crystal phase of the as-prepared UHANWs can be indexed to
a single phase of HAP with a hexagonal structure (Ca10(PO4)6(-
OH)2, JCPDS no. 09-0432).18,27 Moreover, the XRD pattern of the
UHANWs/Col porous nanocomposite exhibits both the charac-
teristic peaks of collagen and HAP. The as-prepared biomimetic
UHANWs/Col porous nanocomposite with 66.7 wt% UHANWs
is promising for the applications in various biomedical elds
such as bone defect repair.41–43
3.3. Porosity and pore interconnectivity of the as-prepared
nanocomposite

Scaffolds with porous structure and well-interconnected large
pores can support and promote cell inltration and neo-
vascularization, which is benecial for the new bone
ingrowth.23–25 The porosity and pore interconnectivity of the as-
prepared biomimetic UHANWs/Col porous nanocomposite with
66.7 wt% UHANWs were further investigated. As shown in
Fig. 4, the collagen sample and UHANWs/Col nanocomposite
are highly porous and exhibit the similar porosity of 96.56 �
0.48 and 96.61 � 0.22%, respectively, which is in the porosity
range of the human cancellous bone.44 In addition, the high
porosities of the collagen sample and UHANWs/Col nano-
composite are consistent with the SEM observation of the
porous structure of the nanocomposite (Fig. 2).
Fig. 3 XRD patterns of the collagen sample, UHANWs, and UHANWs/
Col porous nanocomposite.

26222 | RSC Adv., 2018, 8, 26218–26229
To demonstrate the porous structure and excellent pore inter-
connectivity of the as-prepared biomimetic UHANWs/Col porous
nanocomposite, several drops of alamarBlue cell viability assay
reagent were dropped on the top surface of the UHANWs/Col
porous nanocomposite (Fig. 5). The alamarBlue cell viability
assay reagent is quickly absorbed by the UHANWs/Col porous
nanocomposite, and the top half of the nanocomposite becomes
dark-blue (Fig. 5b). The alamarBlue cell viability assay reagent
gradually permeates to the bottomhalf of the UHANWs/Col porous
nanocomposite (Fig. 5c), then the whole UHANWs/Col porous
nanocomposite becomes dark-blue (Fig. 5d and e). Aer cutting
the UHANWs/Col porous nanocomposite open, one can see that
the interior of the UHANWs/Col porous nanocomposite is evenly
dyed dark-blue and exhibits highly porous structure with a large
number of macroscopical pores (Fig. 5f).

To further investigate the pore interconnectivity of the
biomimetic UHANWs/Col porous nanocomposite, the
UHANWs/Col porous nanocomposite was rehydrated in deion-
ized water and placed in a glass Petri dish with 5 vol% ala-
marBlue cell viability assay reagent solution. When contacting
with the alamarBlue cell viability assay reagent solution, the
bottom half of the hydrated UHANWs/Col porous nano-
composite becomes blue rapidly (Fig. 6b). Aer being squeezed
and released, the whole UHANWs/Col porous nanocomposite
becomes blue rapidly (Fig. 6c–e), indicating that the alamarBlue
cell viability assay reagent solution goes from the bottom to the
top of the UHANWs/Col porous nanocomposite, which can be
explained by its excellent pore interconnectivity and high
hydrophilicity. These experimental results further conrm that
the biomimetic UHANWs/Col porous nanocomposite is highly
porous with well-interconnected pores. Moreover, the excellent
elastic property reveals the excellent mechanical properties of
the as-prepared UHANWs/Col porous nanocomposite.

3.4. Mechanical properties of the as-prepared
nanocomposite

The mechanical properties of the implanted scaffolds play an
important role in bone regeneration and reconstruction. For
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Characterization of the porous structure and pore interconnectivity of the biomimetic UHANWs/Col porous nanocomposite with
66.7 wt% UHANWs: (a) digital image of the UHANWs/Col porous nanocomposite; (b–e) the permeable performance of the alamarBlue cell
viability assay reagent from the top to the bottom of the UHANWs/Col porous nanocomposite; (f) digital images in the cross section from top to
bottom of the UHANWs/Col porous nanocomposite.
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instance, the scaffolds with rigid matrices could signicantly
stimulate the expression of osteogenesis-related genes of mesen-
chymal stem cells via the mechanical signaling pathways.9,45,46 In
addition, the implanted scaffolds provide sufficient mechanical
strength and mechanical stability in vivo to withstand mechanical
loading and support the new formed bone.7,47 In this work, the
compressive mechanical properties of the collagen sample and
biomimetic UHANWs/Col porous nanocomposite were investi-
gated under dry and rehydrated states, as shown in Fig. 7. The
addition of UHANWs has an obvious inuence on the mechanical
Fig. 6 Excellent pore interconnectivity of the biomimetic UHANWs/Co
drated UHANWs/Col porous nanocomposite is placed in a glass Petri
squeezing the UHANWs/Col porous nanocomposite with a finger; (d and
The scale bar represents 1 cm.

This journal is © The Royal Society of Chemistry 2018
properties of the collagen sample (Fig. 7a and b). Compared with
the collagen sample, the biomimetic UHANWs/Col porous nano-
composite exhibits signicantly enhanced mechanical properties
both under dry and rehydrated conditions (Fig. 7c and d). More-
over, the compressive modulus of the UHANWs/Col porous
nanocomposite in a dry state (839.4 � 66.9 kPa) and rehydrated
state (76.06� 7.27 kPa) is about 7 and 4 times those of the collagen
sample (116.3 � 19.6 kPa and 18.32 � 2.25 kPa), respectively,
indicating that the UHANWs are the promising reinforcing mate-
rial and can remarkably improve the mechanical properties of the
l porous nanocomposite with 66.7 wt% UHANWs: (a and b) the rehy-
dish with 5 vol% alamarBlue cell viability assay reagent solution; (c)
e) releasing the UHANWs/Col porous nanocomposite after squeezing.

RSC Adv., 2018, 8, 26218–26229 | 26223
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Fig. 7 Compressive mechanical properties of the collagen sample and biomimetic UHANWs/Col porous nanocomposite with 66.7 wt%
UHANWs: Stress–strain curves (a and b) and Young's modulus (c and d) of the freeze-dried porous nanocomposite (a and c) and rehydrated
porous nanocomposite (b and d).

Fig. 8 Mechanical properties of the biomimetic UHANWs/Col porous
nanocomposite with 66.7 wt% UHANWs: (a) digital image of the
UHANWs/Col porous nanocomposite rehydrated in deionized water;
(b–d) the rehydrated UHANWs/Col porous nanocomposite can be
repeatedly squeezed (b and c) and rebound rapidly to its original
cylindrical shape (d).
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UHANWs/Col nanocomposite while retaining the highly porous
and interconnected pore structure of the nanocomposite.

The excellent mechanical properties of the biomimetic
UHANWs/Col porous nanocomposite with 66.7 wt% UHANWs
were further investigated. As shown in Fig. 8 and Video S1 in the
ESI,† the rehydrated UHANWs/Col porous nanocomposite can
be repeatedly squeezed and rapidly rebound to its original
shape, indicating excellent elastic property of the as-prepared
biomimetic UHANWs/Col porous nanocomposite. During the
repeating compression–release–compression–release cycles,
the UHANWs/Col porous nanocomposite undergoes a reversible
geometry change with an excellent elastic performance. When
the porous UHANWs/Col nanocomposite is compressed, the
internal pore walls and channels of the UHANWs/Col nano-
composite are deformed but not damaged. When the
compression force is removed, the deformed pore walls and
channels expand and restore the original shape owing to
excellent mechanical properties and absorption of water.

The signicantly improved mechanical properties of the as-
prepared UHANWs/Col porous nanocomposite mainly results
from the biomimetic porous structure constructed with the
highly exible UHANWs and collagen matrix. The abundant
–OH groups of UHANWs can form hydrogen bonds with the
–OH groups and –NH2 groups of collagen matrix.48 The calcium
ions on the terminated surface of hydroxyapatite crystals may
form the bond with the end groups –NH2 and –COOH of
collagen matrix.49 In addition, the collagen triple helix can
26224 | RSC Adv., 2018, 8, 26218–26229
entangle with the UHANWs.18 Thus, the highly exible
UHANWs can form the UHANW-collagen nanocomposite
brils. The UHANW-collagen nanocomposite brils exhibit
high exibility and further interweave with each other to
This journal is © The Royal Society of Chemistry 2018
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construct the three-dimensional biomimetic porous structure
of the UHANWs/Col nanocomposite, which endows the
UHANWs/Col porous nanocomposite with signicantly
enhanced mechanical properties.
3.5. In vitro degradation of the UHANWs/Col porous
nanocomposite

In consideration of the superior mechanical properties, the
biomimetic UHANWs/Col porous nanocomposite with 66.7 wt%
UHANWs has a promising potential for bone tissue engineering
applications. Thus, the degradation behavior of the as-prepared
UHANWs/Col porous nanocomposite was further assessed by
investigating the release performance of Ca and P elements in
aqueous solution. As shown in Fig. 9, Ca and P elements exhibit
similar release proles from the biomimetic UHANWs/Col
porous nanocomposite in the normal saline. The release of Ca
and P elements is rapid in the rst 5 days, then slows down, and
reaches a plateau. Aer soaking in the normal saline for 21 days,
the cumulative release amounts of Ca and P elements are 53.9%
and 36.1%, respectively. These experimental results demon-
strate that the as-prepared biomimetic UHANWs/Col porous
nanocomposite has good degradation properties.
Fig. 10 Cell morphology observation. (a and d) Cytoskeleton staining;
(b, c, e and f) SEM micrographs of rBMSCs after culture for 3 days on
the collagen sample (a–c) and biomimetic UHANWs/Col porous
nanocomposite (d–f).
3.6. Cell adhesion and proliferation on the UHANWs/Col

porous nanocomposite

The biocompatibility of the UHANWs/Col porous nanocomposite
with 66.7 wt% UHANWs was assessed by the cell adhesion and
proliferation tests. Aer 3 days of culture, the rBMSCs cells
maintain their phenotype and spread well with lopodia on the
surface of the collagen sample and UHANWs/Col porous nano-
composite (Fig. 10). More signicantly, the rBMSCs on the
surface of the UHANWs/Col porous nanocomposite (Fig. 10d–f)
exhibit prominent cytoplasmic extension and spread well with
lopodia and lamellipodia compared with those on the collagen
Fig. 9 The release profiles of Ca and P elements from the biomimetic
UHANWs/Col porous nanocomposite after soaking in the normal
saline for different times.

This journal is © The Royal Society of Chemistry 2018
sample (Fig. 10a–c), indicating that the UHANWs/Col porous
nanocomposite is benecial to cell attachment.

The proliferation of rBMSCs on the collagen sample and
UHANWs/Col porous nanocomposite was determined by the
CCK-8 assay, and the experimental results are shown in Fig. 11.
The collagen sample and UHANWs/Col porous nanocomposite
exhibit a good biocompatibility and are favorable for the
proliferation of rBMSCs in the rst 5 days of culture, then the
cell proliferation on the collagen sample slows down, and the
Fig. 11 The CCK-8 assay of the rBMSCs proliferation on the collagen
sample and biomimetic UHANWs/Col porous nanocomposite.

RSC Adv., 2018, 8, 26218–26229 | 26225
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Fig. 12 (a) Concave bone defect (�15 mm long, 3 mm deep) of the
rabbit adialis defect region; (b) implantation of the biomimetic UHANWs/
Col porous nanocomposite (15 mm long, 3 mm wide, 3 mm thick).
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cell number on the UHANWs/Col porous nanocomposite
decreases slightly. The reduced cell number on the UHANWs/
Col porous nanocomposite may be explained by the ion-
induced effect due to the excessive calcium and phosphate
ions released from the UHANWs/Col porous nanocomposite,
leading to the change of the pH value of the surrounding culture
medium. However, this effect can be minimized in vivo.34,50
3.7. In vivo bone regeneration

The bone defect repairing ability of the biomimetic UHANWs/
Col porous nanocomposite was assessed by implanting the
Fig. 13 Micro-CT analysis of newly formed bone in rabbit radialis defect
nanocomposite for 4, 8 and 12 weeks post-implantation: (a) three-dimen
new bone volume to tissue volume (BV/TV); (c) trabecular number (Tb.N

26226 | RSC Adv., 2018, 8, 26218–26229
nanocomposite into a rabbit radialis defect model (Fig. 12). At 4,
8 and 12 weeks post-implantation, the formation of new bone in
the radialis defect region was evaluated by micro-CT (Fig. 13)
and histological analysis (Fig. 14). As shown in Fig. 13a, the
three-dimensional (3-D) images of the rabbit radialis defect
region at different times aer implantation were reconstructed.
With increasing implantation time, more new bone formation
is observed in the radialis defect region of the collagen sample
group or UHANWs/Col nanocomposite group. Compared with
the collagen control group, much more new bone is formed in
the UHANWs/Col nanocomposite group. Most importantly,
a relatively normal bone marrow cavity is formed in the
UHANWs/Col nanocomposite group aer 12 weeks post-
implantation. By contrast, the bone defect repairing perfor-
mance of the collagen control group is not satisfactory, result-
ing in the formation of an irregular bone marrow cavity at 12
weeks post-implantation.

To evaluate bone regeneration inside the porous nano-
composite, the quantitative analysis of the rabbit radialis defect
region of the collagen control group and biomimetic UHANWs/
Col nanocomposite group were further assessed. For the
collagen control group at 4, 8 and 12 weeks post-implantation,
the percentage of new bone volume to tissue volume (BV/TV) is
region implanted with the collagen sample and UHANWs/Col porous
sional (3-D) reconstructed rabbit radialis images; (b) the percentage of
) in the defects. *, p < 0.05 compared with the collagen sample.

This journal is © The Royal Society of Chemistry 2018
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Fig. 14 Histological analysis of bone regeneration. Hematoxylin and eosin stained section of rabbit radialis defect region implanted for 12 weeks
with the collagen sample (a and b) and UHANWs/Col porous nanocomposite (c and d).
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5.24 � 1.73%, 11.86 � 2.81%, and 27.95 � 4.59%, respectively
(Fig. 13b), the corresponding trabecular number (Tb.N) is 0.20
� 0.05 mm�1, 0.57 � 0.08 mm�1, and 1.10 � 0.13 mm�1,
respectively (Fig. 13c). More signicantly, aer 4, 8 and 12 weeks
post-implantation, the BV/TV in the UHANWs/Col nano-
composite group is 17.67 � 2.45%, 31.46 � 4.01%, and 46.61 �
4.74%, respectively (Fig. 13b), and the corresponding Tb.N in
the UHANWs/Col nanocomposite group is 0.95 � 0.09 mm�1,
1.44 � 0.14 mm�1, and 1.81 � 0.21 mm�1 (Fig. 13c), respec-
tively, which are signicantly higher (p < 0.05) than those in the
collagen control group. These experimental results demonstrate
that the biomimetic UHANWs/Col porous nanocomposite can
signicantly enhance bone regeneration in vivo compared with
the collagen sample.

The new bone formation in the rabbit radialis defect region
was further assessed by histological analysis. Hematoxylin and
eosin staining of the longitudinal section in the middle part of
the bone defect with the porous nanocomposite implanted for
12 weeks is shown in Fig. 14. In the collagen sample group and
UHANWs/Col nanocomposite group, the remnant of the nano-
composite is still present in the defect region and surrounded
by the newly formed bone. Moreover, the newly formed bone
tissues wrap around the implanted nanocomposite and grow
throughout the entire nanocomposite. By contrast, much more
new bone tissues are observed within the defect region of the
UHANWs/Col nanocomposite group compared with those of the
collagen control group, which is consistent with the micro-CT
analysis (Fig. 13). Most importantly, the woven bone and
lamellar bone are formed along the long axis of the radialis
defect and tightly integrate with the UHANWs/Col porous
nanocomposite, and further connect directly with the host bone
to construct a relatively normal bone marrow cavity (Fig. 14c
and d), indicating that the as-prepared biomimetic UHANWs/
Col porous nanocomposite can signicantly improve bone
regeneration and bone integration in vivo compared with the
collagen sample.
This journal is © The Royal Society of Chemistry 2018
Compared with the collagen sample, the biomimetic
UHANWs/Col porous nanocomposite can remarkably facilitate
the formation of new bone in vivo, which can be explained by
the presence of UHANWs and the biomimetic porous structure
of the nanocomposite. On the one hand, the addition of
UHANWs can signicantly enhance the mechanical properties
of the nanocomposite, which is benecial to the bone-related
gene expression of mesenchymal stem cells via the mechan-
ical signaling pathways.45,46,51 In addition, the Ca and P
elements released from the UHANWs/Col porous nano-
composite can provide a positive chemical environment for the
stem cell niche and stimulate the osteogenic responses of stem
cells.9,52 The highly porous structure and well-interconnected
large pores can promote ow transport of nutrients, cell inl-
tration, new bone ingrowth and bone integration.8,23–25 More
signicantly, the biomimetic hierarchical pore walls of the
UHANWs/Col nanocomposite constructed with the UHANW-
collagen nanocomposite brils can mimic the human osteo-
genic niche and induce the osteogenic differentiation of stem
cells, and further promote bone regeneration in vivo.13,42

Furthermore, the biomimetic UHANWs/Col porous nano-
composite exhibits excellent mechanical properties and can
provide mechanical support for the host bone and newly
formed bone. Thus, the biomimetic UHANWs/Col porous
nanocomposite with 66.7 wt% UHANWs is promising for the
applications in various biomedical elds such as bone defect
repair.
4. Conclusions

In this study, a biomimetic UHANWs/Col elastic porous nano-
composite with 66.7 wt% UHANWs has been developed using
ultralong hydroxyapatite nanowires and collagen by a freeze
drying process and further chemical crosslinking. The as-
prepared UHANWs/Col porous nanocomposite has a highly
porous structure, well-interconnected pores and hierarchical
RSC Adv., 2018, 8, 26218–26229 | 26227
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rough pore surface. Moreover, UHANWs can signicantly
enhance the mechanical properties of the UHANWs/Col porous
nanocomposite. More signicantly, the rehydrated UHANWs/
Col porous nanocomposite exhibits an excellent elastic perfor-
mance, and can be repeatedly compressed and released and
restore its original shape. Furthermore, the biomimetic
UHANWs/Col porous nanocomposite exhibits good degradation
properties with a sustained release of Ca and P elements, and
can provide excellent microenvironment for adhesion and
spreading of mesenchymal stem cells. In vivo evaluation
demonstrates that the biomimetic UHANWs/Col porous nano-
composite can signicantly enhance bone regeneration and
bone integration compared with the collagen sample. Aer 12
weeks post-implantation, the woven bone and lamellar bone are
formed throughout the entire UHANWs/Col porous nano-
composite and connect directly with the host bone to construct
a relatively normal bone marrow cavity, leading to successful
osteointegration and bone reconstruction. The biomimetic
UHANWs/Col porous nanocomposite with 66.7 wt% UHANWs
is promising for applications in various biomedical elds such
as bone defect repair.
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