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Collagen biomineralization is regulated by complicated interactions between the collagenmatrix and non-collag-
enous extracellular proteins. Here, the use of sodium tripolyphosphate to simulate the templating functional
motif of the C-terminal fragment of non-collagenous proteins is reported, and a lowmolecularweight polyacrylic
acid served as a sequestration agent to stabilize amorphous calcium phosphate into nanoprecursors. Self-assem-
bled collagen fibrils served as a fixed template for achieving rapid biomimetic mineralization in vitro. Results
demonstrated that, during the mineralization process, intrafibrillar and extrafibrillar hydroxyapatite mineral
with collagen fibrils formed and did so via bottom-up nanoparticle assembly based on the non-classical crystal-
lization approach in the presence of these dual biomimetic functional analogues. In vitro human umbilical cord
mesenchymal stem cell (hUCMSC) culture found that the mineralized scaffolds have a better cytocompatibility
in terms of cell viability, adhesion, proliferation, and differentiation into osteoblasts. A rabbit femoral condyle de-
fect model was established to confirm the ability of the n-HA/collagen scaffolds to facilitate bone regeneration
and repair. The images of gross anatomy, MRI, CT and histomorphology taken 6 and 12 weeks after surgery
showed that the biomimetic mineralized collagen scaffolds with hUCMSCs can promote the healing speed of
bone defects in vivo, and both of the scaffolds groups performing better than the bone defect control group. As
new bone tissue formed, the scaffolds degraded and were gradually absorbed. All these results demonstrated
that both of the scaffolds and cells have better histocompatibility.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Collagen, the primary structural protein in connective tissues, can
self-assemble into fibrils and interweave itself into insoluble networks
of fibrous bundles for scaffolding to offer shape and support in vivo
[1–3]. Moreover, as the main component of bone tissues, the type I col-
lagen has been proven to play an important role in the control and
templating of hydroxyapatite (HA) formation during biomineralization
[4–7]. Collagen biomineralization is regulated by complicated interac-
tions among the collagen matrix, non-collagenous extracellular pro-
teins, and calcium phosphate mineral. Currently, certain non-
collagenous proteins (NCPs) such as dentine matrix protein (DMP1),
dentine phosphophoryn (DPP), and bone sialoprotein (BSP), are be-
lieved to regulate nucleation, orientation, and the hierarchy of apatite
during biomineralization for obtaining hierarchical structures in organ-
ic-inorganic nanocomposites [8–10]. Specifically, such non-collagenous
proteins can not only stabilize amorphous calcium phosphate (ACP)
into nanoprecursors (sequestration motif) but can also initiate
.edu.cn (C. Zhou).
nucleation and hierarchical assembly of apatite within the collagen fi-
brils (templating motif) [11,12]. These proteins contribute to the
intrafibrillar and extrafibrillar mineralization of collagen fibrils consid-
erably. However, their limited availability and high cost of production
hinder their applications in bone tissue engineering.

Stemcells-based tissue engineeringhas great potential to regenerate
damaged and diseased tissues. Human umbilical cord mesenchymal
stem cells (hUCMSCs) are a relatively new source of cells, and they
have been shown to differentiate into osteoblasts, chondrocytes, neu-
rons, endothelial cells, and other cells [13,14]. Umbilical cords can pro-
vide an inexhaustible, low-cost supply of stem cells, and they require
no invasive procedures to harvest. Furthermore, hUCMSCs appeared to
be primitive MSCs and exhibited a high plasticity and developmental
flexibility. In addition, in preliminary studies the hUCMSCs hadminimal
immunorejection in vivo and were not tumorigenic [15,16]. Diao et al.
fabricated a HA/collagen/poly-L-lactide acid composite scaffold with
UCMSCs, which showed successful in vivo osteogenesis [17]. In another
study, after hUCMSCs that had been mixed with the HA/tricalcium
phosphate (TCP) composite were implanted into the subcutaneous re-
gion of immuno-deficient mice for 8 weeks, ectopic bone formation
was observed on the surface of the HA/TCP composite material [18].
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In order to mimic the components and structure of natural bones, a
rapid biomimetic mineralization approach was established to provide a
three-dimensional porous and heavily mineralized hydroxyapatite/col-
lagen composite scaffold for bone regeneration. A-low-molecular
weight polyacrylic acid (PAA) was used to imitate the sequestration
functional motif of the N-terminal fragment cleaved from the acidic
NCPs, for stabilizing ACPs into nanoprecursors. On the other hand, sodi-
um tripolyphosphate (TPP), a small inorganic polyphosphate, was used
to simulate the templating functional motif of the C-terminal fragment
cleaved from the acidic NCPs, attracting ACPs for initiating nucleation
and then templating the hierarchical assembly of themwithin the colla-
gen fibrils. During biomimetic mineralization, both templates appeared
to bedynamic,while the self-assembled collagenfibrils served as a fixed
template. The possibility of the universal application of hUCMSCs in
bone regeneration must be evaluated. n-HA/COL scaffolds with and
without hUCMSCs were compared with respect to the critical size of
femoral condyle defects to assess healing, wherein hUCMSCs were ob-
tained from more than one single cord, and immune rabbits were
used instead of minimally immune rats.

2. Materials and methods

2.1. Materials

Type I collagen from pigskin was purchased from SichuanMingrang
Bio-tech Co., Ltd. (China). Sodium tripolyphosphate (TPP), polyacrylic
acid (PAA, Mw 1800 Da), and sodium β-glycerophosphate (β-GP)
were purchased from Sigma-Aldrich (U.S.). CaCl2 was purchased from
Guangzhou Chemical Reagent Factory (China). High-glucose Dulbecco's
modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were
purchased from Hyclone Inc. (U.S.), and 0.25% trypsin-EDTA was from
Gibco-BRL (Grand Island, U.S.). All other reagents were of analytical
grade and used without further purification.

2.2. Preparation of n-HA/collagen composite scaffolds regulated by dual
biomimetic analogues

The specific preparation process of the n-HA/collagen composite
scaffolds is shown in Fig. 1. The type I collagen powder derived frompig-
skin was dissolved in 10 mMHCl to form a homogeneous solution, and
then 96 mmol CaCl2 powder was added slowly. After the powder was
Fig. 1. Specific processes in the preparation of n-HA/collagen co
completely dissolved, the collagen-CaCl2 solution was stirred in ammo-
nia atmosphere for neutralization.With the same volume of 10mMHCl,
25 mM Tris-HCl buffer solution was divided into two equal portions:
TPP powder was added to and PAA and β-GP powder was added to
the other. Then the TPP Tris-HCl solution was dropped into the colla-
gen-CaCl2 solution under magnetic stirring. After stirring for 5–
10 min, PAA-(β-GP) Tris-HCl solution was dropped into the collagen-
CaCl2-TPP solution undermagnetic stirring to form a biomimeticminer-
alization solution, and the final concentration of each component in the
solution was 5 mg/mL collagen, 48 mM CaCl2, 28.8 mM β-GP, 0.5%
(wt%) TPP and 1 mg/mL PAA. The reaction mixtures were incubated
for 0.5 h–24 h at 37 °C. Finally, after more than three rinses in tri-dis-
tilled water, the mixtures were kept at−80 °C for 24 h and were then
freeze-dried. The nano-HA/collagen composite scaffolds (named as n-
HA/COL) were produced in this way, regulated by TPP and PAA as bio-
mimetic analogues (templating and sequestration analogues control).

The aforementioned experiments were repeated to prepare the col-
lagen negative control (no templating or sequestration of analogue con-
trols), the templating analogue control (no PAA) and the sequestration
analogue control (no TPP).

2.3. Characterization of the composite scaffolds

The results of Fourier transform infrared spectroscopy (FTIR) mea-
surementwere determined using anEQUINOX55 spectrometer (Bruker,
Germany) equippedwith an attenuated total reflectance (ATR) accesso-
ry. Infrared spectra were collected between 600 and 4000 cm−1 at
4 cm−1 resolution using 32 scans with atmospheric water and carbon
dioxide corrections.

X-ray diffraction (XRD) patterns were assessed using a powder X-
ray diffractometer (MSAL XD-2, Beijing Purkinje General Instrument
Co. Ltd., China) using Cu Kα radiation (40 kV, 20 mA, λ = 1.54051 Å),
in the 2θ range of 10–60°, with the scan rate of 4°/min and a sampling
interval of 0.02°.

The freeze-dried samples were carefully fractured and sputter-coat-
ed with gold for morphological observation with a field emission scan-
ning electron microscope (FESEM, Nova NanoSEM430, FEI, The
Netherlands) at 3.0–5.0 kV.

Epoxy resin-embedded ultrathin sections (90 nm thick) were pre-
pared using an Ultramicrotome (EM UC6, Leica, Germany) and exam-
ined without further staining with a high-resolution transmission
mposite scaffolds regulated by dual biomimetic analogues.
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electron microscope (HRTEM, JEM-2100F, JEOL, Japan) and selected
area electron diffraction (SAED) at 100 kV.

The freeze-dried n-HA/COL scaffoldswere loaded in unconfined uni-
axial compression at a displacement rate of 1.0 mm/min to ~75% strain
using an electronic universal testing machine (AG-1, SHIMADZU,
Japan). The compressive modulus was measured from the stress-strain
curve by linear regression from the slopes in the initial elastic region
and the compressive strength was defined as the result of 60% strain.

The porosity of the n-HA/COL scaffoldsweremeasured by liquid dis-
placement method [19]. Specifically, the sample was immersed into a
known volume of dehydrated alcohol (V1) for 4 h until it was saturated
by absorbing the alcohol. Then, the total volume of alcohol and alcohol-
impregnated scaffold was recorded (V2). After the alcohol-impregnated
scaffold was removed, the residual alcohol volume was recorded (V3).
Each sample was measured in triplicate. The porosity of the scaffolds
was calculated using the equation: Porosity = [(V1 − V3) / (V2 −
V3)] × 100%.

2.4. Cell culture

The original hUCMSCs were obtained from the umbilical cord of
healthy babies born by normal-term delivery in the Guangzhou Over-
seas Chinese hospital, and isolated as previously described [20]. The
use of hUCMSCs for this study was approved by Jinan University and
maternal consent was obtained. HUCMSCs were cultured in high-glu-
cose DMEM with 10% FBS and 1% penicillin/streptomycin. They were
then seeded in plastic tissue culture flasks at 6000 cells/cm2 (passage
1). Thereafter, the cells were incubated in a humidified atmosphere of
5% CO2 with nutrient medium at 37 °C and the culture medium was
changed every other day. Until reaching 80–90% confluence, the cells
were detached by 0.25% trypsin and passaged at 6000 cells/cm2. Passage
5 hUCMSCs were used for the following experiments.

n-HA/COL composites with dual biomimetic analogues treatment
aged 24 h were selected for cell culture. After sterilization with 60Co
(5 kGy), the composites (Ø10 mm × 8 mm) were rinsed three times
with phosphate buffered saline (PBS) and then transferred into 6-well
culture plates (Costar, Corning Life Sciences B.V., Amsterdam, The Neth-
erlands) with cell culture medium overnight. A seeding density of
4 × 105 cells was added drop-wise into each well and incubated for
5 h in a humidified atmosphere of 5% CO2 at 37 °C. Then all the wells
were transferred to new culture plates and supplied with sufficient
cell culturemedium. Four groupswere investigated. Group A: hUCMSCs
without scaffolds. Group B: hUCMSCs without scaffolds but with osteo-
blast-inducing conditional media (OICM). Group C: hUCMSCswith scaf-
folds. Group D: hUCMSCs with scaffolds and OICM. The medium was
renewed twice each week.

2.5. Cell adhesion

Cells in the old medium and those that adhered to the wells of the
old cell culture plates were collected and counted using a hemocytom-
eter. The number of cells in eachwell was considered the number of un-
attached cells. The difference between the number of unattached cells
and the number of seeded cells could be considered the number of
cells attached to the scaffold. The cell seeding efficiency of each sample
could also be quantified by dividing the number of attached cells by the
number of seeded cells [21]. Specifically, the cell adherence ratio of the
samples was calculated using the equation [(Ns − Nu) / Ns] × 100%,
where Ns is the number of seeded cells and Nu is the number of unat-
tached cells.

2.6. Analysis of cell morphology, ECM distribution, and biochemical assays

After seven days of culture, themorphology of hUCMSCs and the dis-
tribution of ECM in the samples were observed via inverted microscope
and SEM.
The cell/scaffold constructs were transferred into other culture
plates, washed three times with PBS (10 min/rinse), and fixed with
2.5% glutaraldehyde (GA) solution at room temperature for 4 h. The
fixed cell/scaffold constructs were then washed three times with PBS
(10 min/rinse) and gradient dehydration by ethanol. After freeze-dry-
ing, the samples were sputter-coated with gold for SEM observation.

2.7. Determination of the ALP activity

The differentiation of cells was analyzed with alkaline phosphatase
(ALP) enzyme activity after 7, 14, and 21 days. The cell/scaffold con-
structs were broken into small pieces, rinsed with PBS, and air-dried
for 10 min. Then those pieces were lysed using with 0.1% Triton X-100
for 30 min, and the lysates were then centrifuged at 13,000 rpm for
5 min at 4 °C. The ALP activity in the supernatant was analyzed using
the ALP kit (Jian cheng, Nanjing, China) and the mixture was incubated
at 37 °C. The absorbance of these samples was measured at 405 nm at
37 °C via the ultraviolet-visible spectrophotometer. The data were ana-
lyzed using the SPSS 16.0 (SPSS, Chicago, IL, U.S.) analysis software and
expressed as mean ± SD. P ≤ 0.05 was considered statistically
significant.

2.8. In vivo animal experiment

The animal experiments were performed in compliance with the
Animal Welfare Act and approved by the Institutional Animal Care
and Use Committee of the Laboratory Animal Research Centre at Jinan
University. Three groups were tested for the in vivo femur repair
model: hUCMSC-seeded n-HA/COL scaffolds (group A), n-HA/COL scaf-
folds (group B), and a blank control without scaffolds. The hUCMSC-
seeded scaffolds were cultured in OICM for 14 days and then used for
implantation. Here, 36 New Zealand rabbits (2.1–3.0 kg, 6 weeks old)
were anesthetized by intraperitoneal injection with a combination of
30-mg/kg body weight of 2% pentobarbital sodium and 10 mg/kg of
xylazine. A 3.0 cm longitudinal skin incisionwasmade over the bilateral
distal medial femurs. Surgery was performed under aseptic conditions.
The femur was exposed, and a critical-sized circular bone defect with
a diameter of Ø8 mm × 6 mm was drilled close to femoral condyle
bone. Afterwards, the wound was carefully washed with normal saline
to remove any bone debris from the defect, which was a crucial step
in this procedure of evaluating the formation of new bone within the
defect as previously described [22]. Finally, the samples were placed
in the defect and the defect was closed by suturing the soft tissue.
Two implantation periods were tested: 6 and 12 weeks.

2.9. Medical imaging examination

Before histological analyses, pre-contrast magnetic resonance imag-
ing (MRI, GE, U.S.) and micro-CT (Toshiba, Japan) analysis were per-
formed. Three rabbits were randomly selected from each group and
anesthetized. The bone defects, surrounding tissue inflammation, tissue
edema, and bone regenerationwere observed. Rabbitswere then eutha-
nized and checked for purulent infection, defects, and accidental frac-
tures. Finally, the upper femurs were amputated and the specimens
were removed intact and photographed.

2.10. Histological and morphological analysis

After removing soft tissues, femurs were isolated and fixed by gradi-
ent ethanol to dehydrate for 14 days, embedded in 10% formaldehyde
solution for 48 h, and then decalcified in 10% EDTA-Na in an incubator
at 37 °C. After dehydration and clearing, the specimenswere embedded
in paraffin and the central part of the implant and defect was cut into
5 μm thick sections. Paraffin sections were stained with hematoxylin/
eosin (H&E).



Fig. 3.XRD patterns of different control groups after aging treatment for 0.5 h at 37 °C and
commercially purchased HA powder. (a) Commercial HA powder; (b) collagen negative
control; (c) templating analogue control; (d) sequestration analogue control; (e)
templating and sequestration analogue controls.
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3. Results and discussion

3.1. The composition of the collagen matrix

Infrared spectra of reconstituted collagen, synthetic hydroxyapatite
and n-HA/collagen composite scaffolds with different aging treatment
are shown in Fig. 2. Before TPP and PAA treatment, the type I collagen
revealed characteristic amide I, II and III bands at about 1639, 1548
and 1237 cm−1, respectively. After regulating using TPP and PAA as
functional analogues of matrix phosphoproteins, new absorption
peaks that were attributed to vibrations in the ν3 asymmetric and ν1

symmetric stretching modes of the phosphate groups could be identi-
fied at 1096, 980, and 897 cm−1 [11,23]. The intensities of the peaks
were found to be related to collagen bands between amide II and
amide III, and both decreased simultaneously, which was attributed to
the wagging vibrations of the glycine backbone and proline side chains
[24]. Besides, when compared to the baseline collagen spectrum, the
amide I band peak that corresponded to the C_O stretch vibration de-
creased in intensity as incubation continued, which indicated that the
C_O bonds were weakened by the chelation of Ca2+ and C_O bonds
[25]. This also indicated that the carbonyl groups on the surface of colla-
gen fibrils could attract Ca2+ via electrostatic interaction, working as a
kind of calcium phosphate nucleation sites to initiate nucleation.

3.2. Inorganic phase analysis of the composite scaffolds

The XRDpatterns of different control groups after treatment for 0.5 h
at 37 °C and commercially purchased HA powders are shown in Fig. 3.
The calcium phosphate nanocrystals were obtained in a very short
time by thismethod.When compared to theXRDpattern of commercial
HA products (Fig. 3a), no differences in the diffraction peak positions of
each control group (Fig. 3b, c, d, and e) were observed, which indicated
that whether biomimetic analogues were present or not, the inorganic
phase in each control group was substantially the same (i.e. HA ana-
logues). This indication suggested that collagen played a predominant
role in controlling and templating apatite formation during mineraliza-
tion. However, the XRD patterns of n-HA/COL composites exhibited a
much higher intensity of the (211) plane reflection peak at about 32°
(2θ) and the (222) plane peak at about 46° (2θ) than that of the other
diffraction peaks characteristic to apatite, which indicated that the calci-
umphosphate crystals reported herewere in the transition of ACP toHA
crystals or in the non-classical crystallization state with a preferential
growth in the (211) and (222) direction due to the influence of collagen
[26].

The XRD patterns of n-HA/COL composites regulating by dual func-
tional analogues with different aging treatments are shown in Fig. 4.
When the incubation time was prolonged, the characteristic diffraction
peak (002) of HA gradually emerged, but the (211) peak and the (222)
peak remained significantly higher than it. This suggested that calcium
Fig. 2. FTIR spectra of collagen, synthetic hydroxyapatite and n-HA/collagen composite
scaffolds subjected to different aging treatments.
phosphate crystals with collagen fibrils via bottom-up nanoparticle as-
sembly and mesocrystalline transformation were based on the non-
classical crystallization approach [27,28], preferring to grow in the
(211) and (222) direction.

The amount of apatite produced by the biomimetic mineralization
process can be calculated using reactant. The outcome of CaCl2 and β-
GP used in preparing 10 mL reaction mixtures was found to be
0.048 g, and the amount of collagen used was 0.05 g, so the organic/in-
organic ratio of the composite scaffold was close to 1:1.

3.3. Morphological observation of the composite scaffolds

The morphology of collagen fibrils and mineral crystals in different
control groups after aging treatment for 0.5 h at 37 °C are shown in
Fig. 5. It was clearly observed that the interwoven and coalescing colla-
gen fibrils were surrounded by plenty of spherulitic or plate-like calci-
um phosphate crystals with crystallite size ranging between 100 nm
and 200 nm in biomimetic analogue control groups. The apatite crystals
produced were smaller than those in the collagen negative control. Fig.
5a showed that, in the absence of dual functional analogues, the calcium
phosphate particles precipitated in collagen fibrils with an irregular
shape, and some of them attempted to aggregate together. After regula-
tion with TPP alone, numerous plate-like and spherulitic crystals were
observed on the surface of collagen fibrils in Fig. 5b, which primarily
showed the extrafibrillar mineralization around collagen fibrils. This
phenomenonwas attributed to the lack of PAA in initial process of min-
eralization, which could work as sequestration to stabilize amorphous
Fig. 4. XRD patterns of n-HA/COL composites regulating by dual functional analogueswith
different aging treatments. (a) Commercial HA powder; (b) aged 0.5 h; (c) aged 2 h; (d)
aged 24 h.



Fig. 5. FESEM images of collagen fibrils and mineral crystals in different control groups after aging treatment for 0.5 h at 37 °C. (a) Collagen negative control; (b) templating analogue
control; (c) sequestration analogue control; (d) templating and sequestration analogues control.
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calcium phosphate precursors in their required nanoscale dimensions.
Without co-regulation with PAA, the ACP precursors formed were too
large to penetrate into the nanoscopic gaps of collagen fibrils, which
just could only precipitate randomly over thefibrillar surface and subse-
quently transform into spherulitic apatite crystals. Conversely, both
extrafibrillar and interfibrillar mineralization could be observed in
PAA-treated control groups (Fig. 5c and d). In the PAA control group
(Fig. 5c), the collagen fibrils appeared swollen and had vague cross-
banding patterns with plenty of plate-like apatite crystallites around
them. These results indicated that because of the sequestration by PAA
for ACP precursors to become stable, the collagen fibrils could be infil-
trated by the smaller ACP nanophases, and hence introduced
intrafibrillar mineralization. However, the self-assembled swollen fi-
brils had vague characteristic D-periodicity at the same time,which sug-
gested that the ACP precursors penetrated were incapable of
assembling and transforming into hierarchical apatite without TPP as
a templating agent. Unlike the results shown earlier here, in the pres-
ence of dual biomimetic analogues, the collagen fibrils had apparently
regular cross-banding patterns (Fig. 5d). This was attributed to the hier-
archical assembly of apatite nanoplatelets directed by TPPwithin fibrils.
More precisely, TPPwas here found to simulate the templating function
of phosphoproteins by attracting ACP nanoprecursors and initiating and
modulating the apatite nucleation and growth within the gap zones of
collagen fibril. As the free ionizable OH− groups in TPP could interact
with the amine groups in collagen to form ionic cross-links, with the re-
maining free OH− groups attracting ACP precursors.

In order to obtain more detailed information about the biomimetic
mineralization, HRTEM analysis of the dual biomimetic analogues con-
trol group was performed in Fig. 6. As shown in Fig. 6, the apatite nano-
particles not only precipitated on the exterior collagen fibrils (Fig. 6b),
but also on the interior or at the ends (Fig. 6c and d, the short white ar-
rows). In Fig. 6 (c and d), the longwhite arrows indicated the longitudi-
nal axis of the collagen fibrils [29], and the black arrows indicated the
amorphousmineral phases or crystal defects that seemed to precipitate
on the cylindrically shaped surface of fibrils [30]. The selected area elec-
tron diffraction of Fig. 6dwas done to further confirm the relationship of
the crystal orientation and the collagen fibrils longitudinal axis, which
showed discrete arc-shaped patterns. This indicated that apatite report-
ed was primarily in the form of nanopolycrystals, but some particles
were in amorphous stages. In the SAED pattern, the arc-shaped diffrac-
tionswere ascribed to (002), (211), and (222) planes of HA from the in-
side out, which exhibited pronounced preferential orientation of the
(211) and (222) plane of HA. Thiswas closely consistentwith the results
of XRD measurement.

3.4. Mechanical testing

Unconfineduniaxial compression testing andporositymeasurement
were performed to determine the effect of biomimetic analogues on the
mechanical properties of the n-HA/COL scaffolds. As shown in Table 1,
all mineralized scaffolds exhibited a reduced porosity and much higher
compressive modulus than those of the pure collagen scaffolds due to
the mineralization of collagen fibrils. The generated apatite resulted in
reinforcement effect on scaffolds. And the templating and sequestration
analogue control group showed significant improvement in mechanical
properties compared to the other control groups.

Differences in the mechanical properties of n-HA/COL scaffolds in
this study were mostly due to the difference of collagen fibrils mineral-
ization among control groups, which was also consistent with the re-
sults of porosity measurement and SEM observation. In the collagen
negative control group, most of the calcium phosphate particles precip-
itated on collagen fibrils surface were in an irregular shape, and some of
them even attempted to aggregate together, whichmight influence the
load transfer in scaffolds. In the templating analogue control group, the
mineralized mineral layer on collagen fibrils surface due to the
extrafibrillar mineralization resulted in the enhancement of compres-
sive modulus and strength. With the help of PAA to work as sequestra-
tion to stabilize ACP precursors in required nanoscale dimensions, both



Fig. 6. TEM images of the templating-sequestration control group after aging treatment for 24 h at 37 °C. (a) TEM image of n-HA/COL compositematerial; (b)HRTEM image of extrafibrillar
apatite precipitations; (c) HRTEM image of mineralized collagen fibrils; (d) a magnified view of the white square area in (c); inset: SAED showed discrete arc-shaped patterns. The short
white arrows indicate the apatite nanoparticles precipitated on the interior or at the end of collagen fibrils; the longwhite arrows indicate the longitudinal axis of the collagen fibrils; the
black arrows indicate the amorphous mineral phases or crystal defects.
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extrafibrillar and interfibrillar mineralization could be obtained in PAA-
treated control groups, which further enhanced themechanical proper-
ties of the n-HA/COL scaffolds. However, in the sequestration analogue
control, the ACP precursors penetrated were incapable of assembling
and transforming into hierarchical apatite without TPP as a templating
agent. Therefore, the templating and sequestration analogues control
group exhibited higher compressive modulus and strength than that
of the other control group due to the hierarchical assembly of apatite
nanoplatelets directed by TPPwithin fibrils and the extrafibrillarminer-
al layer.
3.5. Cell adhesion

The adhesion ratio of hUCMSCs on the n-HA/COL and n-HA/
COL + OICM was 89.64 ± 1.21% and 93.73 ± 1.69%, respectively. Both
scaffolds showed good cell adhesion property.

SEM images (Fig. 7) showed that n-HA/COL scaffolds possessed open
pores with different diameters ranging from several to about 100 μm.
The cells were cultured for 7 days, after which the surfaces were almost
completely covered by cells or layers of cells. On both n-HA/COL and n-
HA/COL + OICM, the cells adhered to and entered the pores. The
Table 1
The compressive modulus and compressive strength of pure collagen scaffolds and n-HA/
COL composite scaffolds in different control groups after aging treatment for 24 h at 37 °C.

Samples Compressive
modulus (kPa)

Compressive
strengths (kPa)

Porosity (%)

Pure collagen scaffolds 9.36 ± 0.86 4.12 ± 0.19 96.53 ± 0.34
Collagen negative control 26.71 ± 3.67 15.02 ± 1.93 90.90 ± 0.41
Templating analogue control 33.04 ± 0.17 21.35 ± 3.19 88.31 ± 1.76
Sequestration analogue
control

45.05 ± 3.34 37.17 ± 2.60 86.42 ± 2.89

Templating and
sequestration analogue
controls

101.49 ± 11.39 64.07 ± 4.02 81.98 ± 2.38
morphology of the cells was full and each cell was attached by the se-
creted ECM, unlike the flat cells on the glass slide (Fig. 7d).

3.6. ALP activity

ALP enzyme activity served as a biochemicalmarker for examination
of the differentiation of the pre-osteoblast phenotypes to themature os-
teoblast phenotype [31]. Fig. 8 demonstrated that ALP expression was
low on day 7, and the values for groups B, C, and D were 37.12 ±
13.12, 42.16 ± 1.47, and 32.34 ± 1.45 U/gprot, respectively, which
were higher than the 22.10 ± 6.02 U/gprot for the control group. The
values increased over time and the differences between the four groups
were more obvious. The values for the group C were higher than those
in group Bwith elongated culturing time, especially on day 21, showing
that the n-HA/COL scaffolds benefitted the differentiation of hUCMSCs
into osteoblasts. The n-HA/COL + OICM group showed the highest
ALP expression, arriving to 92.21 ± 5.25 U/gprot. The value was
much higher than that of the other three groups, showing that the
coefficients of the n-HA/COL scaffolds and the OICM improve the ex-
pression of ALP.

Previous studies have demonstrated that natural-based polymers,
such as collagen have great potential in bone tissue engineering applica-
tions. An ideal scaffold such as HA for bone regeneration should pro-
mote early mineralization and support new bone formation [32,33], so
calcium phosphate bioceramics such as HA and its composites HA/COL
can induce more rapid osteoblast differentiation and mineralization
[34].

3.7. In vivo evaluation of bone regeneration

MRI results (Fig. 9) showed that, after 6 weeks, a slight bone defect
was still visible at the implantation site of the group A, covered with
bone callus. The surfacewas not flat, but therewas no abnormal soft tis-
sue reaction. For group B, the defect was not completely healed, show-
ing obvious local hollowing. The bone defects in the control group
showed clear gaps and edematous soft tissues. There was a clear



Fig. 7. SEM images of scaffolds and hUCMSCs. (a) Surface morphology of n-HA/COL materials; morphology of hUCMSCs on n-HA/COL (b), on n-HA/COL+OICM (c) and on glass slide (d)
after 7 days of cell culture.
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boundary between the defect and the normal bone tissues, which was
filled with a small amount of crawling granulation.

After 12 weeks, the bone defects in group A were totally repaired,
showing smooth and continuous periosteum. The newly formed bone
was smooth to the naked eye and hard to the touch. Its morphology
was similar to that of the normal femur, reaching the standard of clinical
bone healing. For group B, the defects were almost healed but showed
uneven formation of periosteum and callus. The bone defect site in the
control group was still unfilled although the areas were reduced in
size. The connection between bone and surrounding soft tissue was
not complete, and the periosteal area was not smooth.

Fig. 10 shows the 3D CT images of the defects 12 weeks after implanta-
tion. The surface of the defects in group A became smoother andmore inte-
gral, with no obvious dents, showing good continuity of cortical bone,which
indicated the basic healing of bone defects. Group B demonstrated continu-
ous bone and slight dent, suggesting the defect area was not completely
healed, which were in accord with the Fig. 9. The defects in the control
group showed obvious hollow caving and discontinuous cortical bone.

Because the HA/COL scaffold can induce more rapid osteoblast dif-
ferentiation and mineralization (ALP results, Fig. 8), it will have an in-
duction effect in non-induced cells or stem cells, and therefore
increase the amount of bone formation at the periphery of defects.
Fig. 8. The ALP activity of the cells on the n-HA/COL scaffolds and OICM after 7, 14, and
21 days. Comparison of B, C, and D to A: *P b 0.05; **P b 0.01.
New bone formation could be due to invasion of reparative cells from
adjacent host tissues [33]. The images supported the enhanced bone in-
growth in scaffolds cultured with hUCMSCs. The images of MIR and CT
for n-HA/COL/hUCMSCs clearly showed an almost complete healing of
the defects in 12 weeks, therefore the selected implantation times
seemed adequate for assessing the complete bone healing at the
defected site. It should also be noted that the growing speed and density
of new bones were highest in the hUCMSCs group, especially at the
early healing stage, for example at the 6thweek. In addition, the defects
in the experimentwere Ø8mm×6mm, the healing effects of hUCMSCs
should bemore obvious in larger defects. It was concluded that the stem
cells loaded in scaffolds were able to induce bone regeneration and in-
growth rapidly and effectively.
Fig. 9. The MRI images of new bone formation at 6 and 12 weeks after surgery. Three
groups were compared: n-HA/COL containing hUCMSC, n-HA/COL and control.



Fig. 10. The 3D CT images 12 weeks after the operation.
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From histological observation, as shown in Fig. 11. Six weeks after
implantation, therewas a large number of osteoblasts and newly gener-
ated bones in the group A. However, the scaffolds were not completely
degraded, and there were still hyperplasia of fibrous tissues at the ma-
terial interface. After 12weeks, thematerials were completely absorbed
and the fibrous layers were mostly disappeared. The new tissues in the
area of the defect possessed more regular lamellar bone-like structure
and the newly developed “Haversian” system was similar to that of
the normal bone tissues. There were detectable amounts of erythrocyte
indicating the growth of capillary vessels. The osteoclasts in the lamellar
bone-like structure were involved in the reconstruction process. Group
B demonstrated amounts of osteoid island, neutrophils, andmultinucle-
ated giant cells at the 6th week, but fibrous tissues disappeared and the
materials had been completely absorbed after 12weeks. The newly gen-
erated lamellar bone and capillary vessels were observed, similar to re-
sults observed in the normal tissue. The histological slice of the control
group showed that, 6 weeks after implantation, the cells and a small
amount of new bone tissue were disordered, and only a few osteoid
islands were visible. Fibroblasts, neutrophils, macrophages, and other
Fig. 11. Representative photomicrographs of histological analysis for the effect of the scaffolds
(d)–(f): 200×.
inflammatory cells were scattered among the implants. After
12 weeks, small amounts of lamellar bone tissue had formed, and mus-
cle tissue had grown in, but there was still fibrous tissue in the defect,
showing poor bone healing. The results also reveal that newly-formed
bone was much thicker and more regular in the n-HA/COL + hUCMSC
group than in the other two groups, regardless of 6 weeks or 12 weeks.

By animal implantation, no samples showed anymarked inflammato-
ry reactions caused bymaterials or cells. The scaffoldswere degraded and
absorbed with the formation and maturation of new bones, showing
good histocompatibility of both of the hUCMSCs and mineralized mate-
rials. The results given above also indicate that the n-HA/COL scaffolds
could facilitate the repair of defects andbone regenerationmore efficient-
ly than in the control group. Furthermore, the healing effects of combina-
tion of stem cells and scaffolds were higher than those of pure materials.

4. Conclusions

In this study, the intrafibrillar and extrafibrillar hydroxyapatite min-
erals with collagen fibrils were rapidly obtained in the presence of PAA
on new bone formation at 6 and 12 weeks after surgery. Magnification for (a)–(c): 40×;
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and TPP as biomimetic functional analogues, facilitating co-assembly of
mineral phases and collagen fibrils. The heavily mineralized n-HA/COL
scaffolds promoted adhesion, proliferation, and differentiation of
hUCMSCs. Most important of all, the experiment showed very positive
results regarding the feasibility of hUCMSCs for in-situ bone formation
in immune animals, and the combination of scaffolds/hUCMSCs served
as an effective method of facilitating the healing of non-load-bearing
bone defects.
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