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ABSTRACT: Bone scaffolds are critical in current implant and periodontal regeneration
approaches. In this study, we prepared a novel composite type-I collagen and
hydroxyapatite (HA)/β-tricaleium phosphate (TCP) scaffold (CHTS) by incorporating
type-I collagen and bovine calcined bone granules, prepared as a mixture of 50% HA and
50% TCP, by freeze drying. We then characterized the CHTS and determined its cytotoxic
effects. Additionally, ridge preservation experiments were carried out to evaluate the
clinical effects of the CHTS. The results demonstrated that the composite scaffolds had
good surface morphology and no cytotoxicity. Additionally, an in vivo experiment in an
animal model showed that the CHTS performed equally as well as Bio-Oss Collagen, a
widely used bone graft in ridge preservation. These ﬁndings revealed that the CHTS,
which contained natural constituents of bone, could be used as a scaffold for bone
regeneration and clinical use.
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1

Introduction

With the development of dental implantology, the rates of
successful implant-supporting dentures have reached over
95% among adults, and implant therapy is being widely
accepted by an increasing number of patients [1–2].
Importantly, achieving an adequate bone volume in the
implant site is necessary for the success of implant surgery
and the related aesthetics of gum soft tissue [3–4].
However, alveolar bone shrinks extremely rapidly after
extraction; indeed, a previous study showed that the buccal
bone will decrease in size by 1.24–1.67 mm in 6 months
[5–7]. Many studies have shown that bone grafting in the
socket at the time of tooth extraction will ameliorate
inadequate bone growth; thus, alveolar ridge preservation
can be achieved by conservation of bone volume and
shortening the cycle of treatment [4,8–11].
Because of the disadvantages of autografts and allografts,
artiﬁcial bone substitutes have become a major focus of
bone tissue engineering, and various types of composite
materials have been developed. For example, porous
ceramics have been manufactured for use in bone tissue
engineering; however, these materials have poor mechanical
features and an inferior ability to promote bone regeneration
[12]. An ideal bone scaffold should be absorbed and
replaced by autologous cells and tissue and should have a
reasonable degradation rate [13]. Moreover, ideal materials
should have strong mechanical properties and a porous
structure in order to guarantee the retention of scaffolds,
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satisfy the clinical requirements of biomaterials, and provide
space for cell proliferation and adhesion [14–15].
Hydroxyapatite (HA) and β-tricalcium phosphate (TCP)
have superior biocompatibility and osteoconductivity and
thus have been widely used in orthopedic and maxillofacial
surgeries [16]. Many approaches have also been applied to
improve the osteogenic and mechanical properties of these
materials, including growth factor addition, electrospinning, nanotechnology, magnetic ﬁeld application, and
three-dimensional (3D) printing [17–20]. The combination
of HA with TCP is expected to achieve improved
characteristics owing to the differential effects of these
two components on the regeneration process; that is, HA
can provide a cell matrix and improve the mechanical
strength of the material, whereas TCP can inﬂuence the
earlier stages of bone formation by creating an optimal
environment before being absorbed [21]. This combination
is expected to also have several additional advantages,
including the absence of donor morbidity, biocompatibility
due to the chemical similarity of the materials with the host
bone, and lack of anomalous inﬂammatory reactions [22].
Additionally, by controlling the proportion of each
component, the bioactivity and biodegradation could be
manipulated [22]. For example, the molar ratio of n(HA):
n(β-TCP) = 30:70 could achieve better clinical results than
that of n(HA):n(β-TCP) = 70:30 [23]. However, organism
calciﬁed tissues have superiority because of their organic
matrix, particularly collagen type I, which exhibits
improved mechanical properties and bioactivity. Hence,
the incorporation of organic and inorganic components
may enhance the properties of biomaterials greatly [24].
Collagen, which is the main component of the
extracellular matrix (ECM), is a well-studied natural
polymer used in tissue engineering scaffolds [25].
Collagen has been widely used in the clinical setting for
many years and exhibits good biodegradability, biocompatibility, and absorbability [26] and is close to the natural
organic structure of bone, which would exert positive
effects on cell fates [27]. Collagen can also facilitate cell
attachment and can be easily absorbed by organisms [27].
Moreover, collagen can inhibit the growth of bacterial
pathogens [28]. Therefore, collagen may be a promising
organic material for incorporation with HA and TCP. Such
composite materials, mimicking the natural composition of
bones, may be biologically compatible, exhibiting proper
porosity and interconnected porous structures to enhance
the proliferation of cells [29–30]. Additionally, these
composites would be expected to have better mechanical
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properties than the individual components, including
improved stability [31] and mechanical ‘wet’ properties
[32]. Composite materials containing HA, TCP, and
collagen could augment the recruitment of progenitor
cells and their differentiation due to the adhesion properties
of collagen and the osteoconductive ability of mineral
composition [33].
After tooth extraction, the site will experience obvious
resorption, which will lead to insufﬁcient bone volume and
difﬁculty in implantation and prosthetic treatment [9–11].
Clinicians prefer to conduct bone grafting in the sockets;
this technique may slow bone resorption and result in
increased bone preservation. Studies have shown that this
biomaterial exhibits promising effects to the contribution
of new bone formation [10,34–35].
Among all bone graft, Bio-Oss Collagen, which consists
of 90% mineralized bovine bone matrix (carbapatite and
hydroxyapatite) and 10% porcine collagen (type-I), has
acquired satisfactory clinical effects so far due to its
excellent porous structure, biocompatibility and similar
components with natural bone. Nevins et al. revealed the
regeneration of the periodontal attachment apparatus in
human periodontitis bony defects with Bio-Oss Collagen
graft [36]. Cardaropoli et al. treated the infrabony defects
using Bio-Oss collagen combined with orthodontic movement [37]. In the study reported by Heinemann et al., they
conducted Bio-Oss graft in the extraction sockets with
implantation and achieve better effects than graft only or
none graft [38].
In this study, we aimed to explore a novel solution
dispersion approach to synthesize a highly bioactive
collagen/bovine bone (HA + TCP) composite scaffold
(CHTS). We also examined the surface characteristics
and composition of the CHTS and compared them with the
Bio-Oss Collagen biomaterial. In order to investigate the
biocompatibility of the CHTS and gain further insights into
the potential clinical applications of the CHTS, we also
tested in vitro cell proliferation and in vivo ridge
preservation.

After being incubated in sodium hydroxide and hydrogen
peroxide solution for 30 min, the bone cubes were then
incubated at 103.4 kPa for 1 h to remove collagen and
proteins. The bone scaffolds were washed in deionized
water and dried overnight at 60°C. Next, the bone scaffolds
were placed into a mufﬂe furnace, slowly heated to 700°C
[17,39], and calcined in an oxygen atmosphere for 2 h. The
calcined scaffolds were then immersed in 0.09 mol/L
sodium acid pyrophosphate water solution for 72 h in a
water bath at 70°C. The drying process was repeated, and
the scaffolds were placed into the mufﬂe furnace again and
slowly heated to 1200°C for 1 h [40]. After heating, the
scaffolds were ground, and the product was ﬁltered through
a screen cloth to obtain calcined bone particles with a
diameter of 0.25–1 mm.
2.1.2 Preparation of collagen–bone particle composite
scaffolds (CHTSs)

The preparation of the composite material was carried out
using a freeze-drying approach [41]. In order to avoid
inﬂammation and other negative effects of acid material,
collagen was dispersed in pure water. Fibrillary high-purity
collagen (Collagen Biotechnology Co., Ltd, China) was
dispersed in distilled water at a concentration of 4 g/100
mL. To achieve an ideal dispersion, a homogenizer (I KA,
Germany) was applied. After the collagen was sufﬁciently
mixed with water, the bone particles were mixed with the
collagen slurries under constant stirring at a speed of
45 r/min in order to disperse the bone particle homogeneously. The concentration of bone particles was 36 g/
100 mL. The solution was then degassed and injected into
stainless steel molds with dimensions of 5 mm  5 mm 
10 mm. In order to condense the material, the slurries were
subjected to a constant pressure of 105 kPa for 2 h. The
molds were then incubated at – 10°C to freeze for 2 h, and
the solution was then freeze-dried in a vacuum to obtain the
porous CHTS. The scaffolds were gamma irradiated at 25
kGy for sterilization at room temperature.
2.2

2

Scaffold analysis

Materials and methods
2.2.1

2.1
2.1.1

Scanning electron microscopy (SEM)

Preparation of CHTS
Preparation of bovine bone powder

The cancellous portion of bovine humerus epiphysis was
cut into cubes with dimensions of 4 mm  4 mm  10 mm.

SEM was performed on a Hitachi S-4800 SEM (Hitachi,
Japan). The specimens were ﬁxed in 2.5% glutaraldehyde
in water for 2 h and then dehydrated with gradient alcohol.
After critical point drying, the morphology of the specimens was observed.
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2.2.2

Element analysis (EDX spectra)

An energy dispersive X-ray (EDX) spectrometer (Hitachi
S-4800), which was connected to the SEM, was applied to
determine the elemental composition of CHST. The
specimen preparation was the same as that described in
Section 2.2.1. The results and graphs were generated using
JEOL and SwiftED-1.ipj software.
2.2.3

FTIR measurements

FTIR measurements were performed with a Shimadzu
FTIR-8400S (Shimadzu, Japan) to acquire information
about the chemical structure. The spectral range was set to
4000–400 cm–1 with a resolution of 2 cm–1 and scan
number of 32 times. The samples were diluted to 1% by
mixing with KBr (IR grade). The mixture was compressed
using a mechanical pressing system at 10 tons.
2.2.4

1 h to allow cell adhesion, 700 μL α-MEM containing 10%
FBS was added to each well. The medium was replaced
every other day.
2.3.2

X-ray diffraction (XRD) analysis

In order to examine the crystal phase composition of the
samples, XRD was conducted. An area (0.5 mm  0.5 mm)
of each sample was randomly selected, and the XRD
spectra were acquired at room temperature with a Siemens
D500 series diffractometer (Siemens, Germany) using Cu
Kα radiation. The range was 10°–90° with 0.02° steps and
1 s/step scan speed.

2.3.1

Cell proliferation assays

Cell proliferation was determined using MTT assays after
culture for 1, 3, 5, or 7 d. In brief, each well was aspirated
and washed with phosphate-buffered saline (PBS) three
times. Next, 700 μL of α-MEM containing 10% FBS and
70 μL MTT (0.5 mg/mL in water) was added to each well.
The plates were then incubated at 37°C with 5% CO2 for
3 h in the dark. The medium was removed, and 700 μL
DMSO (Sigma) was added to each well to dissolve the
formed formazan crystals. After shaking gently on a shaker
in the dark for 15 min, the absorbance at 450 nm was
measured with a microplate reader (Bio-kinetics reader;
Bio-Tek Instruments, USA). Measurements were repeated
in triplicate for each respective group.
2.4

2.3
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Biological evaluations of scaffolds in vitro
Cell culture

The cytotoxicity of the CHTS was analyzed by assessment
of MC3T3-E1 cell proliferation. MC3T3-E1 pre-osteoblasts (Sciencell, USA) were cultured in 100-mm dishes
with alpha minimum essential medium (α-MEM; Gibco,
USA) supplemented with 10% (v/v) fetal bovine serum
(FBS; Gibco), 1% (v/v) l-glutamine (Invitrogen Corp.,
Carlsbad, CA, USA). The medium was replaced every
other day. Cells were digested using a trypsin-EDTA
solution (Sigma, St. Louis, MO, USA), and the cell number
was determined using a hemacytometer. The cell suspension was centrifuged for 5 min at 1200 r/min at room
temperature and resuspended in α-MEM containing 10%
FBS to a density of 1107 cells/mL. Collagen scaffolds
(CHTSs and Bio-Oss Collagen) were placed into 24-well
tissue culture plates (Corning, USA). Each scaffold sample
was then seeded with 200 μL cell suspensions. The
atmosphere was maintained at 37°C with 5% CO2. After

2.4.1

Biological evaluations of scaffolds in vivo
Tooth extraction and ridge preservation

The osteogenic abilities of the scaffolds in vivo were
evaluated by ridge preservation in Beagle dogs. The
Ethical Committee of Peking University approved the
research protocol. Two beagle dogs (age, approximately
12–18 months; weight, 10–14 kg) were used in this study.
Before surgery, teeth were cleaned with 0.12% chlorhexidine solution, and tooth brushing was performed for both
dogs. The dogs were anesthetized by intravenous injection
of 30 mg/kg pentobarbital sodium, and local anesthesia
was carried out with articaine hydrochloride. The bilateral
mandible premolars (P1, P2, and P3) as well as the upper
and lower incisors (L1, L2, L3) were randomly extracted
with little damage to the walls of the sockets. The mucoperiosteal ﬂap was elevated to expose the alveolar ridge
crest. Each tooth was extracted individually with dental
forceps and dental elevators (the premolar crown was
hemisectioned in advance). The mandibular P1, P2, and P3
were used for histological evaluation, and the other teeth
were used for ridge preservation. A randomization scheme
was generated using a random number table, and in upper
and lower L1, L2, L3 and maxillary P1, P2, and P3 sites,
nine of which were randomly chosen and divided into three
groups; three of the sockets were ﬁlled with CHTSs after
curetting of the sockets, three were ﬁlled with Bio-Oss
Collagen, and the remaining sockets were used as negative
controls without any grafts (Fig. 1). The ﬂaps were
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Fig. 1 Tooth extraction and graft ﬁlling.

repositioned with interrupted sutures using 4-0 nonabsorbable sutures. For postsurgical care, animals were fed a soft
diet and received 25 mg/kg amoxicillin (Baiyunshan,
China). The oral hygiene maintenance using 0.12%
chlorhexidine solution was performed for 7 d after surgery.
2.4.2 Cone beam computed tomography (CBCT)
examination

Before the operation and 2 months after the operation,
CBCT (LargeV, China) scans with 0.25-mm-thick layers
were performed in order to determine the dimensional
variation in the alveolar sockets. SmartV software was used
to measure the alveolar bone. The basis nasi was used as
the maxillary reference plane, and the mandibular bone
lower edge was used as the mandibular reference plan. To
determine the height of the alveolar bone in the sagittal
slice, the long axis of the alveolar bone was adjusted
parallel to the adjacent tooth’s long axis (Fig. 2(a)). Then,
from the corresponding coronal slice, the distance from the
reference plane to the alveolar bone crest was deﬁned as the
height of the alveolar bone at that site (Fig. 2(b)). In the
measurement of alveolar bone width, the same reference
plane and sagittal slice were adopted. From the coronal
slice, the axial slice was shifted to a position whose
distance to the reference plane was a ﬁxed value (9, 10, or
11 mm; Fig. 2(c)). Then, from the axial slice, the width of
the alveolar bone was measured from the buccal lamella to
the palatal (Fig. 2(d)). The differences in height and width
between the two examinations at the same site were deﬁned
as ΔHR and ΔWR, respectively. The bone density was also
determined using Hounsﬁeld units (HU).

Fig. 2 CBCT images showing the process of measurement of
alveolar bone height and width. (a) By rotating and shifting the
image, the long axis of the alveolar bone (determined from the
long axis of the adjacent tooth) was adjusted to parallel with the
green line (coronal slice). (b) The coronal slice. The yellow line
indicates the reference plane, and the height of the alveolar bone.
(c) At the same sagittal position, the blue line (axial slice) was
shifted to make the distance between the axial slice and reference
plane a certain value (9, 10 or 11 mm). (d) The axial slice. The
yellow line indicates the width of the alveolar bone.

elevated, and three defect holes were prepared in the
middle of the alveolar ridge crest with an ITI implant
system (Strauman, Switzerland). A randomization scheme
was generated using a random number table. Each hole was
prepared to the dimension of Φ3.5 mm  10 mm with a
drill, and the holes were irrigated with cold normal saline.
These holes served as bone defects with dimension of Φ3.5
mm  10 mm. Overall, every dog had three defects on each
side of the mandible (total of six defects for each dog).
CHTSs and Bio-Oss Collagen were used to ﬁll two random
defects each, and the remaining two defects were used as
blank controls ﬁlled with blood clots. After irrigation with
normal saline, the ﬂaps were repositioned with interrupted
sutures using 4-0 nonabsorbable sutures (Fig. 3).

Fig. 3 Bone defects preparation and bone graft ﬁlling.

2.4.3

Preparation of defects and scaffold implantation

In order to evaluate the tissue variation histologically, the
dogs were subjected to the same anesthesia process 3
months after implantation. An “H” shape incision was
made in the mandible edentulous alveolar process in the
premolar-molar region of the side between the canine tooth
and the fourth premolar (P4). A muco-periosteal ﬂap was

After healing for 60 d, the dogs were euthanized by an
overdose of sodium pentobarbitone administered intravenously. After removal of the soft tissue, both jaws were
sawed off and cut into blocks using dental handpieces and
diamond burs. The blocks were then ﬁxed in a solution
containing a mixture of 5% glutaraldehyde and 4%
formaldehyde [42].
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Histological evaluation

The blocks were dehydrated in a gradient series of alcohols
(50%, 70%, 90%, 95%, 100%, and 100%) and then
inﬁltrated in methacrylate, polymerized, and sectioned at
the vertical plane of the mandible using a Leica 1600 hard
tissue microtome (Leica, Germany). Each block was
sectioned with rotary abrasive paper to grind to a thickness
of about 150 μm and then ground again to a ﬁnal thickness
of approximately 40 μm. Sections were cleaned with
alcohol and stained with toluidine blue to observe the new
bone formation around the bone graft using a U-LH300-3
microscope (Olympus, Japan) with Image-Pro software
(Media Cybernetics, USA).
2.5

Statistical analysis

Data were analyzed using t-tests, one-way analysis of
variance (ANOVA), and least signiﬁcant differences (LSD)
tests. A signiﬁcance level of 0.05 was used in all statistical
comparisons. All statistical analyses were performed with
GraphPad Prism 6 software (GraphPad Prism 6, USA).

3

Results

3.1

Analysis of the surface morphology of the scaffolds

Photographs of the CHTS are shown in Fig. 4, and SEM
images of the CTHS are shown in Fig. 5. The
macroscopical shapes of both the scaffolds were similar.
The mineral crystals were distributed densely throughout
the collagen. SEM analysis of the CHTS and Bio-Oss
Collagen showed that both the scaffolds shared similar
structures, with a collagen ﬁber grid and homogeneously
dispersed mineral crystals. The diameters of the mineral
crystals were approximately 200–300 μm, and the CHTSs
had smaller crystal diameters of about 100–150 μm.

Fig. 4 Photographs of (a) the CHTS and (b) Bio-Oss Collagen.

3.2

Composition analysis

EDX spectra were obtained for the CHTS and Bio-Oss

Fig. 5 SEM images of the CHTS and Bio-Oss Collagen: (a)(b)
morphologies of Bio-Oss Collagen at 200 and 500 magniﬁcations, respectively; (c)(d) morphologies of the CHTS at 200 and
500 magniﬁcations, respectively. The blue arrows indicate
collagen ﬁbers, and the red arrows indicate mineral crystals.

Collagen. One area containing both collagen ﬁbers and
crystals was selected randomly from each sample to
perform plane scan analysis. The EDX spectra indicated
that both samples had similar elements, including carbon,
oxygen, and nitrogen, derived from the collagen, and
calcium and phosphorus, derived from the bone granules.
Compared with the Bio-Oss Collagen, the CHTS had a
relatively lower molar ratio of calcium/phosphorus (12:7
versus 20:11, respectively) due to the presence of 50% TCP
in the bone granules. A small amount of impurities,
including sodium and chloride, were also be detected in
both samples without signiﬁcant differences. The FTIR
spectra (Fig. 6(a)) showed typical peaks at 1030 and 602/
566 cm–1, indicative of the ν3 and ν4 vibrations of PO43–.
The peaks at 1547 and 1600 cm–1 were indicative of
collagen (COO–). Compared with the relatively low peaks
of the Bio-Oss Collagen, the collagen component in the
CHTS did not change signiﬁcantly after the composite
process. The XRD spectra (Fig. 6(b)) indicated the
presence of signiﬁcant peaks in the CHTS in the 2θ ranges
of 23.4°–23.7° and 26.9°–27.4° (International Center for
Diffraction Data, Joint Committee on Powder Diffraction
Standards, CPDS No. 41-0487) and a much lower peak at
40.4°–40.9°, which indicated the TCP phase; the Bio-Oss
Collagen did not have such features.
3.3

MTT assays

In order to determine the cytotoxicity of the CHTS, MTT
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Fig. 7 The proliferation of MC3T3-E1 cell on CHTS and BioOss Collagen.

Fig. 6 (a) FTIR patterns of the CHTS and Bio-Oss Collagen.
Both the CHTS and Bio-Oss Collagen shared the same organic
and inorganic composition. Notes: red line, CHTS; blue line, BioOss Collagen. The dashed lines indicate similar symbolic peaks in
both groups: 1030 cm–1, ν3 vibration of PO43–; 602 and 566 cm–1,
ν4 vibration of PO43–; 1547 cm–1, amide II; 1600 cm–1, amide I.
(b) XRD spectra of the CHTS and Bio-Oss Collagen. Notes: red
line, CHTS; blue line, Bio-Oss Collagen; rhombus symbols
indicate the symbolic peaks of HA; dashed at 23.4°–23.7° and
26.9°–27.4° demonstrate the symbolic peaks of β-TCP in CHTS.

assays were performed in MC3T3-E1 cells cultured on
both the CHTS and Bio-Oss Collagen. The growth curves
(Fig. 7) showed that the overall growth tendency of both
groups was similar from the third day to the ﬁfth day. From
the ﬁfth day to the seventh day, cell proliferation on the
CHTS was slightly higher than that on Bio-Oss Collagen.
Notably, throughout the entire culture process, cell
proliferation on both grafts was higher than that for the
control group.
3.4

CBCT results

At 2 months after implantation, the controls showed
signiﬁcantly increased bone resorption for both height BioOss ((2.110.61) mm vs. (0.850.46) and (1.250.74)
mm, respectively; p < 0.05) and width ((1.140.59) mm
vs. (0.540.50) and (0.670.30) mm, respectively;
p < 0.05) compared with the CHTS and Bio-Oss Collagen

(Fig. 8, Tables 1 and 2). Additionally, the density of
alveolar bone in the control group ((1.140.59) mm) was
signiﬁcant lower than those in the other two groups.
However, compared with Bio-Oss Collagen, the CHTS
exhibited slightly lower bone resorption both vertically
((0.850.46) mm vs. (1.250.74) mm, respectively; p =
0.2103) and horizontally ((0.540.50) mm vs. (0.670.30)
mm, respectively; p = 0.51). The bone density was slightly
higher in the CHTS ((1566194.66) HU vs. (1526
184.75) HU, respectively; p = 0.57). However, there were
no signiﬁcant differences.

Fig. 8 CBCT slices at a typical site ﬁlled with CHTS: (a)
Sagittal slice immediately after surgery; (b) Axial slice immediately after surgery; (c) Sagittal slice 2 months after surgery; (d)
Axial slice 2 months after surgery. Notes: yellow points, markers
of distance measurement; green lines, socket ﬁlled with CHTS;
red lines, new bone formation in the socket.

3.5

Histological assessment

At 2 months after implantation, both the CHTS and BioOss Collagengroups (Fig. 9) had some remaining mineral
particles. However, the collagen ﬁbers were degraded, and
some mineral crystals were remodeled. Around the
remaining mineral crystals, we found new woven bone
matrix, as indicated by toluidine blue staining, with small
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Table 1 Results of variables of alveolar bone preservation in Beagle dogs
Group

Variables
ΔHR /mm

ΔWR /mm

Density variation /HU

CHTS

0.850.46

0.540.50

1566194.66

Bio-Oss Collagen

1.250.74

0.670.30

1526184.75

Control

2.110.61

1.140.59

1118108.91

Notes: ΔHR, variation in alveolar bone height; ΔWR, variation in alveolar bone width.

Table 2 Comparison of HR, WR, and density variations among groups
Signiﬁcances of differences

Comparison between groups
CHTS vs. Bio-Oss Collagen
CHTS vs. Control
Bio-Oss Collagen vs. Control

ΔHR

ΔWR

p = 0.21

p = 0.51

p = 0.57

**p < 0.001

*p < 0.05

**p < 0.001

*p < 0.05

*p < 0.05

**p < 0.001

Density variation

Notes: *p < 0.05, **p < 0.01 by ANOVA and LSD tests.

formed bone was less than that of the other two groups, and
the proportion of ﬁbrous tissue was also higher.

4

Fig. 9 Light microscopic images of toluidine blue-stained
ground sections of mandibular bones at 8 weeks after implantation in mandibular defects: (a) CHTS, 10; (b) CHTS, 20; (c)
Bio-Oss Collagen, 10; (d) Bio-Oss Collagen, 20; (e) Blank,
10; (f) Blank, 20. Notes: NB, new formed bone; BG, bone
graft; HS, Haversian structure system; arrows, the boundary of the
bone graft and new osteoid precipitation.

amounts of ﬁber tissues. Of the new osteoid precipitation,
mature bone, with a regular arrangement of bone trabecula
surrounded by several bone lacunas, was observed.
Haversian structure systems were also detected around
the area of the bone grafts. No histological indication of an
inﬂammatory response was detected in either group. In the
control group without any grafts, the density of the newly

Discussion

In this study, we examined the features of a CHTS prepared
using HA and β-TCP for bone regeneration in vivo. Our
results showed that this CHTS showed good morphological
and mechanical features comparable to those of a widely
used biomaterial, Bio-Oss collagen. Thus, the CHTS may
have applications in bone tissue engineering.
Conventional preparation approaches for collagen/HA/
TCP composites include a supersaturated calcium phosphate aqueous solution or synthetic HA particles in order to
achieve bone regeneration [41]. The disadvantages are
obvious: the structure of the mineral crystals does not
resemble the natural bone, which leads to poor mineralization of collagen, resulting in negative effects on the cells
and tissue growth. However, bone particles from natural
bone resources could remain in their native structure and
chemical composition. Many studies have found that
inorganic bovine bone shows better bone formation
potential than other HA materials [43–46]. The classical
method to disperse collagen is to dissolve the ﬁbers in acid
solution, such as acetic acid, which would cause inﬂammation in recipient areas due to the high acidity of the
materials. In order to overcome this disadvantage, our
composite approach used pure water as the solvent to
dissolve the collagen with a homogenizer. Thus, the
composite scaffold was expected to have a favorable pH
of around 7. As a result, irritation from acid grafts could be
avoided, providing a suitable environment for cell and
tissue growth. Additionally, in order to improve the
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mechanical properties of our scaffold, constant mechanical
pressing was used rather than crosslinking with glutaraldehyde [47] or EDC/NHS [48], which can cause damage
to the tissues and cells. Based on the above features,
improved biocompatibility was achieved.
Bio-Oss Collagen, a novel bone graft material, has
become increasingly common in clinical practice, particularly for alveolar ridge preservation [8,35,49]. Therefore,
we used Bio-Oss Collagen as our control group to evaluate
the efﬁcacy and characteristics of our novel scaffolds. From
SEM images and photographs of the CHTS and Bio-Oss
Collagen samples, we found that the CHTS exhibited a
similar arrangement of collagen and mineral crystals as the
Bio-Oss Collagen. The CHTS had relatively smaller
crystals and less porosity. Although pore sizes of 50–150
μm are suitable for tissue and cell growth [50], the rapid
degradation of collagen ﬁbers could provide suitable
porosity owing to the pore structure of the mineral particles
[51].
The EDX results showed that both groups shared similar
elemental components. However, the calcium:phosphorus
molar ratio of CHTS (8:5) was higher than 5:3 (the ratio of
HA) and lower than 3:2 (the ratio of TCP) as a result of the
coexistence of both components. However, the ratio of
Bio-Oss Collagen was 20:11, which was lower than the
ratio of HA owing to the presence of carbonatoapatite [52].
From the XRD spectrum, both HA and β-TCP could be
detected in the CHTS. β-TCP, like HA, shares similar
microsphere with natural bone [53] and biocompatibility,
osteoconductivity and bioresorbable properties are also
excellent [54–56]. It barely has the risk of rejection or
infection [57] and there are many clinical researches
conﬁrming the safety and effectiveness of β-TCP [58–59].
The biodegradation rate and solubility of HA are low; thus,
after combination with β-TCP, the composite would
degrade and dissolve faster, which is suitable for tissue
engineering applications [60]. β-TCP could also contribute
to the differentiation of osteoblasts and subsequent bone
formation, including the secretion and mineralization of
ECM [61]. The high dissolution velocity of β-TCP could
provide a high Ca2+ or PO34– concentration environment,
which could facilitate the osteogenic differentiation in
many ways, such as the adsorption and release of bone
forming factors [62] and adjustment of osteogenic cells
phosphate metabolism and adenosine signaling [63]. Many
researches also demonstrated that the high Ca2+ or PO34–
environment could promote the healing process of bone
[64–66]. Therefore, the additional β-TCP in our CHTS

could provide improved biological properties compared
with the use of HA alone.
From the histological evaluation, both the CHTS and
Bio-Oss Collagen showed excellent new bone formation.
Some grafts had degraded. Around the residual granules of
grafts, new forming woven bone trabecula could be clearly
detected. Bone lacunas and Haversian structure systems
could also be detected around the grafts. Although the
results of the CHTS and Bio-Oss Collagen samples did not
differ signiﬁcantly from each other, likely owing to the
small number of samples examined, new bone formation
was obviously lower in the control than in the two
treatment groups, suggesting that the CHTS and Bio-Oss
Collagen promoted new bone growth.
Ridge preservation experiments can be an excellent
simulation of the clinical use of bone grafts. From the
results, the CHTS did not differ signiﬁcantly in bone
formation compared with the Bio-Oss Collagen, which has
resulted in promising outcomes in clinical applications. In
contrast to the signiﬁcant bone resorption observed in the
control group, the graft implant sites exhibited signiﬁcantly
less bone loss both in dimension and density. From CBCT
imaging, we could evaluate the morphology of the alveolar
bone and dynamic variations in more detail than by
histological analysis alone. However, the CHTS had a
relatively high standard deviation, particularly for variations in the width of the alveolar bone. This may have
contributed to relatively high errors in location and
measurement due to the limitations of CBCT and the
software.
In all, compared with Bio-Oss Collagen, the golden
standard in ridge preservation, the CHTS has similar
morphology, microstructure but additional β-TCP, which
could enable better osteogenesis effect. The results of cell
toxicity and biological effects of CHTS did not demonstrate signiﬁcant differences with Bio-Oss Collagen.

5

Conclusions

In the present study, we prepared a novel bone graft
scaffold with calcined bovine bone particles and type-I
collagen. The morphology and composition of the CHTS
were similar to Bio-Oss Collagen, which has been used
clinically. Furthermore, in vitro and in vivo biological
evaluations showed that the CHTS promoted osteogenesis,
similar to that of Bio-Oss Collagen. Therefore, our novel
collagen/HA/TCP scaffold had excellent biological properties and may have applications in clinical practice.
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