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Abstract: We developed collagen (COL) and collagen/beta tri-
calcium phosphate (COL/B-TCP) scaffolds with a B-TCP/colla-
gen weight ratio of 4 by freeze-drying. Mouse bone marrow-
derived mesenchymal stem cells (BMMSCs) were cultured on
these scaffolds for 14 days. Samples were characterized by
physicochemical analyses and their biological properties
such as cell viability and alkaline phosphatase (ALP) activity
was, also, examined. Additionally, the vascularization poten-
tial of the prepared scaffolds was tested subcutaneously in
Wistar rats. We observed a microporous structure with large
porosity (~95-98%) and appropriate pore size (120-200 pm).
The COL/B-TCP scaffolds had a much higher compressive
modulus (970 = 1.20 KPa) than pure COL (0.8 +1.82 KPa).
In vitro model of apatite formation was established by

immersing the composite scaffold in simulated body fluid for
7 days. An ALP assay revealed that porous COL/B-TCP can
effectively activate the differentiation of BMMSCs into osteo-
blasts. The composite scaffolds also promoted vasculariza-
tion with good integration with the surrounding tissue. Thus,
introduction of B-TCP powder into the porous collagen matrix
effectively improved the mechanical and biological properties
of the collagen scaffolds, making them potential bone substi-
tutes for enhanced bone regeneration in orthopedic and den-
tal applications. © 2017 Wiley Periodicals, Inc. J Biomed Mater Res
Part A: 106A: 73-85, 2018.
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INTRODUCTION

According to the American Academy of Orthopedic Surgeons
(AAOS), 6.3 million bone fractures occur in the United
States annually due to bone tumor removal, severe nonun-
ion fractures, and traumatic accidents.? Bone defects are a
fundamental public health issue, and are the leading cause
of morbidity and disability in elderly patients.> After blood
transfusion, bone is the second most commonly implanted
material in the human body, with approximately 600,000
bone graft procedures performed annually.*

Although autografting (commonly from the iliac crest) is
considered the gold standard in bone defect repair, it is lim-
ited by increased donor site morbidity, limited availability,
and an invasive harvesting procedure. Allografting provides
increased osteoconductive capacity while allowing for the
use of large and differently shaped pieces of bone, but it

Correspondence to: N. Baheiraei; e-mail: n.Baheiraei@modares.ac.ir

also carries a high risk of potential infection, nonunion,
fatigue fracture, and rejection®*® Metallic- and ceramic-
based artificial implants may provide immediate support at
the defect site, but are limited by material-related failure
modes such as poor integration with the surrounding tissue,
corrosion failure, and brittleness/low tensile strength.®
Tissue engineering techniques provide a new method of
regenerating damaged or diseased bone tissue. Scaffolds
require materials with biocompatibility to protect against
host immune rejection responses, osteoconduction ability
for facilitating bone formation, suitable mechanical proper-
ties to ensure mechanical compatibility with the surround-
ing tissues, proper porous structure to provide enough
space for cell proliferation and extracellular matrix (ECM)
formation, and an adjustable rate of biodegradation match-
ing the rate of tissue regeneration in the repaired area.”®
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Several polymers and inorganic/organic biomaterials
have been utilized as scaffolds for bone tissue engineering
in recent years to meet the various demands that single-
component scaffolds cannot.’ '* Beta-tricalcium phosphate
(B-TCP)/collagen (COL) is one of the best materials for ful-
filling the requirements of bone tissue engineering scaf-
folds.” TCP replacements have been used as synthetic bone
void fillers in dental and orthopedic applications for two
decades because they are biocompatible and have high
mechanical stiffness.*>° Among TCP substitute materials,
B-TCP has a microstructure (Ca/P ratio) very close to that
of natural bone tissue with good biodegradability and osteo-
conductivity.'”2° It was one of the earliest calcium phos-
phate bone graft substitutes used by Albee and Morrison in
1920. An increased rate of bone union was reported when
B-TCP was injected into the gap of a segmental bone
defect.?" This calcium phosphate ceramic has been widely
used as an alternative to autografts in bone grafting,? and
has excellent osteoconductivity and resorbability when used
to fill bone defects.?>73° Moreover, scaffolds based on cal-
cium phosphate provide promising mechanical stability for
implantation in load-bearing defects.3* During bone regener-
ation, B-TCP exhibits resorbable characteristics and is com-
pletely replaced by new bone tissue after stimulation of
bone formation.? The resorption rate of B-TCP is higher
than that of highly crystalline sintered hydroxyapatite,
which has an extremely slow resorption rate. Other calcium
phosphate ceramics also have higher solubility than the rate
of bone tissue regeneration, which makes them unsuitable
for the gradual process of new bone tissue replacement.

Collagen type I is a major component of the bone ECM;
it has good biodegradability, excellent biological compatibil-
ity, and facilitates cell attachment,* resulting in better con-
ditions for bone formation. However, it has inferior
mechanical properties, specifically stiffness. Collagen has
also demonstrated therapeutic promise in both preclinical
and early clinical studies.>® Therefore, incorporation of cal-
cium phosphates with collagen results in the ideal biological
scaffold, with materials similar to natural bone and the
essential mechanical stiffness at different stages of bone
regeneration®® B-TCP and collagen materials, especially
when combined with concentrated bone marrow (BM) aspi-
rate, provide an excellent substitute for bone, and offer an
osteoconductive, osteoinductive, and osteogenic source for
the formation of new bone.?’

Zou et al. prepared a B-TCP/collagen composite with a
bone-like microstructure that showed no cytotoxicity and
resulted in complete bone tissue regeneration after 12
weeks in vivo.” Bulgin et al. combined B-TCP and absorbable
atelocollagen with freshly isolated autologous BM-derived
mononuclear cells to treat an aneurysmal bone cyst in a 10-
year-old child. This treatment was used to fabricate a rea-
sonable and beneficial substitute to promote bone cyst heal-
ing with both osteoinductive and osteoconductive features.
The authors observed that B-TCP and freshly isolated cells
had excellent handling characteristics and were well toler-
ated by the patient. They also detected significant clinical
and radiographic improvements, with no adverse tissue
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reaction, infection, or delayed healing during the course of
the treatment.®® The authors of another study evaluated the
effect of a prepared complex comprising B-TCP granules,
collagen, and fibroblast growth factor-2 (FGF-2) on cortical
bone repair in rabbits. The results suggested that bone for-
mation is affected by resorption of B-TCP and may be pro-
moted by FGF-2 in the B-TCP implantation site. The authors
reported that the paste-like material was easy to handle in
the treatment of cortical bone defects.??

In a typical bone tissue engineering approach, a bone
graft is made using mesenchymal stem cells (MSCs) cul-
tured in a porous scaffold for a certain length of time and
then implanted into the defect.?® It has been reported that
osteochondral tissues may be effectively regenerated by
integrating biodegradable scaffolds with MSCs.>**° Scaffolds
comprising organic/inorganic composites such as collagen/
B-TCP with MSCs are considered good candidates for bone
tissue engineering.8

MSCs are multipotent and secrete many kinds of trophic
and immunomodulatory cytokines with the ability to differ-
entiate into multiple connective and bony tissues. They also
play a role in various human tissue engineering applications,
including treating non-unions and supporting healing in
high-risk fusion procedures. The immunomodulatory charac-
teristics of MSCs allow for the use of cells of allogeneic
origin.3’

In the present study, we fabricated porous COL and COL/
B-TCP nanocomposite scaffolds by freeze-drying. Mouse bone
marrow-derived mesenchymal stem cells (BMMSCs) were then
cultured in these scaffolds for up to 14 days. Finally, we eval-
uated the physicochemical and biological characteristics of the
samples, and investigated the vascularization and MSC differ-
entiation associated with them.

MATERIALS AND METHODS

Synthesis of scaffolds

A porous COL/B-TCP composite was prepared as follows.
First, collagen type 1 (CCS-1, NZA, Iran) was dispersed in
dilute hydrochloric acid (pH =2) at room temperature to
produce a 1% (w/v) solution. A designated amount of (3-
TCP (Sigma-Aldrich) powder with a weight ratio of B-TCP/
COL=4/1 was then added to the collagen solution while
stirring. After a homogeneous suspension had formed, we
poured the mixture into a plastic mold and froze it at
—20°C for 4 h and —80°C overnight. Subsequently, the fro-
zen sample was further lyophilized to create a porous COL/
B-TCP composite) freeze drier; ALPH1-2LD, UK). A similar
protocol was used to make COL scaffolds without B-TCP.
The obtained scaffolds were crosslinked for 24 h with 0.5%
glutaraldehyde solution (GA; Merck, Germany). Porous sam-
ples were then soaked in deionized water for 4 days,
refreshing daily to remove remnants of the GA. The samples
were lyophilized again to form the scaffolds for subsequent
experiments.

Bone marrow MSC isolation and expansion

BM was collected from the femurs and tibiae of 6-8-week-
old mice that had been sacrificed by cervical dislocation.

DEVELOPMENT OF A BIOACTIVE POROUS COL/s-TCP
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FIGURE 1. XRD patterns of (a) COL and (b) B-TCP/COL scaffolds.

The animal experiments were approved by the Ethics Com-
mittee of Tarbiat Modares University, Iran (IR.T-
MU.REC.1395.388). The femurs and tibiae were carefully
cleaned of adherent soft tissue, and the BM was harvested
by flushing with Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco, Germany) containing 100 IU/mL penicillin,
100 IU/mL streptomycin, and 15% fetal bovine serum (FBS;
Gibco, Germany). After centrifugation for 5 min, the BM was
mixed with the medium and incubated at 37°C in 5% CO,.
Forty-eight hours later, non-adherent cells were removed by
medium replacement. We then incubated the cultures until
they reached confluence, replacing the medium twice per
week, and used passage-3 cells for subsequent experiments.

Characterization

Scaffold analyses. To analyze the crystalline phase of the
scaffold powder, X-ray diffraction (XRD) was performed
using a diffractometer with a Cu anode (D5000; Siemens) at
a fixed incident angle of 0.02 in a 26 range of 5-100°. After

(b)
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FIGURE 2. FTIR spectra of (a) COL and (b) B-TCP/COL scaffolds.
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FIGURE 3. Optical micrographs of B-TCP/COL scaffold.

gold coating, the morphology of the prepared samples was
examined by scanning electron microscopy (SEM; XL30, Phi-
lips). The scaffolds were quenched in liquid nitrogen and
broken into pieces for the cross-sectional study. The macro-
scopic morphology of the prepared scaffolds was examined
using an optical microscope (Olympus, GX51). Fourier trans-
form infrared spectroscopy (FTIR; PE1760x) was performed
in the range 500-4000 cm ' at a scan speed of 23 scans/
min with a resolution of 1 cm™ ' in KBr-diluted medium to
investigate the interaction between B-TCP particles and col-
lagen fibrils. Transmission electron microscopy (TEM; Zeiss-
EM10C) was used to characterize the precipitate particles
within the collagen matrix. Samples were fixed and embed-
ded in resin, then thin-sectioned by ultramicrotomy. The
sections (50- to 70-nm thick) were collected on a copper
mesh grid for subsequent experiments.

The porosity of the prepared scaffolds was measured by
liquid displacement according to the following formula; the
samples were cut to 2 X 1 X 0.5 cm?, and ethanol was
used as a liquid medium.?

POI‘OSity (%)=(Wz_Wg_Ws)/(Wl—Wg)XIOO (1)

where W; is the weight of the bottle filled with ethanol; W,
is the weight of the bottle filled with ethanol after immer-
sion of the scaffold; W3 is the weight of the bottle filled
with ethanol after removal of the scaffold; and W; is the
weight of the dry scaffold in air.

The bioactivity of the COL/B-TCP scaffold was evaluated
in vitro from samples immersed in simulated body fluid
(SBF) at 37°C for 3 and 7 days. The scaffolds were removed
from the SBF, washed with deionized water, and dried. The
morphology and Ca/P ratio of the created crystals on the
scaffold surface were evaluated using a SEM equipped with
an energy-dispersive X-ray analyzer (EDX; Rontec).
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FIGURE 4. SEM images of surface morphology of the prepared scaffolds with different magnifications; (a), (b) COL and (c), (d) B-TCP/COL
scaffolds.

The compressive strength of the scaffolds was deter- modulus was calculated from the slope of the stress-strain
mined using a conventional testing machine (H10KS; Houns-  curve in the linear region. Three specimens were tested
field) at a loading rate of 1 mm/min. The compressive from each scaffold.

FIGURE 5. SEM images of the cross section of the prepared scaffolds with different magnifications; (a), (b) COL and (c), (d) B-TCP/COL
scaffolds.
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TABLE I. Characterizations of COL and 3-TCP/COL Scaffolds

ORIGINAL ARTICLE

Scaffolds Pore Size (um) Porosity (%) Compressive Modulus (KPa)
COoL 150-200 98.4+1.29 0.8+ 1.82
COL/B-TCP 120-150 95.5+1.78 970 +1.20

The swelling ratio was used to quantitatively evaluate
the swelling behavior of each scaffold.® The scaffolds were
placed in phosphate-buffered saline (PBS; Gibco, Germany,
pH = 7.4) at 37°C in a humidified atmosphere of 5% CO, for
1, 3, 24, and 48 h. At each time-point, the samples were
taken out, and the excess PBS was removed by blotting on
filter article. The swelling ratio was quantified using the fol-
lowing formula*®:

Swelling ratio = (Wiet— Wary)/Wary (2)
where Wy, is the weight of the dry scaffold and W, is the
weight of the scaffold immersed in PBS.

To assess the hydrolytic degradation of the synthesized
scaffolds, sterilized and carefully dried samples were
weighed and placed in PBS (pH=7.4) in a water bath
(Memmert, WB14) at 37°C. At different intervals, samples
were removed, washed with deionized water, and com-
pletely dried in a vacuum. The weight loss percentage was
calculated as:

Weight loss (%) = (Wy— W,)/W;X 100 3)
where W, and W, are the weights of the scaffolds before
and after degradation, respectively.*> We recorded the aver-

age value from three different samples.

Cytotoxicity and morphology assessments. The scaffolds
were sterilized using 70% ethanol and washed with PBS.
Then, 10* cells were suspended in expansion medium,
seeded over scaffolds in 96-well culture plates, and incu-
bated in a humidified chamber at 37°C in 5% CO,. A
cytocompatibility assessment was performed using 3-[4,5-

(a)
16 *
1 " * /
rF4
— 12 i
wls
(=) 10 4
=
ﬁ 8
5 6
o ¢ (b)
% 2 / o |
1] T T
° 10 20 30 P 50
Time [h]

FIGURE 6. Water uptake of the (a) COL and (b) B-TCP/COL scaffolds at
different time points. The result is presented as the means =+ standard
deviation for n=3. * indicates p < 0.01 versus B-TCP/COL scaffold at
each day.
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dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT,
Sigma) colorimetric assay at 48 and 96 h. Briefly, the scaf-
folds were washed with PBS, a 150 pL solution containing a
5:1 ratio of media and MTT (5 mg/mL in PBS) was added
to each well, and the scaffolds/cells were incubated. Two-
hours later, the medium was removed, and the formazan
precipitates were dissolved in dimethyl sulfoxide (DMSO).
The optical absorbance at 570 nm was measured using a
microplate reader (ELISA reader, ELX808, BioTek). At least
three samples were averaged for each experiment. The cells
on the tissue culture plate (TCP) were considered the con-
trol. Cell viability was calculated as a percent value relative
to the control group. To evaluate the possible cytotoxicity of
the released degradation products, cross-linked samples
were immersed in the culture medium and incubated at
37°C in 5% CO, for 10 days. After incubation, the samples
were removed and the extracts were used for indirect cyto-
toxicity analysis. Briefly, 1 X 10* cells/well were plated
onto 96-well plates and incubated at 37°C for 24 h in a
humidified atmosphere of 5% CO,. The medium was then
replaced by the extract obtained after 10 days, and the cells
were incubated for a further 24 h before performing the
MTT assay. The control group was given the normal
medium.

The morphology of the cultured cells in the prepared
samples was assessed by SEM. After 48 h, the attached cells
were fixed in 2.5% glutaraldehyde followed by serial dehy-
dration with graded ethanol solutions (10, 30, 70, 90, and
100%), coated with gold, and examined at an accelerating
voltage by SEM (XL30; Philips).

Alkaline phosphatase activity. Alkaline phosphatase (ALP)
activity was measured to quantitatively assess the osteo-
genic differentiation of the MSCs. The cells on the constructs
were washed with PBS (pH 7.4), homogenized with 1 mL

100 [

* *

80 \\\ {
- 70
S
L w
3 & ——f)
: Y —a—(b)
g . ¥

Time (Days)

FIGURE 7. Weight loss of (a) COL and (b) B-TCP/COL scaffolds in PBS
(pH 7.4). The result is presented as the means *+ standard deviation
for n=3. * indicates p < 0.01 versus COL scaffold at each day.
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FIGURE 8. SEM micrograph of the scaffolds immersed in SBF after (a) 3 day and (b), (c) 7 days.

PBS, and sonicated. The cell lysate (0.1 mL) was mixed with
0.2 mL of p-nitrophenyl phosphate (pNPP) substrate solu-
tion (BioVision). After incubation at 37°C for 30 min, 2M
NaOH solution was added to stop the reaction.** Absorption
at 405 nm was read using a microplate reader (Stat Fax
3200; Awareness Technology).

Subcutaneous implantation, and histological and
immunohistochemical analyses. To evaluate the in vivo
angiogenic properties of the scaffolds, subcutaneous implan-
tation was performed. Eighteen male NMRI mice (25-30 g,
age = 6-8 weeks) were used. Three days prior to transplan-
tation, animals received cyclosporine (Novartis Pharma AG,
Switzerland) with their drinking water.** General anesthesia
was induced by intraperitoneal injection of a mixture of
ketamine (Alfasan, The Netherlands; 0.04 mL/100 g body
weight) and xylazine (Alfasan, The Netherlands; 0.02 mL/10
g body weight). A small transverse incision (approximately
2-cm long) was made on the backs of the mice, and 10 X
10 mm? scaffolds were subcutaneously implanted (group 1:
COL; group 2: composite (COL/B-TCP), n=3 per group).
The incision was then closed with a surgical suture. The
mice recovered from the surgery, were permitted free
access to food and water, and all survived without any com-
plications. They were then sacrificed after 1, 2, and 4 weeks.
Local vascularization around and inside the scaffolds was
examined under a stereo microscope (SMZ 1000, Japan).
The implantation bed was explanted with the surrounding
tissue, fixed in 10% buffered formalin for 24 h, and trans-
ferred to PBS at 4°C. Fixed tissues were cut into several seg-
ments of 5-pm thickness and stained with Mayer’s
hematoxylin and eosin (H&E) to assess cellularization.
Images were taken with an AxioCam camera on an AxioPlan
microscope (Carl Zeiss GmbH, DE). The cell migration rate
was calculated as follows:

Cell migration rate = (W/W;) % @)

where W is the cell migration area into the scaffold and W,
is the area of the scaffold.®®

Immunohistochemistry assessments were also per-
formed to visualize vascularization. The samples were
embedded in paraffin, dewaxed, and blocked with 3% (w/v)
bovine serum albumin in PBS (pH 7.4) for 20 min at 20°C.
The sections were incubated for 12 h at 4°C with the
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primary antibody of anti-VEGFR2 (1:100; Abcam), and
washed three times with PBS for 5 min each time. Colora-
tion was achieved using a staining kit containing a
peroxidase-conjugated polymer that carried antibodies to
rabbit and mouse immunoglobulins. Positive cells were
revealed using diaminobenzidine (DAB) chromogen (Vector
Laboratories, Burlingame). Counterstaining was carried out
with hematoxylin and the slides were dehydrated and
mounted. The slides were examined using a light micro-
scope, and the mean blood vessel number was determined.
At least four sections of each scaffold and six images per
section were investigated to obtain the data.

Statistical analysis

Values are expressed as means * standard deviations (SDs).
The data were analyzed by one-way analysis of variance
(ANOVA) using SPSS 16.0 software (SPSS). P-values of < 0.05
were considered significant.

RESULTS AND DISCUSSION

Although collagen scaffolds exhibit excellent biological per-
formance, they do not have adequate mechanical properties
for implantation into load-bearing defects, which limits their
potential use in bone tissue engineering. However, a com-
posite of B-TCP/COL is one of the best materials for meeting
the essential criteria for bone tissue engineering.” In this
study, B-TCP particles were added to acidic disassembled
collagen to evaluate the effect of the particles on the

FIGURE 9. TEM micrograph of B-TCP/COL scaffolds. Arrow indicates
tight contact between B —TCP particles and collagen.
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FIGURE 10. MTT assay results of COL and B -TCP/COL composite. Cell
Data were shown as mean = SD from three independent experiments.

physicochemical and biological characteristics of the colla-
gen scaffold.

Collagen fibrils are made of polypeptide chains con-
nected by intermolecular covalent and hydrogen bonds.*®
The carboxylic groups of the disassembled fibrils are able to
react with other species in the solution, including B3-TCP
particles. The dissolution reaction of B-TCP particles is pH-
dependent, and an acidic medium (pH = 2) results in chemi-
cal bonding of the Ca ions of the particles and the carboxyl
groups of the polypeptide chains of collagen, ensuring B-
TCP integration with collagen.

The XRD patterns of pure collagen and the B-TCP/COL
composite are shown in Figure 1. According to the Joint
Committee on Powder Diffraction Standards (JCPDS; Card
NO.70-2065), the resulting composite retains the Caz(P04),
phase without other Ca phosphates. However, owing to its
amorphous structure, the collagen scaffold did not exhibit
peaks in the XRD pattern.

The chemical structure of the prepared scaffolds was con-
firmed by FTIR spectroscopy (Fig. 2). The FTIR spectrum of
the collagen scaffold exhibited peaks at 1236, 1542, 1643,
3063, and 3295 cm™ ! attributable to the amide III, II, I, B, and
A functional groups, respectively.*® For the composite scaffold,
peaks observed at 660 and 1008 cm™ ! were attributable to
the PO, 3 of B-TCP, and those at 1547 and 1650 cm™ " were
due to the functional groups of the collagen.”®

The composite scaffold shown in Figure 3 has a white
spongy macroscopic appearance. The SEM images of both scaf-
folds with their cross-sectional morphology are illustrated in
Figures 4 and 5. As shown, the 3-TCP particles were homoge-
nously distributed in the pore walls. The cross-sectional
images show ordered collagen fibrils containing adherent (3-
TCP particles. The pores in both scaffolds were interconnected.
This interconnected structure is beneficial for cell proliferation,
migration, and nutritive transportation in bone tissue engi-
neering.*’” The porous composite and collagen had high poros-
ity with appropriate pore sizes of approximately 120-150 pm
and 150-200 pm, respectively (Table I). Owing to the added
B-TCP, the scaffolds had a rougher surface with slightly
reduced porosity and decreased pore size, as has been
reported previously.®*¢
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viability was calculated as percent value relative to the control group.

The swelling ratio of a scaffold plays an important role
in tissue culture, and affects cell growth and differentia-
tion.*” The swelling behavior is shown in Figure 6. Collagen
swelling increased rapidly to 11.91 = 0.05 within 3 h, and
then continued increasing gradually to approximately
14.33 = 0.08 before reaching a plateau. The composite scaf-
folds reached their maximum of approximately 1.86 = 0.08
after 3 h, followed by another increase to 2.38 = 0.05, and
then they remained steady. The collagen scaffold had a
much higher swelling ratio than the composite scaffold(p <
0.01). The swelling capacity of the composite depends on
the collagen and B-TCP content as well as the cross-linking
density.*” The deformability of the collagen scaffold can
increase the amount of PBS absorbed. Therefore, this scaf-
fold was structurally instable with a much higher swelling
ratio than the composite, which remained more stable
because of the addition of B-TCP particles. The distribution
of B-TCP powders in the collagen matrix of the composite
can improve the structural stability of the composite scaf-
fold.® The water uptake results revealed that both scaffolds
reached the equilibrium swelling point in < 48 h, which is
consistent with previous studies.®*’

100 -

Cell Survival rate (%)

20 -

0 —
Control CoL B-TCP/COL

FIGURE 11. Effect of scaffolds extract on MSCs viability. Cell viability
was shown as percent value relative to the control group. Data were
shown as mean + SD from three independent experiments.
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FIGURE 12. SEM photographs of MSCs cultured on (a), (b): COL scaffold and (c), (d) B-TCP/COL after 48 h. Cells spread relatively confluent on

the surface of the scaffolds.

The quantitative weight loss data for both scaffolds are
shown in Figure 7. As shown, the samples exhibited pro-
gressive mass loss over 90 days. Both scaffolds experienced
rapid weight loss within 15 days. However, the figure was
much higher for the COL sample (p < 0.01), which lost
more than half its total weight (almost 60% =+ 0.08). This
sample reached 27% % 0.04 of the primary weight during
the incubation period. For scaffolds containing B-TCP, the
speed of degradation was much slower, with a reduction of
only approximately 30% = 0.03 over a 90-day period.
Therefore, the B-TCP particles increased the integrity of the
composite structure, hindering rapid degradation during the
observed period. The results correspond to the slower swel-
ling ratio observed for the composite scaffold.

Apatite formation on scaffolds immersed in SBF is often
used to predict their bone-forming potential in vivo.° The
immersion of the B-TCP/COL scaffold in SBF resulted in
morphological changes on the surface of the scaffold (Fig.
8). EDX analysis showed that the major elements consisted
of C, O, B N, and Ca. The Ca/P atomic ratio was found to be
1.63 after 7 days, which is similar to the stoichiometric ratio
of hydroxyapatite (data not shown).

A uniform microenvironment within the composite can
be obtained when the B-TCP particles are fine, are distrib-
uted well within the composite, and are firmly bonded to
the collagen fibrils.” The TEM micrograph in Figure 9 shows
no voids between the collagen fibrils and the B-TCP par-
ticles, confirming strong bonding. The joint marked by the
arrow shows no obvious interface, with a smooth transition
from the collagen fibril to the B-TCP particle, as reported
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previously.” This shows that a chemical reaction occurred
between the particles and the carboxyl groups in the poly-
peptide chains of the collagen.‘m’51 This result was also con-
firmed by the FTIR spectra (Fig. 2). It has been reported
that the bonding between B-TCP particles and collagen
fibrils, and the distribution of the particles in the composite,
depends strongly on the acidity of the collagen suspension.
At a pH value of 2, these particles were dispersed and
bonded well to the collagen fibrils, and as the pH increased
the distribution deteriorated. Our results at pH 2 were also
in line with a previous study showing well-distributed B-

ALP Activity

18 4

*

1.6

14 4

*

= Control
= COoL
% B-TCP/COL

OD (405nm)

Z

)

Day 7

Day 14

FIGURE 13. Comparison of the ALP activity for the cells in different
groups after 7 and 14 days; This activity significantly increased in the
cells cultivated on B-TCP/COL compared to others group. * indicates a
statistically significant difference (p < 0.05).
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FIGURE 14. Gross morphology of the scaffolds after 1 (a, b), 2 (c, d) and 4 (e, f) weeks subcutaneous implantation; COL/B-TCP (a, ¢ and e), COL

(b, d and f). Scale bar: 10 mm.

TCP particles with round morphology within the collagen
matrix.”

Appropriate mechanical properties are necessary for
bone tissue engineering, especially for implanting constructs
into load-bearing areas. The mechanical performance of the
scaffolds was assessed by applying compression tests. Table
[ presents a summary of the mechanical properties of the
prepared samples. As shown, the compressive modulus of
the composite scaffold was much higher than that of the
collagen scaffold (p < 0.05). This was due to the presence of
3-TCP within the collagen matrix, which enhances the elas-
tic modulus under compression.*’

Cell viability was quantified by the MTT assay after cul-
turing for up to 96 h (Fig. 10). As shown, there were no sig-
nificant differences in cell viability between the scaffolds
and the control. The 10-day extracts from the collagen and
composite were also compared with the culture medium.
The number of viable cells was slightly reduced in the com-
posite group compared with the control group, but this dif-
ference was not significant (Fig. 11).

Cell morphology was investigated by SEM after 48 h. As
shown in Figure 12, the cells expanded on the surfaces of
both scaffolds. However, the surface of the composite was
fully covered by proliferated cells, and the attached cells
were spread and flattened on the surface. This confirms the
high affinity of the cells for the surface of this scaffold.

The functional activity of the BMMSCs on the prepared
scaffolds was assessed by measuring the ALP expressed by
the cells after culturing for up to 14 days. The secretion of
ALP was determined by pNPP assay at Days 7 and 14 (Fig.
13). Comparison of the ALP activity revealed that the com-
bination of B-TCP and collagen (COL/B-TCP scaffold) can
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enhance and promote the differentiation of MSCs into osteo-
blasts significantly more than collagen. Furthermore, the
cells cultured on collagen produced more ALP than those on
TCP (p <0.05).

B-TCP can create a desirable environment for the prolif-
eration and differentiation of MSCs by providing a high con-
centration of calcium and phosphate ions (Ca** and PO,?
released in the culture medium), an adhesive surface mor-
phology, and nucleation sites for apatite crystals. Such fac-
tors are thought to promote the osteogenicity of the
MSCs.*>5? For example, Arahira and Todo fabricated colla-
gen/TCP composite scaffolds by the solid-liquid phase sepa-
ration technique with subsequent freeze-drying. The MSCs
were then cultured on prepared samples for up to 28 days.
ALP activity was higher in the composite scaffold, with
more active generation of osteoblastic markers than in the
collagen sample. The authors stated that B-TCP can activate
the differentiation of MSCs into osteoblasts and promote
ECM formation. Structural stability is also considered an
important factor affecting cell activity. It is assumed that
cell proliferation inside the collagen scaffold is suppressed
because of the shrinkage and deformation of the porous
structure caused by swelling.®

In the present study, we assessed in vivo angiogenesis
by retrieving the subcutaneous vascular scaffolds after 1, 2,
and 4 weeks. Although both scaffolds maintained their well-
defined morphology after 4 weeks, the COLL sample showed
some degree of deformation with fewer vessel-sprouting
structures (Fig. 14). As illustrated in Figure 15, the H&E
images showed increased perivascular localization: both
scaffolds were cellularized after 4 weeks. However, the cell
migration rate for the COL/B-TCP scaffold significantly
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FIGURE 15. H & E staining of the scaffolds after 1 (a, b), 2 (c, d) and 4 (e, f) weeks subcutaneous implantation; COL/B-TCP (a, ¢ and e), COL (b, d
and f). Quantitative analysis of cell migration (g). * indicates a statistically significant difference (p <0.05).

exceeded that of the COLL sample during the whole evalua-
tion period, reaching approximately 90% after 4 weeks. Vas-
cularization requires rapid and sufficient cellularization.”® In
this study, the composite scaffold provided a favorable envi-
ronment for cell infiltration and migration. This resulted
from the use of an appropriate composition and a scaffold
with a suitable pore size.

Immunofluorescent staining with VEGFR2 was used to
investigate the newly formed blood vessels in the cellular-
ized area, which were further quantified based on the
obtained images. More capillaries were identified on the
composite scaffold, which corroborated the in vitro cell pro-
liferation and differentiation results. Moreover, the COL/(3-
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TCP scaffold promoted vascularization, and the quantitative
results further confirmed that this scaffold significantly
enhanced vessel density compared with COLL after 4 weeks
(Fig. 16). The COL/B-TCP scaffold can help promote the effi-
cient and rapid formation of a functional blood vasculature,
which could benefit tissue engineering.*

To mimic the natural organic-inorganic ECM of the
native bone, incorporation of calcium phosphate into poly-
mer matrices has become a promising method of producing
scaffolds for bone tissue engineering.® An osteoinductive
calcium phosphate phase with a suitable porous collagen
matrix can improve the material and biological properties of
the obtained composite. Our results confirm the potential of

DEVELOPMENT OF A BIOACTIVE POROUS COL/s-TCP
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FIGURE 16. Morphological and Immunohistological analysis of microvasculature development in scaffolds stained with anti-VEGFR2 after 1 (a,
b), 2 (c, d) and 4 (e, f) weeks subcutaneous implantation; COL/B-TCP (a, ¢ and e), COL (b, d and f). The corresponding quantitative analysis on
the density of blood vessel in the explanted scaffolds after 2 and 4 week subcutaneous implantation(g). * indicates a statistically significant dif-

ference (p < 0.05).

a B-TCP/COL scaffold to enhance bone regeneration and
promote vascularization when used as a bone substitute in
orthopedic and dental applications.

CONCLUSION
We successfully fabricated COLL and COL/B-TCP scaffolds
with an interconnected pore structure. The composite
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showed that the B-TCP particles were homogenously distrib-
uted within the collagen matrix and had superior mechani-
cal properties and ease of handling. This study clearly
demonstrated the effectiveness of embedding B-TCP into the
structure of the scaffold to promote the differentiation of
BM MSCs into osteoblasts and further enhance ECM forma-
tion, as illustrated by the higher ALP activity and structural
stability of the composite scaffold. More importantly, in vivo
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subcutaneous vascularization was effectively enhanced in
the COL/B-TCP scaffolds compared with their COL counter-
part. The prepared composite has the potential for use as a
bone substitute to enhance bone regeneration in orthopedic
and dental applications.
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