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Abstract

Adipose derived stem cells (ASCs) with multilineage differentiation capacities have been demonstrated as an alternative cell can-
didate for in vitro and in vivo bone regeneration. This suggests that they may be a potential candidate to repair the bone defects. We
attempted to demonstrate the use of new biomimetic constructions of undifferentiated rabbit adipose-derived stem cells (rASCs)
with fully interconnected porous beta-tricalcium phosphate (8-TCP) scaffolds encapsulated by collagen | hydrogel in the regener-
ation of a critical-sized defect of rabbit radii. Critical-sized defects in the left radii of rabbits were prepared and inserted with rASCs/
collagen I/B-TCP scaffold composites or collagen I/B-TCP scaffold composites. The results were evaluated by histology, radio-
graphs, micro-CT, Emission Computed Tomography (ECT), fluorochrome labeling, western blot, and mechanical testing at 4, 8, and
12 weeks postsurgery. Twelve weeks after implantation, the defects were almost completely repaired as confirmed by the presence
of the cortical bone and medullary cavity, which was evaluated through radiologic, histologic, and biomechanical examination.
Biodegradation of the biomaterials may be attributed to extracellular liquid dissolution together with cell-mediated phagocytosis.
Our study shows that a greater number of rASCs in the porous B-TCP scaffold encapsulated by collagen | gel enhanced osteogen-
esis in critical-sized defects. We hope to garner new insight into the engineering of rASCs-based bone tissue for clinical application.
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without detrimental effects on surrounding tissues. The
ideal scaffold would be facilitated to the attachment of
seeded cells to favor growth and subsequent differentiation
and revascularization. Furthermore, the scaffold should be
osteoconductive, inductive, and osteointegrate with the
host bone; have the potential to biodegrade while being
gradually replaced by the new bone; be adaptable to an

Introduction

Although bone has the capacity for regenerative growth and
remodeling, these processes are often impaired in clinical
situations in which loss of bone is caused by disease,
trauma, or tumor resection. More than 800,000 patients
receive bone grafts operations annually around the world."

The current standard of bone defect repair techniques is
allograft, autograft, or artificial bone grafting.”® Allogenic
bone grafting technique is widely used in orthopedic and
maxillofacial surgery although some disadvantages such as
delayed union or non-union, transmitted diseases, and
microdamage accumulation are presented.>”® Though
autologous bone grafting technique is viewed as the ‘gold
standard’ for its therapeutic safety and efficacy, many com-
plications such as wound problem, vessel injuries, and
bleeding require a secondary surgical operation.”™

This leads us to the development of a scaffold that would
provide a suitable environment for tissue development
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irregularly shaped defect and support mechanical loading;
and be storable and able to be sterilized without loss of
properties. >

Biomaterials like beta-tricalcium phosphate (B-TCP)
have been shown to be an effective composition material
candidate for three-dimensional scaffolds, due to its favor-
able biocompatibility and chemical composition, osteocon-
ductivity, and bioresorbability.'>'® A porous macro- and
microstructure B-TCP scaffold with smooth macropore
walls and a smooth implant surface has been in develop-
ment due to these desirable properties.'>*”®
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Bone-marrow derived mesenchymal stem cells (BMSCs)
have also been exhibited as a potential novel method for
cell-based bone tissue engineering; furthermore, adipose-
derived stem cells (ASCs) demonstrate similar multilineage
differentiation potencies.'*?® The use of ASCs rather than
BMSCs may be advantageous in that greater cell numbers
can be harvested from the patient with less pain. As well,
both in vitro and in vivo experiment, ASCs have also been
shown to produce osteoid.”"*

In this study, we engineered a novel biomimetic bone
tissue construct with MSCs isolated from rabbit adipose-
derived stem cells (rASCs), using collagen I hydrogel to
encapsulate the B-TCP scaffolds designed to enlarge the
cells adhesion. The application of this construct to acceler-
ate bone healing was also evaluated with an in vivo rabbit
model of critical-sized defects.

Materials and methods
In vitro experiment

rASCs isolation and flow cytometry. An aseptic cut of
rabbit adipose tissue was performed, and ASCs were
extracted in accordance with the conventional method.”
The third passage of rASCs (P3 rASCs) was obtained for
evaluating the osteogenic differentiation capacity using
flow cytometry. Briefly, P3 rASCs were trypsinized and
incubated with fluorescein-conjugated antibody against
CD29, CD34, CD44, and CD45 (Santa Cruz, CA, USA) at
4°C in 0.5% Bovine serum albumin (BSA) and 2mM
Ethylenediaminetetraacetic acid (EDTA) in Phosphate buf-
fered saline (PBS) for 30 min. Subsequently, the labeled cells
were run on a BD FACSCanto II flow cytometer (BD, CA,
USA) to confirm the phenotypes.

Osteogenic differentiation. Osteogenic induction experi-
ments were conducted using previous methods with
minor modifications.?* At week 2 of culture, alkaline phos-
phatase (ALP) calcium cobalt staining was conducted, and
at week 4 of culture, alizarin red staining was conducted.

Scaffold construction and characterization. The porous
B-TCP scaffolds (Cuboid shape: [4 mm x 4 mm x 15 mm];
sterilized by y radiation) were the products of Shanghai
Bio-lu Biomaterials Co., Ltd (Shanghai, China). The basic
physical and chemical characterizations of the scaffold are
given in Table 1. Four B-TCP scaffold ultrastructures were
examined using scanning electron microscopy (SEM) and
an additional four scaffolds were decalcified and prepared
into 25-mm-thick sections to examine the two-dimensional
structure inside the scaffold.

Table 1 Physical and chemical properties of the porous B-TCP scaffold

Construction of rASCs/collagen I/p-TCP scaffold com-
posites and collagen I/B-TCP scaffold
composites. Ninety-six B-TCP scaffolds were separately
placed into an individual well of 12-well plates with 3 mL
Dulbecco’s Modified Eagle Medium (DMEM) containing
4mg/mL Collagen I (BD, MA, USA) and incubated for 2h
at 37°C to facilitate hydrogel formation to construct the col-
lagen I/B-TCP scaffold composites. Four collagen I/B-TCP
scaffold composites were examined by SEM and 40 were
stored at —20°C until use.

The remaining 52 collagen 1/B-TCP scaffold composites
were removed to new 12-well plates in separate wells. The
density of the P3 rASCs was adjusted to be 2 x 10*/mL and
the cells were seeded into the collagen 1/B-TCP scaffold
composites with 0.5mL in each. After 7 days co-culture in
5% CO, and 37°C, the rASCs/collagen I/B-TCP scaffold
composites were ready for use. Specially, four rASCs/col-
lagen I/B-TCP scaffold composites were removed, respect-
ively, at 3 days and 7 days during co-culturing, and after
conventional treatment, SEM was adopted to evaluate the
composites structure of cells and scaffolds.

In vivo experiment

Rabbit radial segmental bone defects and study
groups. This study was approved under the guidelines
of the Institutional Animal Review Committee of Xi'an
Jiaotong University. Eighty-eight Japanese White Rabbits
(male, age: 6 months; weight: 3.0-3.5kg) were utilized in
this study, and a 15-mm osteoperiosteal defect was gener-
ated in the left radius as described previously” (Figure 1(a)).

Group A (n=44): The defects were inserted with rASCs/
collagen I/ B-TCP scaffold composites (Figure 1(b)); group B
(n=40), the defects were inserted with collagen 1/B-TCP
scaffold composites. Group C (n=4) was used as a blank
control with no implantation. Internal and external fix-
ations of the operative limbs were unnecessary due to the
fibro-osseous union of ulna and radius of rabbit and it will
stabilize the implants.

Incisions were then closed with a 1-0 fiber thread suture
line in a routine fashion. The animals were monitored post-
operatively; enrofloxacin (50 mg/kg) was given for prophy-
laxis for infection for 5 days. At the respective time point,
the rabbits were sacrificed and the left radius-ulnar com-
plexes were obtained.

Radiographic imaging evaluation. At 4, 8, and 12 weeks
postsurgery (1 =4 for each group), the bone defect healing
was assessed based on the scoring system® (Table 2) under
the standard anteroposterior position X-ray image (Kodak,
NY, USA). Bone repair and callus growth status were also
evaluated from the gross samples.

Heavy metal content (ppm)

Macropore Interconnection Interconnected Mechanical
Porosity (%) diameter (um) diameter (um) pore (%) strength (MPa) Sn Ge Hg Pb
75.35+6.63 460.90 £ 78.75 157.66 +37.94 >99 2.34+0.21 <3 <5 <5 <30




Micro-CT evaluation. For group A and B, four left radius-
ulnar complexes were obtained at 12 weeks postsurgery,
fixed in 10% neutral buffered formalin (NBF), and scanned
using the micro-CT (GE healthcare, NJ, USA). Thirty-two
slices for each millimeter (15pum with 15um gap) were
obtained. The bone mineral density (g/cm?) of the defect
region was analyzed by the instrument-provided software
based on the different Computed tomography (CT) values
of the scaffold and bone.

Fluorochrome labeling. To prepare for fluorescence ana-
lysis, the animals were injected with tetracycline (30 mg/
kg) at 2 weeks and 3 days prior to their respective sacrifice
time point (n =4 in group A and B). After the animals were
sacrificed, the samples were obtained for fluorescence
analysis.

ECT analysis. The ECT examination was carried out at
each time point postsurgery (n=4 in group A and B).
Briefly, “™Tc MDP (18.5 MBq/kg) was injected 4h prior
to the static images were obtained (scanning parameter: 1
frame/5min, 256 x 256 matrix). Rectangular regions of
interests (ROIs) (1.5 x1.5cm) were drawn in the bone
defect areas. The uptake ratio of **™Te-MDP (T/NT) of the
ROIs was calculated to evaluate the metabolic activity and
vascularization of the implants.

Histological evaluation. At each time point postsurgery
(n=4in group A and B), the implants and some surround-
ing tissues were obtained. After conventional processing,
five sequential 8 pm sections per implant were obtained
and stained for morphometric analysis under a light

Figure 1 A critical sized (15 mm) segmental defect was created on the left
radius of each rabbit (a) and the composites were implanted (b). (A color version
of this figure is available in the online journal)

microscope (Leica Microsystems, Inc., Germany). The
instrument-provided software was used to analyze all
slides. Five parameters that included total defect area,
new bone area (NBA), new bone volume fraction (NBVF),
residual B-TCP area (RTA), and residual B-TCP volume
fraction (RTVF) were identified by two independent obser-
vers as described previously.®

SEM observation of the degeneration of the
scaffolds. Four implants of group A at 8 weeks postsur-
gery were examined by SEM to observe the manner of
degeneration of the scaffolds in the ultrastructure.

Western blot analysis of in vivo bone morphogenetic
protein 2 (BMP-2) and osteoprotegerin (OPG) protein
expression. After retrieval from the rabbits, the compos-
ites (n =4 for group A and B at each time point) were used
for western blot analysis as described previously” for
detection of BMP-2 and OPG expression (antirabbit BMP-
2 and OPG polyclonal antibody [Beijing Zhongshan,
Beijing, China]); the B-actin (Sigma, MO, USA) was selected
as internal control.

Biomechanical evaluation. Twelve weeks postoperatively,
mechanical evaluation was measured by a three-point
bending test as previously reported’ (methods see supple-
ment document).

Results
In vitro experiments

Isolation, osteogenic differentiation of rASCs. Flow cyto-
metry demonstrated that the cultured P3 rASCs were
expressed for CD 29 and CD 44, while not for CD 34 and
CD 45 (Figure S1). These phenotypes are similar to those
previously reported.” rASCs held the morphology of fibro-
blastoid mononuclear cells (Figure 2(a)). After osteogenic
induction, ALP activity and mineralized matrix deposition
were confirmed by ALP staining (Figure 2(b)) and alizarin
red staining (Figure 2(c)).

Table 2 Lane-Sandhu radiographic scoring system

Classification Score

None

25% of defect
50% of defect
75% of defect
Full

Full fracture line

Bone formation

Fracture line
Partial fracture line
Absent fracture line
Bone remodeling None

Intramedullary canal

A DO AN O B WDN = O

Full cortex

The scoring system included an evaluation of bone formation (5 levels), persist-
ence of the fracture line (3 levels), and bone remodeling (3 levels).
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Figure 2 Results of rASC induced to differentiate towards the osteogenic and adipogenic lineages. Morphological observation of rASCs (a). ALP calcium cobalt
staining in positive (b) and alizarin red staining in positive (c) after osteogenic induction; Oil Red O staining in positive after adipogenic induction (d). Bars indicate

100 pm. (A color version of this figure is available in the online journal)

20 pm

Figure 3 Gross view of B-TCP scaffolds (a). Two-dimensional structure inside the scaffold (b). SEM view of the macrostructure of the porous B-TCP scaffold. Lower
magnification of the surface of the scaffold (c). Higher magnification shows the smooth wall of the macropore (d). Bars indicate 500 um. P, macropore; |, intercon-

nection; S, scaffold. (A color version of this figure is available in the online journal)

Gross view and SEM observation of the pB-TCP
scaffold. A gross view of the scaffold is shown in
Figure 3(a). The two-dimensional structure is depicted in
Figure 3(b). Figure 3(c) and (d) is the representative of SEM
views of the porous scaffold ultrastructure. The intercon-
nected ratio among the macropores was more than 99% and

the wall of scaffold surface and the macropores was smooth
as compared to Ca-P cement.

Observation of rASCs/collagen I/B-TCP scaffold
composites and collagen 1/8-TCP scaffold composites.
Figure 4(a) and (b) shows the SEM view of the collagen
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Figure 4 SEM observation of collagen I/B-TCP scaffold composite. Lower magnification (a) and higher magnification (b) of the collagen | hydrogel membrane in the
surface of the scaffold. (c) and (d) demonstrated the SEM observation of rASCs/collagen I/B-TCP scaffold composite at 3 days after seeding and 7 days after cell

seeding, respectively. M, collagen | hydrogel membrane; C, cell

I/ B-TCP scaffold composites. The collagen I hydrogel mem-
brane was observed at the surface of the scaffold. These
composites were termed as collagen I/B-TCP scaffold.

At 3 days after the collagen I/B-TCP scaffolds were co-
cultured with rASCs, the number of cells with the scaffolds
reduced, and cell morphology was not fully extended with
a small amount of matrix secretion (Figure 4(c)). At 7 days,
the number of composite cells significantly increased, and
the morphology was elongated fusiform and fully extended
(Figure 4(d)); the cell adhesion to scaffold structure was
enhanced.

In vivo experiments

Clinical and physical examinations. Of the 88 rabbits,
85 survived throughout the experiment. Two rabbits in
group A and one rabbit in group C died during surgery.
The complications such as wound infection and dislocation
of the implants were not observed during the whole
experiment.

X-ray examinations. At4 weeks, abundant bone callus was
observed around the scaffolds in group A, while group B
showed less formation. Furthermore, the boundary of the

scaffolds in group B remained clearer than that of group A,
demonstrated that the degeneration of scaffolds in group A
was faster than group B at the same time point. At 8 weeks
postsurgery, new bone extended from both ends of the
defects, and only residual B-TCP particles can be observed
in the central part of the defect regions. Interestingly, par-
tially radioulnar synostosis was observed due to the bone
remodeling. In group B, greater residual B-TCP particles
were found that indicated poor osteointegration. At 12
weeks, minimal B-TCP particles were observed throughout
the defect regions, and the medullary cavity together with
the dorsal cortex of the radii was almost completely recon-
structed in group A. While new bone was observed across
the defect regions in group B at the same time point, resi-
dual B-TCP particles were also present. Group C at each
time point postsurgery resulted in non-union, confirming
that the defect which we created was of critical size
(Figure 5). Significant differences in the radiological scores
at each time point postsurgery were observed in all groups.
Bone formation was best in group A followed by group B,
and lastly group C (Table 3). Gross observation was in
accordance with X-ray examinations. (Results see supple-
ment document and Figure S2.)
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Table 3 The results of Lane-Sandhu radiographic score

Radiographic score

Group 4 weeks 8 weeks 12 weeks
Group A 3.50+£0.50" 7.50+0.50 11.50+0.50"F
Group B 1.50 +0.50 2.7540.82 550+1.11%
Group C 0.25+0.39+ 0.75+0.43 1.25+0.43

*indicate P < 0.001 for the rank order of the comparison between groups at 4, 8,
and 12 weeks. findicates a significant difference was found among 4, 8, and 12
scores within the same group (both P < 0.01).

Micro-CT evaluation. At 12 weeks postsurgery, based on
sagittal and transverse images of the defects and different
CT values for bone and the scaffold: in group A, few B-TCP
particles were present in the defect regions, and it was not-
able that the marrow cavity together with the cortical bone
of radius were also regenerated (Figure 6(a)); in group B,
abundant B-TCP particles were still observed especially in
the central part of the defect regions and tight bone connec-
tions were not formed (Figure 6(b)). Compared with group
B (0.276 +0.133 g/cm?), the bone mineral density (BMD) in
group A (0.72540.181g/cm?) was significantly higher
(P <0.01).

Fluorochrome labeling evaluation. Tetracycline fluores-
cent labeling was evaluated in groups A and B.
Representative fluorescence images of the defect sites and
the statistic graph are shown in Figure 7. While both group
A and B exhibited increased -calcification deposition
throughout the study, group B had a significantly lower
calcification deposition rate than that of group A at the
respective time point (P < 0.05). For group A, the difference
between 8 weeks and 12 weeks was not significant
(P>0.05).

ECT examination. The ECT examination was conducted at
each time point postsurgery to assess the metabolic activity
and vascularization of the defect region. Static images
together with statistic graph were shown in Figure 8. The
Target/Non-Target (T/NT) value in the ROIs increased

Figure 6 Sagittal and transverse images of the defects by micro-CT of group A
(@) and group B (b) at 12 weeks. The white arrow indicates residual -TCP
granules

over the time course of the study postsurgery in both
group A and B, while group B had a significantly lower
T/NT value than that of group A at the same time point
(P <0.05).

Histological examination and quantitative histological
analysis. We performed histological analysis to test the
osteointegrated efficiency of the host bone tissue and the
scaffold together with healing progress of the bone defect.
We put emphasis on the histological alterations of the host
tissue/implants interface regions and the central part of the
implants (Figure 9).

At 4 weeks in group A, the new bone and neocartilage
were present not only in the macropores of the host tissue/
implants interface regions but also in the macropores of
central part of the implants. Fibrous tissues and immature
capillaries that are filled with red blood cells were present,
which infiltrated between macropores through the
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Figure 7 Fluorochrome labeling of bone regeneration of group A and B at 4, 8, and 12 weeks postsurgery. Quantitative analysis of the rate of calcification deposition
is also shown. ‘indicates significant differences between groups at 4, 8, and 12 weeks (P < 0.05). *indicates significant difference was not found between 8 weeks and
12 weeks in group A (P > 0.05). Bars indicate 300 um. (A color version of this figure is available in the online journal)

interconnections. Furthermore, negligible degeneration of
the scaffolds was observed indicated by the regular blank
areas and smooth margins of the macropores. In contrast to
group B, very limited new bone was present at the interface
regions, and the macropores at the central part of the scaf-
folds were filled with dense fibroconnective tissues.

At 8 weeks in group A, the margins of the host tissue/
implants remained obscure. Abundant mature lamellar
bone together with bone marrow components was observed
in the macropores and run through the macropores via
interconnections across the whole scaffolds. Osteoclasts
were also observed, which were responsible for the resorp-
tion of the scaffolds and the lamellar bone. Compared to the
4 week time point, the irregular blank areas were present,
denoting degeneration of the scaffolds. In group B, the
histological appearances were similar to that of group A
at 4 weeks. Very limited mature lamellar bone and bone
marrow components were observed in the whole scaffolds.

At 12 weeks in group A, compact cortical bones in the
dorsal part of the radii together with the regular medullary
cavity were almost entirely reconstructed and the scaffolds
had almost completely degenerated. In group B, the mature
bone and limited bone marrow components were present at
the interface regions, while immature bone and fibrocon-
nective tissues were still observed in the central part of the
scaffolds. Degeneration of the biomaterials was also
observed at this time point; however, the medullary cavity

was not yet formed. In group C, as previously mentioned,
the defects remained unhealed and sclerosis was also
developed.®

Statistically, at 4 and 8 weeks, in group A, the NBA and
NBVF were greater than that of group B (P <0.05 and
P <0.01, respectively). While at 12 weeks, in group A, the
NBA and NBVF decreased due to the significant degener-
ation of the scaffolds and restoration of the marrow cavity
(P <0.01, compared with group B) (Figure 10(a) and (b)).

The RTA and RTVF tended to decrease with time post-
surgery over the course of the study in both group A and B,
while group A had a significantly lower RTA and RTVF
than that of group B at 8 and 12 weeks (P < 0.01 for each).
No statistical difference between group A and B was
observed at 4 weeks (P > 0.05) (Figure 10(c) and (d)).

SEM observation of the degeneration of the
scaffolds. Based on SEM observation, the scaffolds disin-
tegrated into particles that were not more than 5um in
diameter in group A at 8 weeks, and cell-mediated phago-
cytosis was observed, which attributed to the biodegrad-
ation of the biomaterials (Figure 11).

BMP-2 and OPG protein expression analysis. The
expression pattern of BMP-2 and OPG in vivo was evaluated
by western blot in group A and B at each time point
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Figure 8 Typical ECT images of group A and B at 4, 8, and 12 weeks postsurgery. Quantitative analysis of the uptake ratio of ®™Tc-MDP (T/NT) is also shown. The
white arrow indicates the ROIs. “indicates significant differences between groups at 4, 8, and 12 weeks (both P < 0.05). (A color version of this figure is available in the

online journal)

postsurgery. As shown in Figure 12, there was increased
expression of BMP-2 and OPG in group A than that of
group B at each time point (both P < 0.05).

Biomechanical evaluation. We carried out three-point
bending tests on the radii in group A and B together with
the control group (normal radii) 12 weeks postsurgery to
assess the mechanical properties of the repaired bone.
Group A showed dramatically higher compression strength
than group B ([91.21 £8.43 N], [39.23 £4.58 N] for group A
and B, respectively, P <0.001). The control group
(102.49£10.22N) had greater compression strength than
group A (P > 0.05), and significance was observed between
group B and control group (P <0.001).

Discussion

In the study, we engineered a novel biomimetic bone con-
struct by applying collagen I hydrogel and porous B-TCP
scaffolds together with rASCs, which were implanted into
critical-sized bone defects in the midshaft of rabbit radii.
The defects were successfully repaired as exhibited by the
presence of medullary cavity and cortical bone by 12 weeks.
Biomechanical examination demonstrated the mechanical
property of the repaired bone had almost recovered to
normal function. Furthermore, cell-mediated phagocytosis
was also observed by SEM examination, which is respon-
sible for the biodegradation of the biomaterials.

The study of cell-scaffold or growth factor-scaffold com-
posites in vitro and induced tissue and organ regeneration
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Figure 9 Typical histological appearance of defect bridging in rabbit radii of group A and B at 4, 8, and 12 weeks by Masson-trichrome staining. The broken line
shows the interface between host tissues and the implant. The spherical structure shows the macropores of the scaffold. HB, host bone; NB, new bone; C, cortex F,
fibrous tissues; M, medullary tissues; S, the shadow of 3-TCP produced by decalcification. Bars indicate 300 um. (A color version of this figure is available in the online

journal)

in vivo have been advanced by the development and exten-
sive use of three-dimensional porous biomaterials.
Microarchitectures such as porosity, macropore shape,
macropore size, and interconnections were critical charac-
teristics to improve the efficiency of the scaffolds.”*
Macropores and interconnections between nearby macro-
pores act as two constitutive components of scaffolds,
which strongly influence cell migration and tissue penetra-
tion.?*~3! Generally, a pore size of less than 150 pm can sup-
port the in growth of connective tissue, but is not favorable
for osteocytic in growth.! Kuboki et al. has reported that
macropore size between 300 and 900 um supports the pro-
gression of osteogenesis and it can be used in bone tissue
engineering fields.* It has also been reported that intercon-
nections of at least 150 um facilitate mineralized bone tissue
in growth, whereas osteoid tissue is favored at less than
100 um, and fibrous tissue at 5-15 um.33 Furthermore, stu-
dies show new tissue can develop from the surface of a
porous material into the inner section if the porosity is
greater than 50% and the pores are interconnected."*>"**
For the B-TCP scaffold we used in the present study, pore
size (460.90+78.75um) and interconnection pore size
(157.66 £37.94 um) were found to be well biocompatible,
osteoconductive, and biodegradable, which facilitate vascu-
larization and rapid bone growth progression.'”>>

Up to date, stem cell-based tissue engineering is focused
on bone marrow-derived stromal cells (BMSCs).!22>34
Despite the controversies, some scholars have described
that there are no differences on multilineage differentiation
capacities between BMSCs and ASCs.*?'?> The ASCs
could present the osteogenic potential when co-cultured

with B-TCP scaffolds in osteogenic media as confirmed by
the detection of the osteocalcin.® Other reports have sug-
gested that the biochemical composition of the scaffold may
contribute to greater functionality of the engineered tissue
construct by influencing ASC differentiation. Compared to
a PLA scaffold alone, ASCs-seeded PLA/B-TCP scaffolds
have been shown to increase cell-mediated mineralization
and ALP activity in the osteogenic media.*”” ASCs are an
advantageous cell source over BMSCs for bone tissue engin-
eering in many aspects in that the use of autologous ASCs
for minimizing immunological rejection, and greater cell
numbers can be harvested from the patient with less
pain 2234

In this study, collagen I hydrogel was selected to encap-
sulate the B-TCP scaffolds to facilitate the adhesion of
undifferentiated rASCs. Hydrogels such as collagen I are
semisolid hydrophilic polymer networks. Collagen I is
able to enhance the efficiency of cell adhesion and drug
delivery by serving as a biomaterials scaffold to encapsulate
large numbers of cells. As well, the permeability of the
material allows the transfer of nutrients and oxygen in
and metabolities out facilitated by water retention.”® The
enhanced efficiency of cell adhesion was observed based
on our SEM results in vitro. Some scholars reported that
osteogenic predifferentiated ASCs in vitro could maintain
the phenotype in vivo and hold the potential of regenerative
properties at a bone defect site, whereas scaffolds seeded
with undifferentiated ASCs fail to repair bone defects.>****°

Based on our radiographic and histological results,
abundant new bone together with the osteoblasts was
observed throughout the scaffolds at 4 and 8 weeks
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Figure 10 The quantitative histological analysis of new bone area (a), new bone volume fraction (b), residual B-TCP area (c), and residual 3-TCP volume fraction (d). *
indicates P < 0.01 vs. group B at the same time point, indicates P < 0.05 vs. group B at the same time point, * indicates P > 0.05 vs. group B at the same time point
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Figure 11

20KV

SEM observation of the scaffold in group A at 8 weeks. Lower magnification of the defect area (a). Higher magnification shows the disintegration of the

scaffold and phagocytosis phenomenon (b, c). G: B-TCP granules; |, interconnection; S, scaffold; C. cortex; Ph, phagocytosis

postsurgery, as well as considerable mature lamellar bone
following treatment with rASCs/collagen 1/scaffold con-
structs. The driving mechanisms that contributed to our
results were that: (1) the biochemical composition of the
scaffolds aid in the functionality of the construct by

directing rASCs differentiation;***” (2) the osteogenic dif-
ferentiation was enhanced by extrinsic physical stimuli
(mechanical or electrical) in vivo;*'™* (3) collagen I could
promote adhesion and osteogenic differentiation of
BMSCs or ASCs in vitro based on its primary organic
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Figure 12 Western blot results of BMP-2 and OPG of each group at 4, 8, and 12 weeks showing increased protein expression in Group A. * indicates P < 0.05 vs.

group B at the same time point.
BMP-2: morphogenetic protein 2; OPG: osteoprotegerin

component of bone matrices;**** (4) the increased number

of recruited host cells enhanced bone tissue formation. Our
western blot results demonstrated the increased protein
expression of BMP-2 and OPG, which demonstrated the
successful in vivo osteogenic differentiation of rASCs.

An ideal engineered bone tissue scaffolds should be
replaced completely by new bone citing the importance of
the balance between the degradation of biomaterial and the
formation of bone. If the degeneration rate is too fast, the
biomaterial will disintegrate before the new bone forma-
tion, which will compromise the repair; however, if the
rate is too slow, the formation of new bone, remodeling,
and reconstruction will be hindered.*® In our experiments,
the bone defects were almost completely repaired following
the implantation with rASCs/collagen I/scaffold con-
structs, and the scaffolds were also completely degenerated
and creeping was substituted by new bone at the proper
time based on our X-ray, histology, and micro-CT results.
According to our histological and SEM observations, the
scaffolds in group A demonstrated ideal degeneration
due to the following: (1) differentiation led to rapid angio-
genesis and osteogenesis in the scaffolds in group A; (2) the
presence of abundant vessels led to the improvement of the
extracellular fluid environment (ECT results demonstrated
the rapid revascularization process in group A), and extra-
cellular liquid dissolution was the major biodegradation
mechanism of the biomaterials we adopted in the present

study;*”*® (3) the scaffolds disintegrated into particles less

than 5 um in diameter, in which cell-mediated phagocytosis
was observed to be responsible for the biodegradation of
the biomaterials.

Conclusions

The present study shows that enhanced numbers of rASCs
in a porous B-TCP scaffold encapsulated in collagen I gel
promoted osteogenesis in critical-sized defects. Twelve
weeks after implantation, the defects were almost com-
pletely repaired by the presence of the cortical bone and
medullary cavity. Our results also suggested that the degen-
eration of the scaffolds may be accelerated by the inter-
action of rASCs, collagen I, and the biomaterials. We hope
to garner new insight into the engineering of rASCs-based
bone tissue for clinical application.
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