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Bone tissue engineering and regeneration constitutes a bur-
geoning new area of investigation, incorporating scientists,
engineers, and clinicianswith diverse academic backgrounds.
With an aging global population, the need to engineer and
regenerate mesenchymal tissues becomes even more press-
ing. This issue on bone tissue engineering and regeneration
compiles 9 exciting manuscripts which reflect the diversity of
this fascinating subject.

Bone tissue engineering can be conceived of as a harmo-
nious intersection between different scientific fields of inter-
est, including cell biology, cell signaling, and bioengineer-
ing/material sciences.Thus, effective therapies for bone engi-
neering typically employ the coordinated manipulation of
cells, biologically active signalingmolecules, and biomimetic,
biodegradable scaffolds. Bone tissue engineering has become
increasingly dependent on the merging of innovations from
each of these fields, as they continue to evolve independently.
In the following special issue, we sought to incorporate these
diverse areas of emphasis in order to reflect current trends in
the field.

Three manuscripts dealt with cell based modalities of
bone tissue engineering. J. Lisiecki et al. examine unique sub-
populations of adipose-derived stromal cells (ASC). In their
study, ASC were derived from the abdominal subcutaneous
fat depot from either normal patients or those with a
ventral hernia. Their results indicate important differences

in the vasculogenic effect of ASC derived from different
patient populations, emphasizing the need for scientists to
consider patient comorbidities when they isolate various
mesenchymal stem/stromal cell (MSC) populations. With a
different focus, K. Lim et al. examined alveolar bone-derived
MSC and the utility of low-intensity pulsed ultrasound for
induction of MSC osteogenesis. Their results suggest that
low-intensity ultrasound may actually improve the viability
and osteogenic differentiation of alveolar bone-derivedMSC,
results that may well be applicable to otherMSC populations.
In another fascinating manuscript, M. H. Ng et al. used a
novel combination of MSC with fibrin impregnated ceramics
for leporine tibial bone regeneration. Here, they demonstrate
that platelet-rich plasma in conjunction with bone marrow-
derived MSC stimulates structural and functional recovery
after segmental defect creation.

Three manuscripts dealt with advancing and optimizing
the use of scaffolds for bone tissue engineering. C. J. D.
Bergmann et al. described a rapidly manufactured bone sub-
stitute based on tricalcium phosphate, polyethylene glycol,
and trisodium citrate that can be formed at room temper-
ature. Their data, performed in a sheep model, suggest that
this room temperature forming bone cement is osteoinduc-
tive/osteoconductive and promising for future clinical appli-
cation. K. Nazemi et al. examined an amalgam of chitosan,
bioactive glass and PLGA nanoparticles. Surface appearance,
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porosity, mechanical properties, and osteoinductivity were
assessed. L. Chen et al. applied scaffold technologies to the
engineering of cartilage, examining the fetal chondrocytes
when placed on nanohydroxyapatite/PLGA composite scaf-
folds.

Two manuscripts focused on the development of model
systems to test and optimize bone regeneration, an often-
overlooked subject. L. Poser et al. described a middiaphyseal
femoral defect in rats using a novel radiolucent plate for
fixation. Examined in both osteoporotic and nonosteoporotic
rodents, the radiolucent, biologically inert fixation device
allows for standardized defect creation to ensure experimen-
tal reproducibility. In a similar study of critical sized bone
defects, J. L. Lansdowne et al. described a bilateral nonhealing
iliac wing defect in sheep. Such well-described and precise
models facilitate comparisons between studies and between
bone research groups.

By compiling these papers, we hope to enrich our readers
and researchers in the field of bone tissue engineering and
regeneration.We thank those authors that participated in the
present special issue.

Benjamin Levi
Bruno Péault

Aaron W. James
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Calcium phosphate-based bone substitutes have not been used to repair load-bearing bone defects due to their weak mechanical
property. In this study, we reevaluated the functional outcomes of combining ceramic block with osteogenic-inducedmesenchymal
stem cells and platelet-rich plasma (TEB) to repair critical-sized segmental tibial defect. Comparisons were made with fresh
marrow-impregnated ceramic block (MIC) and partially demineralized allogeneic bone block (ALLO). Six New Zealand White
female rabbits were used in each study group and three rabbits with no implants were used as negative controls. By Day 90, 4/6
rabbits in TEB group and 2/6 in ALLO and MIC groups resumed normal gait pattern. Union was achieved significantly faster
in TEB group with a radiological score of 4.50 ± 0.78 versus ALLO (1.06 ± 0.32), MIC (1.28 ± 0.24), and negative controls (0).
Histologically, TEB group scored the highest percentage of new bone (82% ± 5.1%) compared to ALLO (5% ± 2.5%) and MIC
(26% ± 5.2%). Biomechanically, TEB-treated tibiae achieved the highest compressive strength (43.50 ± 12.72MPa) compared to
those treated with ALLO (15.15 ± 3.57MPa) and MIC (23.28 ± 6.14MPa). In conclusion, TEB can repair critical-sized segmental
load-bearing bone defects and restore limb function.

1. Introduction

Bone nonunion secondary to either trauma or tumour resec-
tion has been known to pose great challenges in orthopaedic
management. In our medical centre, we were presented with

631 cases of bone nonunion during the period 2005–2011, and
tibial nonunion made up 45% of these cases. In adults and
children, closed tibial shaft fractures are the most common
long-bone fractures. Union of tibia is more difficult in view of
the precarious blood supply and limited soft tissue coverage
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in this area [1, 2]. Such defects, which are unlikely to heal
in the absence of secondary intervention, are commonly
treated by means of osteotomy followed by bone distraction
(the Ilizarov technique) or with the need for bone grafting
[3, 4]. The Ilizarov technique involves a lengthy process and
is often presented with pin track infections, pin loosening,
and bone nonunion at the docking sites [5, 6]. Autologous
bone grafting on the other hand, being the gold standard,
is challenged by the limited availability of autogenous bone
and the risk of donor site morbidity [7, 8]. These limitations
are compounded in the elderly. Alternatively, segmental
allogeneic bone grafts can be obtained from bone banking
facilities [8]. Allogenic bone grafts are often subjected to
demineralization to enhance their osteoinductive property.
Demineralization of bone exposes the bone morphogenic
proteins located within the bone matrix that play important
roles in osteoinduction [9, 10]. Disadvantages of allogeneic
bone grafting include risk of disease transmission, delayed
vascular penetration, and delayed or incomplete graft incor-
poration [7, 8]. Furthermore, in countries where there are
cultural taboos against tissue and organ donations, the supply
of allogeneic bones is limited [11].

In view of the increased demands for bone grafts, alter-
native bone substitutes have been resorted. Amongst them,
ceramic or calcium phosphate-based materials and bioglass
appear to be the most favourable [12–16]. While most of
these bone substitutes possess only osteoconductive property,
they are now combined with osteoinductivematerials such as
growth factors, blood, bonemarrow, and stem cells to create a
new spectrum of bioactive bone substitutes [17–22]. Calcium
phosphate-based bone substitutes have been in the market
for decades and they come in various formats, powder,
granules, self-polymerizing liquid, or miniblocks. Although
their application as a single segmental block for repairing
large segmental defects has been tested in animal models
[12, 16, 23], their use in the clinic has yet to be reported. This
is mainly due to their weak mechanical strength as they are
expected to act at least initially as weight-bearing space fillers
or struts in such applications.

Tissue engineering constructs incorporate osteoprogen-
itor cells and growth factors in a biodegradable scaffold to
form a living bone substitute which is both osteoconductive
and osteoinductive. We aim to fabricate a tissue-engineered
bone construct from autologous or resorbable synthetic
materials.This is to eliminate the risk of disease transmission
and it will leave no residual foreign materials in the body
upon complete bone regeneration.

Bone marrow is an ideal cell source to derive autolo-
gous osteoprogenitor cells. Studies have shown that bone
marrow derived mesenchymal stem cells (MSCs) can be
osteogenically induced to express specific osteogenic genes
and mineralize within 2D and 3D matrices [24–26]. Liu et
al. demonstrated that scaffolds seeded with osteogenically
induced MSCs produced greater bone volume and density
compared to scaffold seeded with noninduced MSCs [10].
Autologous platelet-rich plasma is a rich source of growth
factors (GFs) such as platelet-derived growth factor- (PDGF-
) AA, -BB, and -AB; transforming growth factor- (TGF-) beta
1 and -2; platelet-derived epidermal growth factor (PDEGF);

platelet-derived angiogenesis factor (PDAF); insulin growth
factor-1 (IGF-1); and platelet factor-4 (PF-4), which are
known to stimulate bone regeneration [27]. The addition
of autologous platelet-rich plasma or fibrin to the tissue-
engineered bone constructs has been shown to promote
osteogenic differentiation of MSCs in vitro [22, 27, 28] and
further enhanced osteogenesis in vivo [29, 30].

Calciumphosphate-based ceramic is bioresorbable,mim-
ics the content of a natural bone, and can be chemi-
cally synthesized. The tricalcium phosphate (TCP) form of
ceramic is highly degradable while hydroxyapatite (HA) is
structurally stronger but resorbs slowly [31]. Studies have
shown that TCP/HA, as a composite, encouraged greater
bone matrix synthesis compared to hydroxyapatite (HA) or
tricalcium phosphate (TCP) alone [29, 32]. In this study,
tissue-engineered bone constructs composed of autologous
osteogenic-induced mesenchymal stem cells and plasma-
derived fibrin seeded onto TCP/HA scaffolds were evaluated.

The study was conducted as a proof of concept for the use
of autologous tissue-engineered bone construct as an alterna-
tive bone substitute for segmental defect of load-bearing bone
in animal models. Although similar combinations have been
tested in animal models, limb function was not evaluated. To
further test the feasibility of using such combination in place
of current popular bone substitutes in the operating theatres,
partially demineralized allograft bone and fresh autologous
marrow-impregnated ceramics were tested in parallel [9, 10,
20, 32, 33].

2. Materials and Methods

2.1. Animal Models. The study has been approved by the
Institution Research and Ethics Committee (Code no. UKM
1.5.3.5/244/PPP2). Female New Zealand White rabbits aged
approximately 6 months and weighed approximately 2.5
kilograms were used as animal models. Each rabbit was sub-
jected to a one-centimetre segmental defect at the midshaft
of the left tibia and was randomly assigned for treatment
with one of the three bone substitutes, namely, autologous
tissue-engineered bone construct (TEB; 𝑛 = 6), partially
demineralized tubular tibia allograft (ALLO; 𝑛 = 6), or
fresh autologous marrow-impregnated ceramic (MIC; 𝑛 = 6)
(Figure 1). Three rabbits without bone substitutes were used
as negative controls (CTRL; 𝑛 = 3).

2.2. Preparation of Autologous Tissue-Engineered Bone Con-
struct (TEB). TEB was comprised of autologous MSCs
seeded onto porous ceramic scaffold enriched with autolo-
gous plasma-derived fibrin. MSCs were derived from rabbit
bone marrow and expanded in vitro. Fibrin was derived from
the rabbit whole blood. Cell-fibrin mixture was then seeded
onto a cylindrical ceramic scaffold followed by induction in
osteogenic medium. Detailed procedures are as follows.

2.2.1. Autologous Rabbit Bone Marrow and Blood Harvesting.
Rabbits were anaesthetized by intravenous administration
of a drug mixture (Xylazine, Ketamine, and Zoletil). Right
iliac crest region of the rabbit was shaved, cleaned, and
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Figure 1: Gross appearance of implants used in the three treatment groups.

draped. One centimetre skin incision was made over the iliac
crest. Five millilitres of rabbit bone marrow was harvested
percutaneously from the rabbit right iliac crest using an 18 G
needle. At the same time, 5mL of blood was aspirated from
the lateral ear vein into a sodium citrate tube.

2.2.2. Plasma-Derived Fibrin Preparation. The collected
blood was centrifuged at 3000 rpm for 5 minutes. After
centrifugation, the plasma layer (top yellowish layer) was
transferred to a new tube and stored at −20∘C before use.

2.2.3. In Vitro Cell Expansion. Mononuclear cells were iso-
lated from the aspirated bone marrow via gradient centrifu-
gation over a Ficoll-Paque (GE healthcare, USA) layer. The
isolated cells were suspended in alpha-minimum essential
media (𝛼-MEM; Invitrogen, USA), supplemented with 10%
fetal bovine serum (Invitrogen, USA), and plated onto a
9.6 cm2 culture plate. All cultures were incubated at 37∘C in
a humidified atmosphere of 5% CO

2
. Medium was changed

twice a week. Upon cell confluence, cells were detached by
treatment with 0.05% trypsin-EDTA solution. Cell count
and cell viability were assessed using the trypan blue dye-
exclusion method. Subsequently, cells were subcultured until
Passage 3 at a standard density of 5000 cells/cm2.

2.2.4. Ceramic Scaffold Preparation. Porous ceramic blocks
composed of 80% 𝛽-tricalcium phosphate and 20% hydrox-
yapatite were obtained commercially (Surgiwear, India).They
are chemically synthesized to produce a nominal surface
porosity of 50% and pore sizes ranging from 200 to 500𝜇m.
In the laboratory, they were molded with a burr into hollow
cylinders of 1 cm in length with an outer diameter of 0.7 cm
and an inner diameter of 0.3 cm.They were then individually
packed, sterilized by gamma-irradiation (30 kGy), and stored
at room temperature before use.

2.2.5. In Vitro TEB Preparation. Approximately 100 million
cells from Passage 3 cultures were suspended in 1mL of
autologous platelet-rich plasma and seeded on each cylin-
drical ceramic scaffold. Calcium chloride was added to the
cell-seeded scaffold in order to initiate fibrin polymeriza-
tion. The cell + fibrin seeded scaffold was then immersed
in osteogenic differentiation medium (𝛼-MEM with 10%
fetal bovine serum, 10–7M dexamethasone, 0.05mg/mL
ascorbate-2-phosphate, and 10mM beta-glycerophosphate)
with continuous agitation (dynamic culture) on a shaker
(Kiddy See Saw KSS-01, Toylab, Republic of Korea) for one
week. The method of seeding was previously validated for
optimal seeding efficiency and cell viability [34].
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2.3. Preparation of Marrow-Enriched Ceramic (MIC). On the
day of surgery, 5mL of bone marrow was aspirated from the
rabbit right iliac crest and transferred to a sterile container.
The sterile cylindrical ceramic cylinder (prepared as stated in
Section 2.2.4) was then placed fully immersed in the aspirated
bone marrow for at least 30 minutes before implantation.

2.4. Preparation of Partially Demineralized Allograft (ALLO).
Partially demineralized allogeneic bone grafts were prepared
from tibiae of six-month old rabbits, according to a published
protocol [10]. Briefly, bone grafts were segmented from the
diaphysis of tibiae, followed by the removal of periosteumand
any adhering soft tissues.The allograftswere then snap frozen
at−80∘C for 24 hours, cut into one-centimetre long segments,
and soaked in The sterile cylindrical ceramic cylinder 100%
ethanol for another 24 hours. This was followed by soaking
of the allografts in a 0.6N hydrochloric acid for 15 minutes
(50mL HCl per gram of bone). They were then air dried,
individually packed, gamma irradiated (30 kGy), and stored
at −80∘C before use.

2.5. Bone Substitute Implantation and Fixation. Under gen-
eral anaesthesia, left tibial region of the rabbit was shaved
and cleaned. A custom-made external fixator was placed over
the lateral side of the tibial midshaft. Three 1.6mm K wires
were driven through the fixator rod and through both cortices
of the tibia flanking two sides of the tibial defect (Figure 1).
A longitudinal skin incision was then made over the lateral
aspect of the tibia. Muscles and vessels were retracted and
the midshaft of the tibia was exposed. A 1 cm segmental
defect was made over the midshaft of the rabbit tibia using
an electric burr, and periosteum surrounding the defect was
completely removed. Another longitudinal skin incision was
made over themedial aspect to the patellar tendon. A 0.8mm
K-wirewas driven via the patellar through the intramedullary
canal, through the respective study implant, and then lodged
into the distal subchondral bone. Wounds were closed using
3.0 nylon sutures.

2.6. Postoperative Care. Postsurgical rabbits were housed
individually in a 3 × 2 × 2 feet cage, with food and water ad
libitum. Intramuscular administrations of antibiotics (cyclo-
propyl; Bayer AG) and analgesic (meloxicam; Boehringer
Ingelheim) were given for 5 days after surgery. The rabbits
were regularlymonitored for signs of infection and instability
of fixations. Dressing was changed whenever necessary.

2.7. Radiographic Analysis. Bone union rate was monitored
by a series of anteroposterior and lateral radiographs of the
tibia at Day 0 (immediate after operation), Day 7, Day 21, Day
60, andDay 90 (threemonths). Radiographswere taken using
a standardized setting throughout the study. Degree of union
for each rabbit was graded at Day 90, using a numerical score
based on criteria modified from Salkeld et al., (Table 1) [35].
Three researchers blinded to the study performed the grading
independently.

2.8. Gait Analysis. Gait analysis was performed on a pressure
recording mat to assess tibial function after bone repair. Gait

Table 1: Radiological grading scale.

Description Grade
No change from immediate postoperative
appearance 0

A slight increase in radiodensity distinguishable
from the graft 1

Recognizable increase in radiodensity, bridging
one cortex with new-bone formation to the graft 2

Bridging of at least one cortex with material of
nonuniform radiodensity and early incorporation
of the graft suggested by obscurity of graft borders

3

Defect bridged on both medial and lateral sides
with bone of uniform radiodensity; visible cut
ends of the cortex; not-easy-to-differentiate graft
and new bone

4

Same as grade 3, with at least one of four cortices
obscured by new bone 5

Defect bridged by uniform new bone; cut ends of
cortex no longer distinguishable; graft no longer
visible

6

Source: Salkeld et al., 2001 [35].

pattern was recorded prior to the surgery and at Day 90
after operation. Analysis of the contact pressure and contact
area was performed on the MatScan Research version 5.72
software.

2.9. Biomechanical Analysis. At Day 90, rabbit was sedated
via intravenous ketamine injection followed by intracar-
diac pentobarbital injection. Specimens were then harvested
2.5 cm distally and proximally to the implant using a sharp
diamond cutter. Both ends of the harvested specimens were
mounted in fast hardening resin (SeriFix Resin). Uniaxial
compression test was performed using a servohydraulic
compression-testing machine (Instron Compression Test
Systems model 8874, MA, USA) equipped with a 25 kN
load cell. The specimens were subjected to compression at
a constant displacement rate of 1mm/minute of crosshead
velocity until failure. Compressive stress and strain were
calculated and plotted. Stress value at the point of yield (load-
to-failure) was determined. In an effort to reduce errors
associated with geometric differences among the animals, the
ratio of compressive strength of the experimental tibia to the
contralateral tibia was presented.

2.10. Histological and Histomorphometric Analyses. After
biomechanical testing, specimens at the bone-implant inter-
phase were fixed with 10% buffered formalin overnight. The
fixed specimens were subjected to decalcification in EDTA-
saturated 4% HCl for one week followed by routine tissue
processing and paraffin embedding. Longitudinal sections of
5 𝜇m were prepared using a microtome. The tissue sections
were dewaxed, rehydrated, and stained with hematoxylin and
eosin or Alizarin red.The slides were evaluated by a qualified
pathologist blinded to the study. Evaluation criteria included
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amount of new bone formation and residual implant and
degree of fibrosis and inflammation. In addition, quantifi-
cation of the mean percentage of residual implant, osteoid,
and mature bone was performed on four representative
Alizarin Red-stained sections for each group, using Image-
Pro Plus version 6.2.1 (Media Cybernetics, Bethesda, USA).
Mean percentage was calculated with respect to the total area
covered by materials and tissues on each section.

2.11. Statistical Analysis. Quantitative data is expressed as
mean ± standard error of mean (SEM). Student’s 𝑡-test was
performed to compare difference of mean between 2 groups
using PASW statistics 18 (SPSS Inc.). 𝑃 value of less than 0.05
is considered statistically significant.

3. Results

3.1. Radiological Findings. Radiographs of the test and control
tibiae are shown in Figure 2 and the score results are sum-
marized in Table 2. No observable change was noted up to
Day 7 across all groups. However, from Day 21 onwards, TEB
score was the highest in mean radiological grade (𝑃 < 0.05).
By Day 90, all rabbits in TEB showed bridging of cortices
by dense radiopaque new bone and of which two achieved
complete union on all sides. One rabbit in ALLO and two in
MIC achieved bridging of cortices.

3.2. Gait Analysis. Example of a normal, near normal, and
abnormal rabbit gait pattern is shown in Figure 3. At day
90, two out of the six rabbits in ALLO and MIC exhibited
a normal gait pattern, while four out of six rabbits from
TEB resumed a normal gait pattern. Most of the abnormal
gait patterns were due to overbearing of weight and pressure
on the nonoperated contralateral hind limb, nonloading or
partial loading of the operated limb, or dragging of the
operated limb. The restoration of normal gait pattern was
taken as an indication for the restoration of function of the
operated limb and the absence of implant complications.

3.3. Gross Evaluation. Regardless of partial or complete
union, bone lengths of the treated limbs were maintained
in all treatment groups. Three rabbits in TEB achieved
complete union showing good continuity of cortices along
the bone-implant-bone interphases while the other three
showed partial union. In this group, graft could no longer
be distinguished from the surrounding bone (Figure 4). In
ALLO group, partial union was seen in four rabbits and
nonunion in two. In these nonunion rabbits, residual allo-
grafts were still visible and soft tissues were found enveloping
the allografts. In MIC group, partial union was seen in three
of the rabbits and nonunion in other three. In these nonunion
rabbits, substantial amount of residual ceramic surrounded
by soft tissues were noted. No bone union was achieved in
the negative control group.

3.4. Biomechanical Findings. Rabbits with partial or complete
union were subjected to biomechanical testing. Results of the
biomechanical tests are summarized in Table 3. TEB-treated

tibiae exhibited the highest compressive strength (𝑃 < 0.05)
while ALLO and MIC-treated tibiae (𝑃 > 0.05) were similar
in strength. TEB-treated tibiae achieved between 15 and 49%
of the strength of the contralateral tibiae.

3.5. Histological and Histomorphometric Findings. Figure 5
shows H&E stained sections of specimens taken from the
middle segment of the implants three months after implan-
tation. In TEB group, abundant new bone was found forming
a trabecular network within the medullary cavity. Advance
bone remodeling occurred in TEB group as evidenced by the
presence ofmature cortical bone at the periphery.The cortical
bone was found along the entire gap of the bone defect
bridging to the adjacent native bone. Intramedullary canal
was maintained in which marrow elements flowed through.
Almost the entire of the ceramic scaffold of the TEB had
resorbed. Occasional scattered ceramic granules were noted.
In theMIC group, substantial amount of the ceramic scaffolds
remained. Mineral deposits were found accumulated around
these degrading ceramic, and possibly the product of ceramic
degradation was seen around the ceramic (Figure 5(c)). New
bones found in MIC group appeared less mature. In ALLO
group, significant fibrous tissues (Fb) were noted. Trabecular
bone was actively being laid down next to these fibrous
tissues. Most part of the allograft bone remained intact and
devoid of any bone growth or remodeling activities. These
bones were marked by empty lacunae with no resident cells
(Figure 5(f)).

Histologically, TEB and MIC groups showed comparable
amount of new bone. Fibrosis and inflammatory cells were
occasionally noted in MIC and ALLO groups, but not in the
TEB group.

Figure 6 shows a histogram of the mean percentage of
residual implant, osteoid, and mature new bone from the
implants. Mean percentages of residual implant materials for
ALLO, MIC, and TEB groups were 29% ± 2.7%, 46% ± 8.9%,
and 0.1% ± 0.02%, respectively. Mean percentages of osteoid
or precursor bone for ALLO,MIC, and TEB groups were 66%
± 1.7%, 27% ± 5.1%, and 18% ± 5.1%, respectively, and mean
percentages of new bone were 5% ± 2.5%, 26% ± 5.2%, and
82% ± 5.1%, respectively.

4. Discussions

Combinations of varying scaffold materials, cell sources, and
growth factors have been used to construct tissue-engineered
bone. Ceramic remains the most popular type of scaffold
material due to its bioresorbablity and osteoconductive prop-
erty. The addition of biological factors has been proven to
provide osteoinductive property to the implants [17–22].
However, the mechanism by which these biologics act in the
bone regeneration and remodeling process remains vague.

The combination of ceramic, cells, and fibrin as a bone
substitute is not new. However, to date, only one study
reported the use of such combination in segmental bone
repair [35]. Moreover, due to the high variability in the
configuration and preparation of the ceramic scaffolds, cells,
or fibrin, all translational laboratories will need to develop,
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Figure 2: Radiological changes seen in the three test groups immediately: Day 21, Day 60, and Day 90 after operation. TEB: defect bridged
by uniform new bone, cut ends of cortex no longer distinguishable, graft no longer distinguishable. MIC: a slight increase in radiodensity
surrounding and distinguishable from the graft (callus formation) with no bridging of cortex. ALLO: a slight increase in radiodensity
surrounding and distinguishable from the graft bridging of one cortex with new bone formation.

optimize, and test their own products. The tissue-engineered
bone used in this study has been optimized via a series of
developmental studies in vitro and in vivo [25, 26, 32, 34].

The use of such combination for segmental long bone
defect is met with specific challenges. The choice of fixation

methods greatly impacts the repair outcome [36]. A rigid
fixation is required to achieve good alignment and stability
of the implants. Postoperative care for such animal models
is extremely important. Ultimately, the aim of the repair
is to achieve early union and weight bear. Early mobility
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Table 2: Mean and range of radiological scoring for all test groups by three independent investigators.

Group
Day 7

Mean ± SEM
(range)

Day 21
Mean ± SEM

(range)

Day 60
Mean ± SEM

(range)

Day 90
Mean ± SEM

(range)

TEB 0
(0)

1.5 ± 0.52
(0–4)

2.25 ± 0.61
(1–6)

4.50 ± 0.78
(1–6)

MIC 0
(0)

0.30 ± 0.21
(0–2)

0.8 ± 0.24
(0–2)

1.28 ± 0.24
(0–3)

ALLO 0
(0)

0.33 ± 0.21
(0–2)

0.83 ± 0.30
(0–3)

1.06 ± 0.32
(0–3)

Equal load bearing 
on both hind feet

0 12 24 35 47 58 70 81 93 104 116 127 139

Raw

(a) Normal gait pattern

Equal load bearing 
on both hind feet

0 12 24 35 47 58 70 81 93 104 116 127 139

Raw

(b) TEB (resumed normal gait pattern)

Minimal load bearing on 
left hind foot

Direction of rabbit gait

0 12 23 35 46 58 69 81 92 104 115 127 138

PSI

(c) ALLO (abnormal gait pattern)

Figure 3: Gait pattern recorded with TechScan software. (a) Hop-
ping pattern of a normal rabbit with even pressure on both hind
limbs. (b) A near normal hopping pattern of a rabbit from TEB
group at Day 90 after operation. (c) A distorted gait pattern of a
rabbit from ALLO group showing unloading of the experimental
limb (colour bars indicate pressure in PSI).

will reduce the risk of developing bed sores and pressure
ulcers, especially important for the elderly as they are often
accompanied by poor blood circulation and diabetes.

The primary strength of this study is the introduc-
tion of an objective method to evaluate limb function.

The restoration of limb function after bone repair is deter-
mined using gait analysis via foot pressure recordings. It is
also an important indication that the implants do not cause
complications to other functions of the limb such as soft tissue
inflammation. In addition, the testing of the combination
was performed in parallel with two other popular bone
substitutes.

Our radiological findings showed that TEB group had
accelerated bone healing and union when compared with
ALLO and MIC groups. Increased density at the implant site
and early fusion of cortical bone could be seen in TEB group
as early as Day 21 after implantation.There was no significant
difference between ALLO andMIC groups in terms of rate of
union. The accelerated rate of healing in TEB group resulted
in four out of six rabbits’ return to normal gait within 3
months after surgery.Thismay potentially translate into early
removal of fixator and early full weight bearing for patients.

Grossly, union was assessed by palpation and the naked
eye. Union was perceived as any bridging of bone gap with
hard tissues. Complete unionwas reported when all 4 sides of
the cortex were bridged. However, the quality of union had to
be further assessed by biomechanical testing and histology. In
our findings, gross union concurred with radiological union.

In this study, we aimed to mimic load transfer to the tibia
to determine if the repaired bone could indeed withstand the
load from the rabbit after the removal of the fixators. Hence,
compression test was performed. Although torsional or 3-
point bending tests could be more appropriate to study the
strength of bone-implant interface, it could not be performed
due to the lacking of appropriate jig in our facilities. Instead,
quality of union could be inferred based on the fracture
site at the point of yield during compression testing. When
fracture occurs at the bone-implant interphase, union is
considered poor and the implant is relatively stronger. On the
other hand, when fracture occurs at the implant site, union
is relatively stronger than the implant and the compressive
strength recorded reflects the strength of the implant. In TEB
andMIC groups, fracture occurred at the implant site.This is
suggestive of the relatively strong bone-implant integration.
TEB group scored a higher compressive strength than MIC
group and this implies that TEB formed greater amount of
bone than MIC. On the other hand, fracture occurred at the
bone-implant interphase in the ALLO group, which implies a
relatively strong implant but poor bone integration.

Histologically, complete remodeling at the bone defect
site was seen only in TEB, producing well-formed
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MIC ALLOTEB

Figure 4: Gross appearance of postimplanted experimental tibia compared with contralateral controls. All groups maintained equal length
between test and contralateral tibiae. TEB showed good continuity of cortices along the bone-implant-bone interphases. Implant material for
ALLO and MIC groups are still visible. Lt: implanted left tibia; Rt: normal right tibia.

Table 3: Mean compressive strength ratio across the 3 test groups.

Group Mean compressive
strength (MPa)

Mean relative
compressive strength

(ratio to the
contralateral tibia)

TEB (𝑛 = 6) 43.50 ± 12.72 0.28 ± 0.06
MIC (𝑛 = 3) 23.28 ± 6.14 0.15 ± 0.01
ALLO (𝑛 = 4) 15.15 ± 3.57 0.15 ± 0.04

intramedullary canal filled with marrow (Figure 5(b)).
Our results are consistent with a recent report by Nair
et al. whereby their approach using cells and plasma-
enriched cylindrical hollow hydroxyapatite produced
mature bone with the regeneration of marrow cavity [23].
Previous approaches using packed-filled granular or solid
ceramic block achieved solid fusion without the formation
of intramedullary canal. The approach may block the
intramedullary blood circulation, increase intraosseous
pressure and result in altered bone physiology in the long
term [37].The logic behind the design of a hollow and porous
cylindrical scaffold in our study is to allow fresh marrow to
flow through the scaffold so that fresh nutrient from the bone
marrow and waste products from the seeded cells can easily
diffuse through the scaffold. A hollow scaffold also permitted
the use of intramedullary nail for enhanced fixation and
alignment. As compared with ceramic particulates, ceramic
cylinder mimics the shape and size of the segmental bone
defect and acts as a temporary structural support that bridges
the bone gap.

TEB achieved comparable if not superior outcome in
all aspects of evaluation. We have shown in our findings
that tissue engineering strategy is more effective than sim-
ple delivery of crude bone marrow with ceramic scaffolds.
The enhanced osteogenic property of the tissue-engineered

constructs can be attributed to the presence of a large
number of osteogenically induced stem cells and growth
factor-rich plasma-derived fibrin. In the study, osteogenically
induced MSCs were incorporated into TEB. We have shown
in our previous work that osteogenically induced MSCs
readily produced the required bone matrix proteins. We have
previously found that fibrin derived from plasma enhanced
matrix formation in a 3D construct [29, 34].

While the combination of ceramic with MSCs and
plasma-derived fibrin may not be novel, a completely autolo-
gous approach has not been reported [19, 22, 23, 38]. Tissue
engineering strategy allows a complete autologous approach.
Autologous serum can also be derived from patients instead
of fetal bovine serum for culturing the autologous MSCs.

This will eliminate the risk of disease transmission and
tissue rejection. With time, the scaffold will degrade and
be completely replaced by the autologous new bone. We
postulate that the calcium and phosphate released from
the degradation of the ceramic scaffold have in turn been
assimilated into the new bone.

In the study, tissue-engineered bonewas successfully con-
structedwithin 3weeks from time of bonemarrow aspiration.
In our experience, sufficient MSCs can be generated through
in vitro cell expansion in 3 weeks. The delayed supply of
autologous TEB may be seen as one of the limitations of
TEB strategies as compared to other off-the-shelf products.
However, the delayed in supply of autologous TEB does
not pose a real problem to the treatment for nonunion or
delayed union. Even for fracture cases resulting from trauma,
often time is required for patients to stabilize before bone
grafting can be performed. The real barrier to translation
for autologous TEB would be the high cost of production.
Hence, the future trend is to resort to allogeneic, off-the-
shelf products. A totally allogeneic approach is now possible
becauseMSCs derived from certain sources such as umbilical
cord are thought to be immunoprivileged; that is, they do
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Figure 5: Histological sections from the middle segment of the implants three months after implantation (H&E). (a) Abundant new bones
were found inTEB.The section reveals newbones (Nb) forming a trabecular network amidst infiltrated cells (Ic)while new compact bone (Nb)
was found at the right periphery (40x). (b) Here, the peripheral bone appearedmore mature with lamellar and osteon features (O) adjacent to
the well-formed intramedullary canal filled with marrow element (Me) (100x). (c) Residual ceramic (Ce) was noted inMIC. Mineral deposits
(Mi) (stained red) were seen around the ceramic (40x). (d) The section reveals new bones (Nb) that are undergoing mineralization amidst
infiltrated marrow element (Me) (40x). (e) Significant fibrous tissues (Fb) were noted in ALLO.The section reveals new bones (Nb) forming
a trabecular network amidst infiltrated cells (Ic) (40x). (f) An intact allograft bone (Allo) (100x).

not evoke an immune reaction. Similarly, allogeneic plasma-
derived fibrin will not evoke any immune reactions as it is
devoid of cells.

To better simulate the clinical scenario, we suggest that
treatment should be done in our future studies in a nonunion
model instead of an immediate implantation upon the cre-
ation of the bone defect. Next, larger animal models should
be used to test the efficacy of larger tissue-engineered bone
constructs. In addition to compression testing, torsion should

also be performed to better determine the degree of scaffold
integration with the host bone.

5. Conclusions

Tissue-engineered bone construct comprised of segmen-
tal ceramic block impregnated with osteogenically-induced
autologous MSCs and plasma-derived fibrin can be an
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Figure 6: Histogram showing the mean percentage of residual
implant, osteoid, andmature newbone determined in representative
sections of TEB, MIC, and ALLO specimens.

alternative to bone allograft for repairing critical size load-
bearing segmental bone defect, early weight loading, and
recovery of limb functions. A completely autologous concept
can be implemented via this approach. Nonetheless, themore
commercially viable strategy into the clinic is the use of
immune privileged MSCs and plasma-derived fibrin from
allogeneic source.
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The functionality of tissue engineering scaffolds can be enhanced by localized delivery of appropriate biological macromolecules
incorporated within biodegradable nanoparticles. In this research, chitosan/58S-bioactive glass (58S-BG) containing poly(lactic-
co-glycolic) acid (PLGA) nanoparticles has been prepared and then characterized.The effects of further addition of 58S-BG on the
structure of scaffolds have been investigated to optimize the characteristics of the scaffolds for bone tissue engineering applications.
The results showed that the scaffolds had high porosity with open pores. It was also shown that the porosity decreased with
increasing 58S-BG content. Furthermore, the PLGA nanoparticles were homogenously distributed within the scaffolds. According
to the obtained results, the nanocomposites could be considered as highly bioactive bone tissue engineering scaffolds with the
potential of localized delivery of biological macromolecules.

1. Introduction

In the recent years, increasing attention has been paid to bio-
polymers and bioactive composites for use in tissue engi-
neering. Many of the nanocomposites are currently being
used as porous scaffolds for tissue engineering applications
[1]. The goal of making nanocomposites is reaching a better
interaction between the bioactive inorganic phase and the
organic phase, creating a toughmaterial; therefore significant
attention has been paid to the polymer/ceramic nanocom-
posites [2, 3].

There are many kinds of methods to provide porous scaf-
folds for tissue engineering, such as thermal-induced phase
separation, electrospinning, gas forming foam, and freeze
casting [4]. Freeze casting is a useful method because it is an
environmentally friendly and economic technique [5]. Also,
ceramic composites with different pore morphologies can
be provided by the freeze casting method. Meanwhile, it is

an effective method to avoid dried stress and shrinkage [6].
A wide variety of ceramics, such as alumina, tricalcium phos-
phate, titanium dioxide, hydroxyapatite, and silicon nitride,
were prepared by using this method [7, 8].

Many kinds of synthetic and natural polymers have been
used as scaffolds for tissue engineering such as poly(lactic
acid) (PLA) and poly(glycolic acid) (PGA) and their copoly-
mers (PLGA) for synthetic polymers that have goodmechan-
ical properties and biodegradability but have poor cell-matrix
interaction [9–12]. By contrast, natural polymers such as col-
lagen, gelatin, chitosan, and hyaluronic acid can achieve a dif-
ferentiated cell phenotype and allow well cell expansion [11].
However, they have poorermechanical properties and a faster
rate of degradation [10].

Chitosan is a polymer derived from partial deacety-
lation of chitin. Chitosan is attractive as a suitable func-
tional material for medical applications because it has high
biodegradability, high biocompatibility, nonantigenicity, and
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high protein adsorption properties [13–20]. Chitosan plays an
important role in the attachment, differentiation, and mor-
phogenesis of osteoblast cells because of its structural sim-
ilarities with glycosaminoglycans, an important component
of bone and cartilage [19].

Bioactive glasses are a kind of bioactive ceramicmaterials.
They have reactive surface that is used as implants in the
human body to repair and replace damaged bone. They were
first discovered by Hench and coworkers in 1969 [6]. Bioac-
tive glasses have been composed mainly of SiO

2
, Na
2
O, CaO,

and P
2
O
5
[21]. They have many recognized abilities to help

the growth of bone cells [22–24] and to bond strongly with
hard and soft tissues. And also, bioactive glasses undergo
special reactions leading to the formation of a hydroxyl car-
bonate apatite (HCA) layer, amorphous calcium phosphate
(ACP), or crystalline hydroxyapatite (HA) phase on the sur-
face of them, which is suitable for their strong bonding with
surrounding parts [23].

Recently, Banerjee et al. [25] have reported the effect of
poly(lactide-co-glycolide) (PLGA) spheres incorporation on
the physical properties such as the cellular performance of the
freeze-dried gelatin scaffolds. However, these effects may dif-
fer when two or more polymers used to provide porous scaf-
folds are mixed and these effects are largely dependent on the
size of incorporated particles. Nanoparticles have many
advantages over microparticles such as more homogeneous
distribution of particles within the polymeric matrix during
the crosslinking of scaffold fabrication and availability of
much more particles for the same equivalent weight of carri-
ers. Moreover, the lengthy diffusion times of molecules from
microparticle(s) carrier matrix can be avoided when nano/
submicron particles are used, which could facilitate the
pulsed release of incorporated biomolecules. Another advan-
tage with nanoparticles over microparticles is the avoidance
of acidic microenvironment within particle matrix, which is
a result of hydrolytic degradation of PLGA into lactic and
glycolic acids [25]. Nanospheres are more attractive because
of their diverse applications in the field of drug [26–30] and
growth factor [26–28, 31] delivery for medical applications. It
has been reported that implantation ofmicrospheres contain-
ing growth factors resulted in improved cell phenotype and
chondrogenesis [29].

In this study, we synthesized a bioactive glass named 58S
using sol-gelmethod.Then, tomimic themineral and organic
component of natural bone, different concentrations of 58S-
BG and chitosan have been mixed as nanocomposites scaf-
folds in which PLGA nanoparticles have been incorporated.

2. Materials and Methods

2.1. Materials. Tetraethylorthosilicate (TEOS: C
8
H
20
O
4
Si),

calcium nitrate (Ca(NO
3
)
2
⋅4H
2
O), triethyl phosphate (TEP:

C
6
H
15
O
4
P), and 0.1M nitric acid (HNO

3
) were purchased

fromMerck Inc. Acetic acid (96%) and chitosan (Mw = 2.5 ×
105, degree of deacetylation = 85%) were purchased from
Sigma-Aldrich Co. Glutaraldehyde (GA) (C

5
H
8
O
2
) solution

of 1% (w/v) was purchased fromMerck Inc. Poly(DL-lactide-
co-glycolide) (PLGA) 50 : 50 (RG 503H) was purchased from
Boehringer Ingelheim Pharma GmbH & Co.

2.2. Synthesis of 58S-BG. The 58S-BG powder (60% SiO
2
, 4%

P
2
O
5
, and 36%CaO) (mol%) has been synthesized via sol-gel

method. For this purpose, 108.093mL of tetraethylorthosili-
cate (TEOS: C

8
H
20
O
4
Si) has been added to 39.54mL of 0.1M

nitric acid (HNO
3
); the mixture reacted for 30min for the

acid hydrolysis of TEOS to proceed almost to completion.
Then, 10.99mL triethyl phosphate (TEP: C

6
H
15
O
4
P) and

68.66 g of calcium nitrate tetrahydrate (Ca(NO
3
)
2
⋅4H
2
O)

have been added in sequence allowing 1 h for each reagent to
react completely. The solution has been cast in a cylindri-
cal Teflon container and kept sealed for a week at room
temperature to allow the hydrolysis and a polycondensation
reaction to take place until the gel formed.Thewater has been
removed and a small hole was inserted in the lid to allow the
leakage of gases while heating the gel to 120∘C for 2 days to
remove all the water.The dried powder was heated for 24 h at
700∘C for nitrate elimination and stabilization. Subsequently,
the powders were milled by planetary milling (SVD15IG5-1,
LG Company) at 400 rpm for 4 h.

2.3. Preparation of SBF Solution. The SBF solution has been
prepared by dissolving reagent-grade NaCl, KCl, NaHCO

3
,

MgCl
2
⋅6H
2
O, CaCl

2,
and KH

2
PO
4
into distilled water and

buffered at pH = 7.25 with TRIS (trishydroxymethyl
aminomethane) and 1N HCl solution at 37∘C [32]. All the
reagents have been purchased from Merck Inc. Its com-
position is given in Table 1 and is compared with the human
blood plasma.

2.4. Synthesis of PLGA-Loaded Chitosan/Bioactive Glass Scaf-
folds. The PLGA-loaded scaffolds have been prepared with
different ratios of the synthesized 58S-BG as listed in Table 2.
For the preparation of the PLGA-loaded scaffolds, 250mg
chitosan was dissolved in 1% acetic acid solution. Different
percentages of 58S-BG have been added to the chitosan
solutions and stirred for 12 h. Then, 62.5mg of PLGA has
been dissolved in 3mL of dichloromethane and then added
to the dispersing phases (0%, 0.5%, 1%, 1.5%, and 2% of
58S-BG) under moderate magnetic stirring. The PLGA
nanoparticles have been formed immediately upon mixing
[33]. The formed emulsions have been stirred at 1250 rpm on
a magnetic stirrer plate at room temperature for 2 h to evap-
orate dichloromethane (DCM). The resultant solutions have
been subjected to ultrasonication to reduce particle size and
fine dispersions.The sampleswere obtained after freezing and
then freeze-dried for 24 h. After soaking each scaffold into
25mL glutaraldehyde 1% for 2 h, the samples were washed
several times to remove all the unreacted glutaraldehyde
molecules chains. The resultant scaffolds have been trans-
ferred into a fridge followed by freeze-drying at −80∘C for
24 h.

2.5. Characterization

2.5.1. Scanning ElectronMicroscope (SEM)Analysis. Themor-
phology and microstructure of the scaffolds have been
observed using a scanning electron microscope (SEM). The
scaffolds have been coated with a thin layer of gold (Au)
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Table 1: Ion concentrations of SBF and human blood plasma.

Ion Plasma (mmol/L) SBF (mmol/L)
Na+ 142.0 142.0
K+ 5.0 5.0
Mg+2 1.5 1.5
Ca+2 2.5 2.5
Cl− 103.0 147.8
HCO

3

− 27 4.2
HPO
4

−2 1.0 1.0
SO
4

−2 0.5 0.5

Table 2: The component of the prepared scaffolds.

Samples Chitosan 58S-BG PLGA
S1 1% 0% 0.25%
S2 1% 0.5% 0.25%
S3 1% 1% 0.25%
S4 1% 1.5% 0.25%
S5 1% 2% 0.25%

by sputtering (EMITECH K450X, England), and then the
morphology of the coated samples has been observed on a
SEM-Philips XL30 that operated at the acceleration voltage
of 15 kV.

2.5.2. Fourier Transform Infrared Spectroscopy (FTIR) Analy-
sis. The FTIR spectra of the raw materials (chitosan, 58S-BG
powder, and PLGA nanoparticles) and the prepared scaffolds
have been characterized using a FTIR spectrometer (Perkin-
Elmer RX1) operating at the range of 400–4000 cm−1. The
samples have been ground and mixed thoroughly with
potassium bromide at a ratio of 1 : 5 (sample : KBr).

2.5.3. X-Ray Diffraction (XRD) Analysis. The apatite forming
ability of the scaffolds has been analyzed by XRD (Siemens-
Brucker D5000 diffractometer). This instrument works with
voltage and current settings of 40 kV and 40mA, respectively,
and uses Cu-Ka radiation (1.540600 Å). For qualitative anal-
ysis, XRD diagrams were recorded in the interval 25∘ ≤ 2𝜃 ≤
60
∘ at the scan speed of 2∘/min with the step size 0.02∘ and the

step time 1 s.

2.5.4.Mechanical Behavior. Themechanical characteristics of
the prepared scaffolds have been investigated by conducting
compression strength test according to ASTM F 451-86. The
cylindrical samples have been cut to an appropriate size
(7mm in diameter and 14mm in thickness). The diameter
and the thickness of the samples have been checked with an
electric digital caliper. The break strength of the scaffolds has
been tested by Roel-Amstel with a drawing rate of 1mm/min.

2.6. Analytical Methodologies

2.6.1. DensityMeasurement. Theapparent density of the sam-
ples (𝜌

𝑎
) was measured by mercury pycnometry. A sample of

weight𝑊
𝑠
has been placed in a pycnometer, completely filled

with mercury and weighed to obtain𝑊
𝑠1
. 𝜌
𝑎
was calculated

according to the following equation:

𝜌
𝑎
=

𝑊

𝑊
1
−𝑊
𝑠1
+𝑊
𝑠

× 𝜌Hg, (1)

where𝑊
1
is the weight of the pycnometer filled withmercury

and 𝜌Hg is the density of mercury (13.5 g/cm3).

2.6.2. Swelling Index. The dried scaffolds have been accu-
rately weighed and placed into 50mL tubes containing 45mL
of phosphate buffered saline (PBS) solution at 37∘C.The PBS
solution with pH 7.4 was prepared by dissolving phosphate
buffered saline tablets (Medicago Co.) in deionized water. At
predetermined time intervals (1, 3, 7, and 14 days) the swollen
scaffolds were wiped with soft paper tissue and weighed
again. The degree of swelling for all samples at each time is
calculated by the following equation:

SI = [
(𝑊
𝑠𝑡
−𝑊
𝑑
)

𝑊
𝑑

] × 100, (2)

where𝑊
𝑑
and𝑊

𝑠
are themeasuredmasses of dry and swollen

scaffolds, respectively.

2.6.3. Degradation in PBS Solution. The scaffolds have been
immersed into the PBS solutions for degradation assessment
by monitoring the weight loss. The scaffolds have been pre-
cisely weighed first and then immersed in the PBS solutions
and incubated at 37∘C for various periods up to 14 days
without refreshing the media. After being incubated for
various time durations, the scaffolds have been taken out
from the PBSmedia, washedwith deionizedwater repeatedly,
and then immersed in deionizedwater to remove the traces of
water-soluble inorganic ions. Subsequently, the scaffolds have
been transferred into a fridge followed by freeze-drying at
−80∘C for 24 h and then measured. The weight loss (𝑊loss) of
the scaffolds has been calculated via the following formula:

𝑊loss = [
(𝑊init −𝑊deg)

𝑊init
] × 100, (3)

where𝑊init is the initial weight before degradation and𝑊deg is
the weight of the sample after degradation.

2.7. Statistical Analysis. All experiments were performed in
five replicates.The results have been given asmean± standard
error (SE). Statistical analysis was performed by one-way
ANOVAandTukey’s test with significance reportedwhen𝑃 <
0.05. For investigation of group normalizing, Kolmogorov-
Smirnov test has been used.

3. Result and Discussion

3.1. Morphological Observations. The typical microstructure
of the cross-section of the prepared scaffolds has been
observed with SEM, shown in Figure 1. The scaffolds showed
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(a) (b)

Figure 1: (a) Low magnification SEMmicrographs of sample S3 and (b) high magnification SEMmicrograph of the PLGA nanoparticles on
the surface of sample S3.

a well-developed porous structure, consisting of open inter-
connected pores. However, themean pore size of the scaffolds
reduced by further addition of 58S-BG. In fact, these pores are
necessary for the migration and proliferation of cells in tissue
engineering applications. As can be seen in Figure 1, the
PLGA nanoparticles are thoroughly dispersed all over the
chitosanmatrix thatmakes it evenmore flexible and stronger.
Under the fabrication conditions used here, the PLGAmicro-
spheres have a spherical morphology with a smooth surface
and are less than 100 nm in diameter.

The scaffolds have been incubated for 3 and 7 days in
simulated body fluid (SBF) and their apatite forming ability
was evaluated. Figure 2 shows the SEM micrographs of the
scaffold’s walls after soaking in SBF solution. After 7 days, the
surface has been covered with a newly formed hydroxyap-
atite layer as smooth spheres. Deposition of hydroxyapatite
crystals demonstrated that the prepared scaffolds are highly
capable of new bone formation.

3.2. Chemical Bondings. To reach a better understanding of
the functional groups of the synthesized scaffolds, FTIR tech-
nique was employed. As a comparison, the pure components
have been also analyzed. It could be seen that there was a
significant difference in the whole FTIR absorbance spectra
among various pure components both in the shape and in the
position of the absorption peaks [34].

Figure 3 shows the FTIR spectra of scraped material
surfaces. The main bands in the spectrum of all the syn-
thesized scaffolds can be seen as follows: bands at 923 and
990 cm−1 (saccharide structure), bands at 1025 and 1289 cm−1
(deformation of amide III groups), two bands at 1563 and
1621 cm−1 (amide I and amide II groups), and a broad and
strong overlapped band at around 3500 cm−1 (OH and NH
stretch) [35–39].

In addition, all the synthesized scaffolds showed that the
main peaks contributed to the functional groups of PLGA
chemical structure, with a small shift to the lower wavenum-
bers, such as –CH, –CH

2
, –CH

3
(2800–2950 cm−1), car-

bonyl –CO (1700–1760 cm−1), C–O (1066–1125 cm−1), ethyl
–CH
2
(1420 cm−1), and –OH stretching vibrations (3250–

3500 cm−1) [36, 37].

The FTIR spectra of the 58S-BG containing scaffolds
exhibited five significant infrared bands located at 513, 726,
812, 986, and 1131 cm−1 [40].These bands, those positioned at
726, 812, 986, and 1131 cm−1, are related to the silicate network
and, respectively, ascribed to the Si–O symmetric stretching
of bridging oxygen atoms between tetrahedrons, Si–O stre-
tching of nonbridging oxygen atoms, Si–O–Si symmetric
stretching, and the Si–O–Si asymmetric stretching [1]. The
band located at 513 cm−1 is attributed to the asymmetric
vibration of PO

4

3− [38, 39, 41].
The crosslinking of the scaffolds with glutaraldehyde

shows the main absorption peak at 1646 cm−1 due to imine
bonds N=C [1–3]. The shoulders at 1587 and 1713 cm−1 have
appeared due to the ethylenic and free-aldehydic bonds,
respectively. It has been also proposed that the crosslinking
with glutaraldehyde canmake the samplesmore hydrophobic
as amino groups are blocked with aliphatic chains [34, 40, 42,
43].

3.3. XRD Analysis. To determine the bioactivity of the
synthesized scaffolds, they have been subjected to in vitro
solution testing using SBF solution (Figure 4). After 7 days of
reaction one major peak appeared, which was located at 32∘
and attributed to the (211) reflection of the newly formed
apatite phase and some other weak peaks appeared (JCPDS
number 9-0432) [28, 33]. As can be seen, for the samples
with higher amount of 58S-BG (S4), the other major peak of
apatite crystals appeared at 46∘ attributed to the (222) reflec-
tion. The XRD diffraction peaks confirmed the formation of
the apatite phase on the surface of the scaffolds. It is important
to point out that the patterns showed some hydroxyapatite
weak and wide reflections, indicating the formation of poorly
crystalline phase of apatite.

3.4. Swelling Behavior. In tissue engineering, swelling behav-
ior is an important factor which influences the chemical
and physical characteristics of the scaffolds after and prior
to implantation. Herein, swelling experiments were per-
formed after crosslinking of the synthesized scaffolds. Basi-
cally, swelling causes an increase in the pore size of the
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(a) (b)

(c)

Figure 2: (a), (b), and (c) show higher magnification SEMmicrographs of the S3 surface, respectively, after soaking in SBF solution for 7 days
showing the apatite forming ability of the scaffolds.
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Figure 3: The FTIR spectra of different samples.

polymeric nanocomposites. In tissue engineering scaffolds,
this behavior aids the supply of nutrients and oxygen to
the interior regions [44]. However, scaffold’s uncontrolled
swelling behavior can be detrimental for tissue engineering
applications. The swelling behavior of the scaffolds in PBS
solution containing lysozyme at 37∘C for time periods of 1, 3,
7, and 14 days is shown in Figure 5. The results suggested that
by further addition of 58S-BG to the scaffolds the swelling
ratio decreased. In this case it is possible to control the
swelling behavior of the scaffolds. As can be seen, the swelling
behavior of the scaffolds has not shown any meaningful
differences in different intervals.

3.5. Biodegradation Behavior. The biodegradation behavior
of the scaffolds was evaluated by incubating them in PBS
containing lysozyme at 37∘C for time periods of 3, 7, 14, and
21 days, as shown in Figure 6. The biodegradation of the
chitosan matrix can result in acidic degradation products,
which may be neutralized by alkali groups leaching out from
58S-BG, thus reducing the degradation rate [45, 46]. As
can be seen, the degradation test in PBS showed higher degra-
dation behavior in longer periods especially when the sam-
ples were incubated in PBS containing lysozyme at 37∘C for
21 days. In addition, by increasing the 58S-BG content inside
the scaffolds, a slight decrease could be seen in the biodegra-
dation of the scaffolds. This behavior can be related to the
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Figure 4: The XRD patterns of the prepared scaffolds.

0

5

10

15

20

25

S1 S2 S3 S4 S5

Sw
el

lin
g 

(%
)

1 day
3 days

7 days
14 days

Figure 5: The Swelling behavior of the scaffolds in PBS solution
containing lysozyme at 37∘C for different time intervals.

higher apatite formation ability of the scaffold containing
higher amounts of 58S-BG content.

3.6. Cell Viability. Figure 7 shows the function of different
samples in the viability of osteoblastic cellsmeasured byMTT
assay. As can be seen, there was no significant difference in
formation of formazon between the control sample and the
prepared scaffolds containing different amounts of 58S-BG
nanoparticles after the first day (𝑃 < 0.05). However, the
level of formazon production of cells of the scaffold samples
containing higher amounts of 58S-BG was higher than the
control sample after 7 and 14 days. In fact, by further addition
of 58S-BG to the structure of the scaffold samples, more
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Figure 6:The biodegradation behavior of the scaffolds after soaking
in PBS containing lysozyme at 37∘C for different time intervals.
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Figure 7: Proliferation of the osteoblastic cells when culturing them
with samples ( ∗𝑃 < 0.05).

formazon was formed. It has been frequently reported that
bioactive glasses are thought not only to have osteoconduc-
tivity but also to be responsible for osteoproduction by stim-
ulating proliferation and differentiation of osteoprogenitor
cells through a direct genetic control [47, 48]. The obtained
results suggested that the osteoblastic cells could proliferate
thoroughly in the presence of the prepared scaffolds.

3.7. Alkaline Phosphatase Activity. As one of the phenotypic
markers of osteoblast proliferation and differentiation is alka-
line phosphatase expression, the alkaline phosphate activity
of osteoblastic cells has beenmonitored in the presence of the
control and the prepared scaffolds containing different
amounts of 58S-BG nanoparticles. The osteoblastic cells in
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Table 3: The mechanical properties of the scaffolds from compression tests compared with cancellous bone.

Sample 𝐸 (MPa) 𝜎yield (MPa) 𝜌 (g/cm3) 𝐸/𝜌 𝜎/𝜌

Cancellous bone 20–500 2–12 0.14–1.2 500 4–12
S1 12.5 ± 1.2 0.8 ± 0.26 0.107 ± 0.005 116.82 ± 6.2 7.47 ± 0.12

S2 15.4 ± 2.1 1.1 ± 0.48 0.145 ± 0.005 106.20 ± 7.4 7.56 ± 0.58

S3 19.3 ± 3.9 1.5 ± 0.65 0.195 ± 0.001 98.97 ± 3.8 7.69 ± 0.32

S4 21.5 ± 1.7 2.1 ± 0.28 0.249 ± 0.014 86.34 ± 8 8.43 ± 0.17

S5 24.1 ± 1.6 2.6 ± 0.37 0.286 ± 0.008 84.26 ± 5.6 9.09 ± 0.49
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Figure 8: Alkaline phosphatase activity of the osteoblastic cells
cultured with the samples after different time intervals.

the samples were assayed for retention of their osteoblast-
like phenotype and the results are shown in Figure 8. As can
be seen, the level of ALP production was not statistically dif-
ferent for all the samples after the first day.The cell activity in
the scaffold samples containing higher amounts of 58S-BG
was relatively higher especially for S3, S4, and S5 samples and
approximately the same level of ALP was observed for the
control and S1 sample, after 7 days. The growth level of the
cells was again higher in the samples containing higher
amounts of 58S-BG nanoparticles (after 14 days), and in all
days the maximum cell activity was observed in S5 sample.
Previous studies have also suggested that the ionic dissolution
products of this class of bioactive glass materials can play a
vital role in the behavior of osteoblastic cells by altering the
gene expression relative to osteoblast proliferation, differenti-
ation, and bonematrix formation [49, 50]. Some other studies
have proved that the osteogenetic-relative genes, such as
alkaline phosphatase, bone sialoprotein, and osteocalcin,
were activated by bioactive glasses [51–54]. Hattar et al. [55]
have reported that the expressions of the mentioned genes
could be upregulated when osteoblasts from mouse calvarias
were cultured with 58S-BG particles [55].

3.8.Mechanical Analysis. An ideal tissue engineering scaffold
should be biocompatible and highly porous with adequate
mechanical properties. For this purpose the synthesized
scaffolds have been tested to determine the effects of adding
58S-BG on the mechanical properties. Table 3 gives the data
obtained from mechanical compressive tests of the samples
and compares them with natural cancellous bone [56, 57]. In
our study, the results represented that 𝐸 and 𝜎 both increased
progressively by further addition of 58S-BG. It is worth
mentioning that 𝜎 and 𝐸 of the samples containing higher
amounts of 58S-BGhave been in the range of cancellous bone.

4. Conclusion

In conclusion, the experiments provide information to sup-
port the fabrication of the PLGA nanoparticles-loaded scaf-
folds in bone tissue engineering. Biomineralization studies
showed the formation of apatite phase on the surface of the
scaffolds ascertaining the bioactivity of the scaffolds. The
scaffolds were highly porous and the elastic modulus of the
scaffolds was comparative to the natural cancellous bone and
also by increasing weight percentage of 58S-BG themechani-
cal strength increased. It is found that the swelling behavior of
the scaffolds has been reduced when 58S-BG content
increased. The results obtained from the degradation test in
PBS showed higher degradation behavior in longer periods,
and increasing the 58S-BG content inside the scaffolds could
decrease the degradation of the scaffolds in some cases.
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The development of tissue engineering and regeneration constitutes a new platform for translational medical research. Effective
therapies for bone engineering typically employ the coordinated manipulation of cells, biologically active signaling molecules, and
biomimetic, biodegradable scaffolds. Bone tissue engineering has become increasingly dependent on the merging of innovations
from each of these fields, as they continue to evolve independently. This foreword will highlight some of the most recent advances
in bone tissue engineering and regeneration, emphasizing the interconnected fields of stem cell biology, cell signaling biology, and
biomaterial research. These include, for example, novel methods for mesenchymal stem cell purification, new methods of Wnt
signaling pathway manipulation, and cutting edge computer assisted nanoscale design of bone scaffold materials. In the following
special issue, we sought to incorporate these diverse areas of emphasis in order to reflect current trends in the field.

1. Introduction

The development of tissue engineering and regeneration
constitutes a new platform for translational medical research.
Effective therapies for bone engineering typically employ the
coordinated manipulation of cells, biologically active sig-
naling molecules, and biomimetic, biodegradable scaffolds.
Bone tissue engineering has become increasingly dependent
on merging innovations from each field, as they continue
to evolve independently. Given the complexity and diverse
nature of these research areas—from osteoprogenitor cell
biology to biomaterials—a summary that fully encompasses
the advances in bone tissue engineering is not possible.
Instead, this foreword will examine some of the most
recent advances in bone tissue engineering and regeneration,
emphasizing the interconnected fields of cell biology, signal-
ing biology, and biomaterial research.

2. Purified, Autologous Stem Cells

Tissue engineering efforts using autologous adult mesenchy-
mal stem cell (MSC) sources such as cryopreserved umbilical
cord blood, bone marrow, and adipose tissue have shown
considerable ability to regenerate bone tissue. However,

currently used sources of MSC populations require cultural
expansion or selection by plastic adherence before they are
effective or available for regenerative therapies. Phenotypic
changes resulting from exposure to in vitro conditions are
not well understood, and such changes can lead to nega-
tive therapeutic consequences such as reduced proliferation
rate and significant morphological changes [1]. Notably, the
former has been correlated with reduced bone formation
in cultured human bone marrow MSC (bmMSC), using
an ectopic mouse model [2]. Similarly, cord blood MSC
require expansion, while plastic adherence is used to isolate
multipotent MSC from adipose, comprising a portion of
adipose-derived stromal cells (ASC). Despite the relatively
high stem cell frequency in adipose, the heterogeneity of
the uncultured stromal vascular fraction (SVF) restricts its
effectiveness as a freshly isolated MSC source. Overall, even
MSC freshly isolated or at early passages are a heterogeneous
group of cells [3, 4].

Thus, cutting edge efforts have attempted to purify MSC
population, most often using fluorescence activated cell sort-
ing (FACS) by differential expression of cell surface markers.
Choosing markers that distinguish MSC for multipotency
and regenerative properties is an area of avid and ongoing
research. One step forward is the identification of a superior
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subset of adipose-derived stromal cells for bone regeneration.
Levi et al. reported a subset of ASC with low expression
of the MSC marker CD105 (Endoglin) [5] as an enriched
osteoprogenitor cell population with the downregulation of
TGF-𝛽1 signaling. In a similar attempt to purify ASC pop-
ulations, Chung et al. selected for CD90 (Thy-1) expression
to obtain a purified ASC subset population with enhanced
osteogenic potential [6]. These studies highlight how even
a single cell surface marker may be used in order to purify
a more potent progenitor cell population for bone tissue
engineering. Similar approaches have used diverse surface
markers to enhance for a given attribute or phenotype of
MSC. These include, for example, selecting for CD34+ ASC
for higher cell proliferation [7, 8], CD34+ CD90+ ASC
for improved vasculogenesis [9], and CD105+ ASC for
heightened chondrogenic potential [10, 11].

In another, not wholly dissimilar, tactic-MSC purification
has been performed via the deduction of the perivascular
origin of MSC [12–18]. Having found that MSC reside
in a perivascular distribution, investigators have attempted
to purify MSC by FACS mediated isolation of cells with
perivascularmarkers from several organs.These cells, termed
perivascular stem cells (PSC), encompass both pericytes
(CD146+, CD34−, CD45−, and CD56−) and adventitial cells
(CD34+, CD31−, and CD146−) [12, 19]. As PSC are abundant
in adipose, a highly vascular tissue, their purification obviates
the need and complication of cultural expansion or in vitro
selection. Additionally, PSC have exhibited expression of
MSC markers and multilineage multipotency in vitro while
enhancing both bone formation and bone repair in vivo, as
compared to unsorted SVF in mouse models [19, 20]. Thus,
adipose-derived PSC are an abundantly available autologous
source of safe and effective MSC progenitors. A further
review of perivascular MSC isolation by flow cytometry
is available [14] and reviews of PSC and pericytes’ ability
to regenerate or naturally generate other tissues are also
available [21–23].

Unfortunately, the use of culture expansion and fluo-
rescently label antibodies for flow cytometry manipulates
the cells and introduces animal products, warranting the
need for clinical trials and complicating regulatory approval.
Thus, such methods for cell therapies require FDA regulation
as well as the expense of following Good Manufacturing
Practices for antibodies and biologics used. Although still in
its infancy, label-free sorting using microfluidic technologies
may provide an alternative route to purifying multipotent
cells from mature tissue for autologous cell therapies. For
example, adrenal cortical progenitor cells were enriched
for using label-free size-based inertial ordering, removing
their differentiated counterparts in a microfluidic chip [24].
As nuclear deformability has been studied extensively as
a marker of pluripotency [25], similar sterile fluid flow
devices have incorporated hydrodynamic stretching to con-
firm this characteristic in human and murine embryonic
stem cells and their differentiated counterparts [26, 27].Thus,
mechanophenotyping cells from tissues containing MSC
may elucidate biophysical criteria for isolating mesenchymal
cells enriched for multipotency and regenerative properties.
Subsequent purification of such tissue digests based on

size and deformability, whether by active or passive sorting
techniques, may remove debris and unwanted, terminally
differentiated cells while yielding these enriched subsets.
With such biophysical sorting methods in development, it is
possible that FDA licensure for minimal manipulation may
be more easily obtainable for bone therapies.

Despite the emergence of biomarker-free sorting meth-
ods, molecular criteria are the current gold standard for
stem cell purification. Since safe isolation of abundant and
osteocapable cell sources has been accomplished, current
efforts focus on identifying surface and intracellular markers
indicative of high osteogenic potential as well responsiveness
to osteoinductive signals. Nevertheless the purification of
MSC for those with enhanced osteogenic potential has been
attempted from diverse avenues by multiple investigative
groups-showing robust, promising results.

3. Manipulation of Signaling
Pathways and Differentiation

A commonly studied method of promoting osteogenic dif-
ferentiation is to manipulate signaling pathways important
in skeletal development, such as Wnt [28], Hedgehog [29–
31], BMP (Bone Morphogenic Protein) [32–34], and the
emerging anti-inflammatorymolecule NELL-1 [30, 35–37]. A
transition away from an interest in BMP2 may be expected
due to an increasing side effect profile including postoperative
inflammation [35, 38] and osteoclast activation [39–41]. The
FDA has reported on safety concerns concerning BMP2 use
[42, 43].

Of the above-mentioned signaling pathways, perhaps
none is more intensely studied than components of the
Wnt pathway for the treatment of osteoporotic bone loss.
Romosozumab, a neutralizing antibody against Sclerostin,
an inhibitor of Wnt coreceptor LRP (low density lipoprotein
receptor-related protein) has shown to mimic high bone
mass disease sclerosteosis, enhancing osteoblastic differenti-
ation and bone formation [44, 45]. Amgen Inc. is currently
conducting Phase III clinical trials using this antibody to
treat postmenopausal osteoporosis [46]. Romosozumab joins
Amgen’s anti-RANK antibody Denosumab as FDA approved
osteoporosis treatments, all of which could be pursued
for tissue engineering applications. Similarly, a neutralizing
antibody against Wnt inhibitor Dkk1 (Dickkopf1), which
is in Phase I/II clinical trials for multiple myeloma, has
been observed to have anabolic bone activity [47]. Recently,
tyrosine kinase inhibitor dasatinib, the FDA approved cancer
drug Sprycel, was shown to stimulate Wnt signaling and
inhibit PDGFR-𝛽 (platelet derived growth factor receptor-𝛽)
and c-Src phosphorylation, promoting osteoblast differenti-
ation and inducing an anabolic bone effect in vitro and in
vivo while inhibiting osteoclast formation in hematopoietic
progenitor cells in vitro [48]. Another interesting approach,
coating the surface of hydrophilic titanium scaffoldswithWnt
agonist lithium chloride, via GSK3 inhibition, was shown to
increase bone density, independent of the scaffold [49]. This
approach exemplifies coordinated delivery of developmental
signaling modulation and biomimetic materials.
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Manipulating expression and differentiation at the
genetic level also allows for potentially more closely orches-
trated control of cellular and tissue phenotype. Micro-RNAs
(miRNAs), small noncoding RNA involved in transcriptional
regulation, have recently been targeted to enrich bone regen-
eration. Enhanced bone formation and vascularization
were observed upon delivery of miRNA 26a in both
subcutaneous and cranial repair mouse models [50].
Likewise, transfection of MSC with mimics and inhibitors
of miRNAs 148 and 489 increased in vitro osteogenesis,
evaluated by calcium deposition and gene expression [51].
Comprehensive reviews are available for miRNA in bone
development and regeneration [52–54]. Likewise, with the
development of safer, nonviral transfection agents, gene
therapy via BMPs [55] and other growth factors have been
used to supplement bone reconstruction. Moreover, non-
viral vectors embedded in biodegradable scaffolds, termed
gene-activated matrices, allows for gradual and sustained
delivery of a gene postoperatively [56]. Bone tissue engi-
neering and regenerative therapies rely on speeding tissue
differentiation and controlling morphology by targeting
miRNA, introducing genes and recombinant proteins and
modulating developmental signaling pathways.

4. Use of Biomaterials

Design of biocompatible scaffolds for bone tissue engi-
neering requires the balance of an osteoinductive cellular
microenvironment, diffusion of soluble factors, flexibility,
and mechanical loading appropriate for the anatomical site
[57, 58]. Although there are limits on vascularization and
innervation in whole organ reconstruction, recent advances
in 3D printing (3D-P) provide a diverse source of scaf-
folds for bone tissue engineering. Tamjid et al. controlled
properties, such as adherence, proliferation, and uniform
tissue growth rate, of MCT3T-E1 preosteoblasts within the
pores of indirectly 3D-printed polycaprolactone scaffolds
by mimicking extracellular matrix (ECM) architecture with
hydrophilic additives, including titania ceramic nanoparti-
cles and bioglass microparticles particles [59]. In a similar
attempt, porous alginate hydrogels amalgamated with gelatin
microspheres loaded with BMP-2 were constructed with 3D-
P and were used to gradually release BMP-2 to goat MSC
in vitro [60]. Another freeform fabrication technique, laser
microstereolithography (L-MSTL), fabricates 3D structures
by selectively curing photopolymer on a moving platform
layer by layer [61, 62]. In a recent study, L-MSTL was
used to embed BMP-2 within poly(DL-lactic-co-glycolic
acid) (PLGA) microspheres on a poly(propylene fumarate)
photopolymer, which enhanced MT3T-E1 cell differentia-
tion in vitro and outperformed both unloaded scaffolds
and scaffolds made by the particulate leaching/gas foam-
ing method in an rat cranial injury repair model [63].
Overall, computer assistant nanoscale design of biomimetic
ECM, while still being in relative infancy of preclinical
investigation, has potential to create a biomaterials fabri-
cation platform for improved bone tissue engineering and
regeneration.

Such meticulous design of tissue engineered constructs
is necessary to allow for selective diffusion of biological
molecules as well as migration and patterning of regenera-
tive cells. Unfortunately, accurate in vivo prediction of the
biological consequences caused by varying biophysical and
biochemical properties of biomaterials is often not available
with in vitro techniques. However, several 3D organ cul-
tures have emerged, modeling the mechanical and biological
microenvironment and interactions in prospective organs
and implanted devices [64, 65].

Miniaturized fluid flow devices containing these 3D
cultures, termed “organs-on-chips,” are the cutting edge
alternative to animal models, allowing for high throughput
examinations of a tissue or a tissue engineered construct.
A microfluidic bone model was recently shown to monitor
osteoblast behavior as well as formation of bone tissue and
bacterial biofilm within an ink-jet printed poly(D,L-lactic-
co-glycolic) acid construct containing biphasic calciumphos-
phate (BCP) and antibiotic nanoparticles [66]. While this
proof of concept investigates just one prospective implant,
several metrics were available to evaluate similar devices,
such as calcium deposition, 3D tissue development, biofilm
imaging, and osteoblast cell proliferation, migration, and
development [66]. This class of technology has been useful
in reproducing key physiological characteristics of an animal
model, using in vitro cultures to more accurately predict
in vivo consequences and success. In the design of novel
biomimetic implantablematerials, often laden with biologics,
the ability to study tissue biology at high throughput affords
the opportunity for accelerated progress in the field of bone
tissue engineering and regeneration.

5. Conclusions

Briefly, we have covered recent advances in cell signaling
biology, MSC isolation and purification, and biomaterials
relevant to bone tissue engineering and regeneration. In the
following special issue of BioMed Research International, we
sought to incorporate these diverse areas of emphasis in order
to reflect current trends in the field.
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Introduction. In adipose tissue healing, angiogenesis is stimulated by adipose-derived stromal stem cells (ASCs). Ventral hernia
repair (VHR) patients are at high risk for wound infections. We hypothesize that ASCs from VHR patients are less vasculogenic
than ASCs from healthy controls. Methods. ASCs were harvested from the subcutaneous fat of patients undergoing VHR by the
component separation technique and from matched abdominoplasty patients. RNA and protein were harvested on culture days
0 and 3. Both groups of ASCs were subjected to hypoxic conditions for 12 and 24 hours. RNA was analyzed using qRT-PCR, and
protein was used for western blotting. ASCswere also grown inMatrigel under hypoxic conditions and assayed for tubule formation
after 24 hours. Results.Hernia patient ASCs demonstrated decreased levels of VEGF-A protein and vasculogenic RNA at 3 days of
growth in differentiation media. There were also decreases in VEGF-A protein and vasculogenic RNA after growth in hypoxic
conditions compared to control ASCs. After 24 hours in hypoxia, VHR ASCs formed fewer tubules in Matrigel than in control
patient ASCs. Conclusion. ASCs derived from VHR patients appear to express fewer vasculogenic markers and form fewer tubules
in Matrigel than ASCs from abdominoplasty patients, suggesting decreased vasculogenic activity.

1. Introduction

Ventral hernias are common and morbid complications of
abdominal midline laparotomies; once a patient develops
such a hernia, they are at risk for recurrent hernia formation
via the same wound [1].The presence of the initial hernia and
the high risk of recurrence are indicative of a breakdown in
the normal wound healing process. One central component
of the wound healing process is the restoration of the
metabolic capacity of damaged tissue through angiogenesis
and vasculogenesis, two separate but related processes [2].
The restoration of the microvascular network is a complex
process that depends on the interaction and coordination of
numerous cytokines and growth factors with the extracellular
matrix [3]. Deficiencies in any of the essential growth factors
for vasculogenesis may disrupt the normal wound healing
process; the delivery of exogenous versions of these growth

factors is currently a promising concept in the treatment of
chronic wounds such as hernias [4].

There also exists a compelling link between surgical
wounds and bone formation. For decades, there have been
case reports of heterotopic ossification developing in the
scars left by abdominal operations [5–7]. More recently, this
process has even been observed on the acellular dermal
matrices commonly used to repair abdominal wounds [8].
Though this is an uncommon finding and its etiology is yet
to be determined, it may be suggestive of the commonality
that exists between wound healing and bone formation [9],
which includes their dependence on the formation of blood
vessels.

Numerous growth factors are responsible for mediating
the processes of angiogenesis and vasculogenesis including
vascular endothelial growth factor (VEGF); when consider-
ing all of the isoforms of VEGF, VEGF-A has been studied
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most extensively for its role in initiating these processes.
VEGF is the growth factor that promotes endothelial cell
migration early in the process of angiogenesis [10, 11] and
also promotes the proliferation of the endothelial cells that
will eventually form blood vessels [12–14]. Logically, a major
stimulus for VEGF-A release is hypoxia, or low oxygen ten-
sion, which frequently occurs in the wound environment; the
resulting angiogenesis restores oxygen tension andmetabolic
activity to the tissue [15]. Animal models have supported
the importance of VEGF-A in restoring the angiogenic
capabilities of diabetic limb wounds [16] through an increase
in vessel formation [17]. VEGF-A is not the only growth factor
involved in revascularization; HIF-1a is also upregulated in
the wound healing process, which in turn promotes VEGF
production [18].

These vasculogenic cytokines are also crucial to the
formation of new blood vessels to support bone forma-
tion. VEGF-A, for example, is secreted by mesenchymal
stem cells during the process of osteogenesis, and in turn
it stimulates bone mineralization [19]. Furthermore, the
process of distraction osteogenesis has been shown to be
associated with increased expression of factors, including
VEGF-A, which promote blood vessel formation [20]. One
more recent in vitro study demonstrated that coculture of
more mature endothelial cells (HUVECs) with less mature
osteogenic cells (the study used ASCs and OPECs) increases
bone nodule formation [21]. Burn injury, another cause of
heterotopic ossification, has been associated with increased
vascularization of ASCs [22].

One of the main sources of many of these angiogenic
and vasculogenic cytokines is the population ofmesenchymal
cells present in the adipose tissue. These adipose-derived
stem cells (ASCs) have been shown to secrete high levels of
VEGF and other angiogenic cytokines. Additionally, ASCs
are known to have the ability to participate in tubulization,
or the formation of de novo blood vessels in concert with
endothelial cells. ASCs, having both osteogenic and vasculo-
genic potential, are also particularly interesting in the field
of tissue engineering, especially with the aim of repairing
wounds and regrowing bone, where they may prove to be a
good cell source for forming vascular networks [23]. Thus,
it is possible that augmentation of the angiogenic capacity of
ASCs inmidline repairs can enhance or accelerate the healing
process [24]. Furthermore, when ASCs are placed in hypoxic
conditions, they proliferate and upregulate their production
of VEGF, increasing their wound-healing capacities [25].
After a midline laparotomy, we believe that ASCs no longer
maintain the same vasculogenic potential that was present
prior to their first operation. Specifically, we hypothesize
that ASCs harvested from patients with previous failed
hernia repair are less vasculogenic than those from patients
undergoing elective abdominoplasties.

2. Methods

2.1. Chemicals and Supplies. Medium, fetal bovine serum,
and penicillin/streptomycin were purchased from Gibco Life
Technologies, (Carlsbad, CA). Cell culture wares were pur-
chased fromCorning, Inc. (SanMateo,CA).Unless otherwise

specified, all other chemicals were purchased from Sigma-
Aldrich (St. Louis, MO).

2.2. Cell Harvest. Human adipose-derived stromal cells were
harvested from subcutaneous adipose tissue derived from
the abdomens of two patients undergoing ventral hernia
repair by components separation, and from three patients
undergoing abdominoplasty (to be used as control cells) as
previously described [26–32]. Lipoaspirate was digested with
a type II collagenase solution at 37∘C. Cells were pelleted by
means of centrifugation and filtered at 100 𝜇m pore size, and
primary cultures were established at 37∘C, 5% carbon dioxide,
in Dulbecco’s modified Eagle medium with 10% fetal bovine
serum. As this study took place over several months, a total
of five lines were derived.

2.3. Cell Proliferation Assays. Human adipose-derived stro-
mal cells were seeded onto six-well plates at a density of 5,000
cells per well. All assays were performed in triplicate wells.
Two hernia cell lines and one control cell line were used.
Cells were plated with standard growth medium (Dulbecco’s
modified Eagle medium and 10% fetal bovine serum), 1%
penicillin/streptomycin. Cells were lifted and counted using
a hemocytometer and light microscope on days 1, 3, 5, and
7.

2.4. In Vitro Culture Assays. For experiments involving iso-
lation of RNA, human adipose-derived stromal cells were
seeded onto six-well plates at a density of 80,000 cells per
well as previously described [26–29, 33]. All assays were
performed in triplicate wells. After attachment, cells were
treated with standard growth medium (Dulbecco’s modi-
fied Eagle medium and 10% fetal bovine serum), 1% peni-
cillin/streptomycin or osteogenic differentiation medium
(Dulbecco’s modified Eagle medium, 10% fetal bovine serum,
100 𝜇g/mL ascorbic acid, and 10mM 𝛽-glycerophosphate),
and 1% penicillin/streptomycin. Cells were maintained for
3 days in osteogenic differentiation medium. For differenti-
ation media RNA studies, one cell line each of hernia and
abdominoplasty cells were used. For the hypoxia RNA study,
two cell lines each of hernia and abdominoplasty cells were
used.

2.5. Matrigel Tubule Assay. Matrigel (BD Biosciences,
Franklin Lakes, NJ) was thawed and placed in four-well
chamber slides at 37∘C for 30 minutes to allow solidifica-
tion. Then, 50,000 stromal cells from either hernia or
abdominoplasty patient adipose tissue were plated alone
on Matrigel and incubated at 37∘C under 1% oxygen for
12 hours. Two hernia cell lines and two abdominoplasty
cell lines were used for this assay. Tubule formation was
defined as a structure exhibiting a length four times its
width. Experiments were performed with 𝑛 = 6. Tubule
counts were determined in 10 randomly selected fields
per well using an inverted Leica DMIL light microscope
(Leica Microsystems GmbH, Wetzlar, Germany) at 100x
magnification as described previously [34].
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Table 1: Demographic information. Average age and body mass
index for hernia and control groups, with 𝑃 values for comparison.

Hernia Control 𝑃 value
Age 36.2 49.9 0.35
Body mass index 35.7 28.0 0.19

2.6. Western Blot Analysis of Vascular Signaling. The endoge-
nous activation of the VEGF signaling pathway in human
adipose-derived stromal cells was investigated by immu-
noblotting analysis of VEGF-A as described previously [35].
One hernia cell line and one control cell line were used for
each Western blot analysis. Subconfluent human adipose-
derived stromal cells were washed twice with phosphate-
buffered saline and starved in serum-free medium overnight.
Then, the cells were washed twice with ice-cold phosphate-
buffered saline and lysed with cold lysis buffer (50mM of
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.5,
150mM of sodium chloride, 1mM of ethylenediaminete-
traacetic acid, 10% glycerol, 1% Triton-X-100, and 25mM of
sodium fluoride) containing 1mM of sodium orthovanadate
and Protease Inhibitor Cocktail (Sigma-Aldrich). Cell lysates
were assayed for protein concentration by bicinchoninic
acid assay. Aliquots (50 to 100 g) of cell lysate were elec-
trophoresed on 12% Tris-HCl sodium dodecyl sulfate poly-
acrylamide gel electrophoresis gels (Precast NuPAGE gels;
Invitrogen, Life Technologies, Carlsbad, CA) and transferred
onto Immobilon-P membrane (Millipore Corp., Bedford,
MA). Antibodies against VEGF-A were used (Abcam).
A horseradish peroxidase-conjugated anti-rabbit antibody
(1 : 8000) was used as a secondary antibody. Alpha-Tubulin
antibody was used to control for equal loading and transfer of
the samples. All bands in the immunoblots were normalized
with the loading controls (alpha-tubulin) and quantified by
densitometry.

2.7. Statistical Analysis. Demographic information about the
patients was compared using 𝑡-tests. For the cell proliferation,
western blot, and PCR statistics, we computed the mean and
standard deviation of multiple data points. For the Matrigel
tubule formation assay, we calculated the mean of each
individual’s count of tubules/HPF and the standard deviation
of these counts. A cutoff of 𝑃 < 0.05 has been defined for
statistical significance.

3. Results

3.1. Demographics Were Similar between Our Patient Groups.
The average age was not significantly different between the
hernia and control groups (36.2 versus 49.9 years, 𝑃 = 0.35).
Similarly, average BMIwas not significantly different between
hernia and control groups (35.7 versus 28.0, 𝑃 = 0.19,
Table 1). The hernia patients consisted of one man and one
woman. All three of the control patients were female. For
the hernia patients, the operation from which we collected
fat was the patient’s sixth and third abdominal operations;
none of these operations were for hernia repair. For the two
of the control patients, the operation fromwhichwe collected
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Figure 1: Cell proliferation assay. Average number of cells per well
at cell culture days 0, 1, 3, 5, and 7 for hernia and control cell lines.
Error bars represent standard deviations. ∗𝑃 < 0.05.
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Figure 2: Relative VEGF-A protein expression in hernia and
control ASCs by western blotting, after 0 and 3 days of growth in
differentiationmedia. Hernia ASCs in blue and control ASCs in light
blue.

adipose tissue was the patient’s first abdominal operation; for
one of the control patients, the adipose tissue was collected
from their second abdominal operation.

3.2. ASCs from Hernia Patients Proliferate More Rapidly Than
Those fromAbdominoplasty Patients. In our cell proliferation
studies, we found that hernia patient ASCs proliferated more
after seven days compared to our control ASCs (12466.7 ±
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764.6 cells per well compared to 8000 ± 400 cells per well,
𝑃 = 0.0064, Figure 1).This difference in rates of proliferation,
though it is less pronounced after three days of growth in cell
culture, ensures that any decreases in vasculogenic activity
that are observed in hernia patient ASCs are a product
of decreased vasculogenic potential and not a product of
sampling a smaller population of cells.

3.3. Hernia Patients Have Decreased VEGF-A Expression by
Western Blot, Which Is Further Mitigated by Hypoxic Stress.
At baseline, without vasculogenic differentiation, there was
no significant difference between hernia and control cells.
After 3 days in culture, the hernia patient ASCs demonstrated
decreased levels of VEGF-A protein on western blotting
relative to control patientASCs (Figure 2).Unfortunately, due
to a limited number of samples, we were unable to assess if
this change achieved statistical significance. After incubation
in hypoxic conditions, the hernia ASCs demonstrated a
decrease in VEGF-A protein expression. The hernia patient
ASCs began at a lower baseline level of VEGF-A protein at
0 hours of hypoxia, and the amount of VEGF-A decreased
after 12 and 24 hours of incubation in hypoxic conditions.
Again, we were unable to assess if this change achieved
statistical significance. The control patient ASCs began with
a higher level of VEGF-A expression and experienced a lesser
decrease in VEGF-A concentrations at the 24-hour time
point (Figure 3). Thus, we demonstrate that ASCs from the
subcutaneous fat of hernia patients demonstrate decreased
VEGF-A production relative to those derived from control
patients in the hypoxic conditions.

3.4. Hernia Patient ASCs Demonstrate Less Vasculogenic
Gene Expression Compared to Control. We next analyzed
mRNA expression of our hernia and control cells. We found
that hernia patient ASCs demonstrate a decrease in their
levels of VEGF-B relative to control after three days of
culture (Figure 4). These relative changes, however, failed to
achieve statistical significance. After 12 hours of incubation
in hypoxic conditions, we observe several key differences
between hernia and control patient ASCs. In the herniaASCs,
we observed relative decreases in VEGF-A, VEGF-B, and
PECAM after 12 hours of incubation in hypoxic conditions
(Figure 5). Thus, we find that hernia ASCs seem to trend
toward lower levels of vasculogenic RNA than control ASCs
after incubation in hypoxic conditions that simulate wound
conditions. This trend, however, does not achieve statistical
significance.

3.5. Hernia ASCs Demonstrate a Blunted Ability to Undergo
Tubulogenesis Compared to Control. When we plated hernia
and control ASCs in Matrigel and incubated them for 24
hours in hypoxic conditions, we found that the hernia ASCs
formed fewer tubules per high-powered field than control
patient ASCs (4.33 ± 2.27 tubules/HPF versus 8.51 ± 2.77
tubules/HPF, 𝑃 = 0.0018, Figure 6). Thus, in addition
to decreased vasculogenic signaling, hernia derived ASCs
demonstrate a decreased ability to form tubules in vitro.
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ASCs by western blotting, after 0, 12, and 24 hours of incubation in
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Figure 4: Relative vasculogenic RNA levels in hernia and control
ASCs by QRT-PCR, after 3 days of growth in differentiation media.
Hernia ASCs in blue and control ASCs in light blue.

4. Discussion

Here we demonstrate that ASCs derived from ventral her-
nia patients demonstrate decreased vasculogenic signaling
under normoxic and hypoxic conditions. VEGF-A is an
important marker of the initiation of vasculogenesis and
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Figure 5: Relative VEGF-A, VEGF-B, VEGF-R, HIF-1A, and
PECAM RNA levels in hernia and control ASCs by QRT-PCR, after
12 hours of incubation in hypoxic conditions. Hernia ASCs in blue
and control ASCs in light blue.

angiogenesis and a promoter of endothelialization [10–14].
This suggests that the ASC populations present in the fat
of ventral hernia patients are less active in the initial steps
of endothelialization than their counterparts in healthy
control patients. Analysis of gene expression demonstrates
that VEGF-A, VEGF-B, and PECAM are decreased after
incubation in hypoxic conditions. Our findings in these cell
populations after incubation in hypoxia may be the most
pertinent to the conditions of a hernia wound site.The center
of healing wounds, such as those resulting from midline
laparotomies, is hypoxic, and this hypoxia interferes with
the normal angiogenic processes of healing [36]. In response
to the hypoxia and metabolic changes that take place in
this tissue HIF-1A transcription increases, promoting the
accumulation of VEGF [37]. The hernia patient ASCs began
with a lower level of VEGF-A protein compared to control
patients at 0 hours of hypoxia, and VEGF-A continued to
decrease after 12 and 24 hours of incubation in hypoxia, to
a greater extent than in control patient ASCs. This suggests
that the ASCs from hernia patients inherently produce less
VEGF than their counterparts from control patients and
that they have a diminished VEGF response to hypoxia.
Since hypoxia approximates the low oxygen tension present
at a wound site (such as the wound of a ventral hernia),
this finding is highly suggestive of an impairment in the
ability of this cell population to initiate angiogenesis and
vasculogenesis to revascularize wounded tissue. This idea is
further supported by our results after culturing these cells on
Matrigel in hypoxic conditions. Tubulogenesis on Matrigel
approximates the endothelialization and vasculogenesis that
takes place with these cells in human extracellular matrix.
We found that, after being grown in hypoxic conditions on
Matrigel, our hernia patient ASCs formed fewer tubules than
control patient ASCs. These individual differences that we
have observed in the vasculogenic capacity of ASCs may
also explain the uncommon occurrence of heterotopic bone
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Figure 6: Tubules per HPF formed in Matrigel after incubation in
hypoxic conditions (left), with examples of high-powered fields for
hernia and control ASCs (right). ∗𝑃 < 0.05.

formation in abdominal surgical incisions. It is possible that
these individuals are undergoing increased vasculogenesis to
repair (or attempt to repair) their abdominal wounds and are
concomitantly developing bone in these regions.

The revascularization of wounded tissue is essential both
for successful wound healing and for preventing infection
of the wound site by maintaining oxygen tension. Collagen
deposition in the wound site is proportional to the oxygen
tension and perfusion of the site [38].Wound hypoxia is espe-
cially prominent after abdominal operations immediately
following the surgery and is not readily visible to clinicians
[39]. Several studies have demonstrated that low oxygen
tension in wound tissue is correlated with an increased risk
of wound site infection [40].

Further studies in this matter will be crucial in deter-
mining why patients who suffer from ventral hernias have
impaired revascularization of the wound site, that is, the
metabolic and genetic differences contributing to the findings
we observe in this paper. Animal in vivo studies will ulti-
mately be necessary to confirm the impairment of vasculo-
genesis and angiogenesis in this patient population. In future
studies, we also hope to investigate the in vivo transplantation
of these cells in mouse models to confirm our findings and
to better understand the differences in vasculogenesis and
tubulogenesis in a model that more closely resembles the
human condition. Ultimately, our goal is to find a therapeutic
method to increase the vasculogenic capacity of ASCs that
could be used perioperatively to improve the healing of the
wound site in hernia patients and, accordingly, decrease the
risks of dehiscence and infection in these patients.

We recognize that this paper has several shortcom-
ings. Our patient sample size is relatively small, with two
experiment patients and three control patients in the study.
Furthermore, the hernia patients recruited for the study
tended to be more medically complicated than the control
patients undergoing abdominoplasty. We hope that future
studies with more patients will confirm our findings. We
also recognize that component separation is a relatively
uncommon procedure for ventral hernia repair. In addition,
there are also some patients who undergo this operation
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do not have sufficient amounts of fat to remove, modify,
and reintroduce to enhance wound healing. Furthermore,
this study only focuses on the ASCs, which are responsible
for the production of provasculogenic signaling molecules
as well as some tubulization but are not the primary cells
involved in vasculogenesis. Further studies should compare
the endothelial cell populations between hernia and control
patients to better understand the vasculogenic processes
responsible for inadequate wound healing.

5. Conclusion

In this paper we demonstrate that adipose-derived stem cells
derived from ventral hernia patients demonstrate decreased
expression of the vasculogenic cytokines necessary to revas-
cularize wounded tissue, in differentiation media and under
hypoxic conditions. Individual differences in the vasculo-
genic capability of abdominal fat may also help explain the
reports of bone formation in abdominal operation wounds.
These findings suggest that the mechanism behind recurrent
ventral hernias is an impairment in the angiogenic and
vasculogenic pathways.
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Tissue engineered constructs should be tested for their efficacy not only in normal but also in osteoporotic bone. The rat is an
established animal model for osteoporosis and is used often for bone healing studies. In this study a defined and standardized
critical size defect model in the rat suitable for screening new tissue engineered constructs in normal and osteoporotic bone is
described and validated. Normal and ovariectomised Wistar rats received a unilateral middiaphyseal 5mm defect in the femur,
which was instrumented with a radiolucent PEEK plate fixed with angular stable titanium screws and left untreated. All animals
were euthanized eight weeks after defect surgery and the bone healing was evaluated using radiographs, computed tomography
measurements, and histology. The developed fixation system provided good stability, even in osteoporotic bone. The implants
and ancillary instruments ensured consistent and facile placement of the PEEK plates. The untreated defects did not heal without
intervention making the model a well-defined and standardized critical size defect model highly useful for evaluating tissue
engineered solutions in normal and osteoporotic bone.

1. Introduction

Although bone possesses a good healing capacity, it may be
limited/insufficient under certain clinical situations such as
large bone defects after high energy trauma, revision surger-
ies, or tumour resection. Currently, bone grafting is regarded
as “gold standard” to treat these cases [1–4]. However, limited
availability, donor site pain, prolonged surgery time, and
therefore increased risk of infection have urged researchers
on developing bone substitutes [5–7]. More recently, within
the concept of tissue engineering, these (osteoconductive)
bone substitutes have been combined with (osteogenic) cells
and/or bioactive (osteoinductive) factors. Although acute
toxicity, biological activity, cytocompatibility, and fundamen-
tal biological mechanisms (e.g., transcription, translation,
and signaling events and processes) can be assessed in vitro,
such systems cannot provide a reproducible approximation

of the real life in vivo settings. Biocompatibility, degradation
properties of implant materials, survival of transplanted cells,
tissue response (i.e., bone ingrowth into the construct), and
mechanical function inter alia can only be investigated in
vivo. For such investigations well-defined and standardized
animal models are needed [8].

One experimental approach for the in vivo assessment
of tissue engineered constructs is the so-called “critical size
defect” (CSD) models. In the ASTM Standard Guide for
Preclinical in vivo Evaluation in Critical Sized Segmental
Bone Defects (F2721-09) CSD model is defined as “a defect
that will not heal without intervention” [9]. Others define a
defect as critical sized if defect does not heal spontaneously
within the lifetime of the animal or experiment [10–13]. CSD
models have been described for small (i.e., rat, rabbit) and
large (i.e., dog, sheep, goat, and pig) animals. The latter are
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advantageous regarding the dimensions and biomechanical
situation, but are time, labor, and cost intensive and the
former are more suitable for basic research questions and
screening experiments.

Bone ingrowth into the bone substitutes/tissue engi-
neered constructs is not only dependent on the implanted
construct properties, but also on the regenerative capacity
of the host bone, which might be impaired by pathological
conditions such as osteoporosis [14]. Since life expectancy is
increasing, treatment of large bone defects in osteoporotic
bone is a challenge that orthopaedic surgeons will face
more often in the future. Hence, new bone substitutes/tissue
engineered constructs should be tested in normal and osteo-
porotic bone. The rat is a well-established animal model for
osteoporosis [15]. Further, 38% of articles published in six
orthopaedic journals to study fracture repair in long bones
(including noncritical-sized and critical sized gap defects)
have used the rat as animal model [16]. Even though a
number of different fixation systems for CSD in rats have
been published, reproducible mechanical fixation resulting
in consistent loading conditions has been difficult to achieve
with these systems. Furthermore, osteoporosis leads to a
reduced bone mass so that a stable fixation is even more
difficult. Therefore, the goal of this study was to develop
and validate in vivo a standardized CSD model in the rat
suitable for screening new bone substitutes/tissue engineered
constructs in normal and osteoporotic bone.

2. Materials and Methods

2.1. Implants and Jigs. Based on surgical anatomy, an angular
stable implant system (RatFix, RISystem) with the corre-
sponding surgical jigs (Drill- & Saw guide 5.00mm, RISys-
tem) was developed. The system consists of a PEEK plate,
23mm (length) × 2mm (height) × 3mm (width), which is
mounted on the femur by six 0.7 × 5.2mm angular stable
self-tapping screws after predrilling with a 0.65mm drill bit
using a minidrill system (AccuPen, RISystem). To facilitate
plate placement and to create a standardized 5mm defect a
combined drill and saw guide is utilized (Figure 1).The defect
is created with a 0.22mm Gigli wire saw (Gigli wire saw,
RISystem).

2.2. Experimental Design. All experiments were carried out
under the licence provided by the local ethical committee
(Amt für Lebensmittelsicherheit und Tiergesundheit Graub-
ünden). Twenty- four femaleWistar rats (weight, mean ± SD:
184 ± 2 g) were randomly divided into two treatment groups
of twelve animals each. All animals underwent a unilateral
operation to create a 5mm middiaphyseal defect in the right
femur at age of 17 weeks. All defects remained empty to
serve as negative control. Group II underwent additionally
ovariectomy at the age of 12 weeks to induce osteoporosis
prior to defect surgery. All animals were sacrificed 8 weeks
after the defect surgery at the age of 23 weeks.

2.3. Defect Surgery (All Animals). Rats received 0.03mg/kg
subcutaneously (SC) buprenorphine (Essex Chemie) one

0.7mm screw

0.6mm drill

PEEK plate
Combined drill
and saw guide

Figure 1: Osteosynthesis system consisting of a PEEK plate, 23mm
(length) × 2mm (height) × 3mm (width), which is mounted on the
rat femur by six 0.7 × 5.2mm angular stable self-tapping screws after
predrilling with a 0.65mmdrill bit. To facilitate plate placement and
to create a standardized 5mmdefect a combined drill and saw guide
is utilized (RatFix, RiSystems).

hour prior to surgery and 1mg/kg SCmeloxicam (Boehringer
Ingelheim) immediately before the initial skin incision.
Anaesthesia was induced and maintained with 2% isoflurane
(Baxter International) and a 0.3mL/min oxygen flow. Anaes-
thetized rats were positioned on the operation table in lateral
recumbency with the right leg facing upwards.The operation
site was shaved and aseptically prepared. A lateral approach
via skin incision between the greater trochanter and the knee
joint was performed, and the superficial fascia was incised.
The intermuscular plane between the vastus lateralis and the
biceps femoris muscles was separated. The periosteum of the
femur was incised.The PEEK plate was then fitted into the jig
and secured using a 3-0 Vicryl (Ethicon) suture.The jig-plate
assembly was subsequently fixed to the craniolateral surface
of the femur by pulling the sutures through under the femur,
allowing the assembly to be tightened to the femur.

After predrilling the holes using a 0.65mm drill bit the
PEEK plate was attached to the femur by six 0.7mm angular
stable bicortical titanium screws. Standardized 5mm defects
were created using a 0.22mm Gigli wire saw guided by the
sawing device of the jig. After defect sawing, the jig and bone
piece were removed. The fresh defect was then flushed with
sterile lactated Ringer’s solution. All defects were left empty.
All wounds were closed in two muscle layers with a subcutis
and intracutaneous 5-0 Vicryl rapide sutures.

After surgery, rats were injected with 5mL of warm lac-
tated Ringer’s solution intraperitoneal (IP). Every 12 hours for
3 days following surgery, rats received 0.03mg/kg buprenor-
phine SC and 1mg/kgmeloxicamper os in the drinkingwater.

2.4. Ovariectomy (Group II Only). The anaesthesia protocol
usedwas the same as for the defect surgery, with the exception
that after surgery analgesia was given for 2 days. After
preparing the surgery site aseptically, a 2 cm dorsal skin
incision was made halfway between the hump and the tail
base. Connective tissue between the skin and the muscular
layer was bluntly dissected. The ovary was grasped with a
castration clamp, allowing the proximal uterine horn together
with some fat to be cauterized and removed. The cavity was
closed with a muscle and subcutaneous suture. The skin was
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closed with an intracutaneous suture. For all sutures, 5-0
Vicryl rapide (Ethicon) was used.

2.5. Bone Mineral Density (BMD) Evaluation. A computed
tomography (CT) evaluation (XtremeCT, Scanco Medical)
was performed at the level of the proximal tibial metaphysis
within a distance of 2mm distal of the patella to quantify
BMD at the time of ovariectomy (T1: 0 weeks), at the time of
defect creation (T2: 5 weeks), and at sacrifice (T3: 13 weeks)
under isoflurane anaesthesia.In the ovariectomised group
measurements took place at all three time points and in a
subset of 4 rats of the nonovariectomised empty defect group
(group II) at T2 and T3. Cross-sectional slices were collected
with an isotropic voxel resolution of 41𝜇m and a pixel matrix
of 3072 × 3072, using an effective energy of 70 kVp and a
current intensity of 900𝜇A.

2.6. Radiographic Evaluation. Radiographs of the operated
femurs were taken at weekly intervals after surgery under
isoflurane anaesthesia. Radiographs were taken in laterome-
dial and craniocaudal projections to assess bone healing and
to rule out implant loosening or failure.

2.7. Fluorochrome Injections. All rats were injected with
fluorochromes at two time points to evaluate bone formation
and remodelling. Rats were injected with 0.1mg/kg calcein
green (Fluka) SC 4 weeks after surgery, and with 0.1mg/kg
xylenol orange (Fluka) 7 weeks after defect surgery.

2.8. MicroCT Evaluation. After sacrifice CT measurements
(MicroCT-40, Scanco Medical) of the defect were performed
to quantify newly mineralised bone volume. The plate was
adjusted parallel to the longitudinal axis of the device and
scanning parameters included a source voltage of 70 kV, an
intensity of 114 𝜇A, and a two-dimensional detector array
with 2048 × 256 elements. The scans were performed with
a resolution of 16 𝜇m.

2.9. Histological Evaluation. After sacrifice, femurs with
attached PEEK plates were explanted and fixed in 70%
ethanol. Femurs were subsequently embedded in poly-
methylmethacrylate (PMMA) (Fluka 64200, Fluka) and seri-
ally sectionedwith a circular saw (Leitz 1600 Sawmicrotome).
Cross-sections of the femur parallel to the plane of the
screws were ground and polished (Exact Micro Grinding
System, Exakt Apparatebau). Half of the samples were
stained with Giemsa Eosin (Fluka 48900/45240, Fluka) for
qualitative morphological analysis, including assessment of
inflammation and cell differentiation.The remaining samples
were stained with Toluidine blue (Fluka 89640, Fluka) for
assessment of bone, cartilage, connective tissue, and cells.

Fluorochrome labelled bone sections were assessed using
a triple filter (Zeiss filter set no. 25, Zeiss Axioplan, Carl Zeiss
AG) and a fluorescent lamp. The defect zones and the areas
around the screws and plates were defined as the regions of
interest (ROI) and systematically evaluated.
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Figure 2: BMD loss over time (T1: 0 weeks; T2: 5 weeks; T3: 13
weeks) in the ovariectomised groups (groups II) and the nonovariec-
tomised defect group (group I).

3. Results

3.1. Implants. No complications (e.g., implant failures) were
observed during this study.

3.2. BMD Evaluation. For the ovariectomised group II, BMD
decreased from baseline values (T1: 0 weeks, 515.90 ±
70.4mgHA/mm3) by 31% at the time of defect creation (T2:
5 weeks; 354.50 ± 43.2mgHA/mm3) and by 52% at the time
of sacrifice (T3: 13 weeks) (247.18 ± 30.2mgHA/mm3). In
contrast, in nonovariectomised defect rats BMD remained
constant throughout the study: 562 ± 90.5mgHA/mm3 at
T2 and 544 ± 21.9mgHA/mm3 at T3, respectively (Figure 2).
BMDof the ovariectomised group at T2 had a𝑇-score of −2.3
and at T3 of −13.6, respectively. Using theWHO definition of
osteoporosis (𝑇-score ≤ −2.5) the ovariectomised group was
at T2 classified as osteopenic and at T3 as osteoporotic.

3.3. Radiographic Evaluation. Radiographic evaluation of the
empty defect groups indicated little new bone formation
until week 4 and no further progression beyond this time
(Figure 3). In none of the defects bridging was observed.

3.4. MicroCT Evaluation. The results of the MicroCT 40
analysis quantified the radiographic findings. The volume of
newly formed bone within the defect was 6.85 ± 5.51mm3

for the nonovariectomised and 4.74 ± 3.44mm3 for the
ovariectomised group, respectively. The calculated volume
of the defect size was 25mm3 (cylinder with a diameter of
2.5mm and a height of 5mm).
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Figure 3: Representative radiograph of the nonovariectomised
control group taken at euthanasia, 8 weeks after defect surgery.

3.5. Histological Evaluation. Histological analysis revealed
good integration of the implant in the host tissue with no
signs of screw loosening. In the nonovariectomised empty
defect animals (group I) a trend towards increased bone
healing compared to the ovariectomised group was observed.
In the fluorochrome images, incorporation of fluorochromes
demonstrated good bone formation at the defect edges
and a solid integration process of the implants. This was
characterized by high bone turnover, as indicated by the
different regional distributions of fluorochromes around the
screws.

In the fluorochrome images of the ovariectomised group
(group II) little new bone formation was observed at the
defect with activity around the screws being negligible. At
the epiphyseal growth plate, the effects of ovariectomy were
clearly visible. Both fluorochromes were barely detectable.
Longitudinal growth in these animals was reduced compared
to group I animals.

In all animals defects did not bridge and the gaps
contained besides the above mentioned little bone formation
mainly fat, cellular connective tissue, and some muscle tissue
(Figure 4).

4. Discussion

Many different animal models to investigate tissue engi-
neered constructs are used today [9].The choice ofmodel will
mainly depend on the research question aswell as on personal
and institutional capabilities, experiences, and preferences.
Nevertheless, there is an ethical, scientific, and economical
imperative that these models are defined and standardized
in order to reduce variation and hence, reduce number of
animals and resources needed and to maximise validity of
the obtained results. This study is not meant to exclude
other models and/ormethods, but rather intended to provide
researchers characteristics, advantages, and limitations of
this model, which might be very useful to investigate tissue

Figure 4: Representative image of the defect at euthanasia of the
ovariectomised group. New bone formation is detected at the defect
border. The defect center is filled with fat, hemosiderin, and fibrous
connective tissue (Giemsa Eosin staining).

engineered constructs in normal and osteoporotic bone in a
standardized and well-defined fashion.

In this model, the surgical approach is straight forward
and implant placement with the aid of the jig is reliable and
the defect is consistently sized. The use of angular stable
screws avoids compression of the underlying periosteum
and has been shown to perform better in osteoporotic bone
compared to conventional screws [17]. No implant associated
complications were experienced in these animals, indicating
that the fixation system is appropriate and safe to be used in
ovariectomised rats with substantially reduced bone mass.

Another advantage of this system is the use of a biologi-
cally inert PEEK plate. During the observation period, bone
defect healing can only be evaluated by X-rays. Radiopaque
materials such as stainless steel or titanium do not allow for
a proper visualization of the defect. Therefore, a plate made
of radiolucent material is beneficial for good assessment of
defect healing in all imaging planes. Furthermore, longitudi-
nal CT measurements of the defect could be done avoiding
the need to euthanize animals at different time points and
hence, reducing the number of animals needed.

In this study, a 5mmdefect in the rat femur was of critical
size in normal as well as in osteoporotic bone, since it did
not heal without intervention. Since mainly fat, hemosiderin,
and fibrous connective tissue have been observed within
the defect at euthanasia, the osteogenic potential of the
tissue engineered constructs being tested can be considered
unequivocal. Even though 5mm is the typical size for a
diaphyseal CSD in the rat [9], it has to be emphasized that
the size of a CSD depends on the rat strain, weight, age, sex,
metabolism status, and the fixation system used [18]. If one of
these factors is changed, the size of the defect might need to
be changed to remain of critical size.

Tissue engineered constructs should enhance bone heal-
ing and ideally lead to bony union or comparable healingwith
the current gold standard bone graft. One limitation of the rat
model is that bone graft needs to be harvested from a donor
animal. Corticocancellous bone grafts from the iliac wing of
donor animals lead in some animals to healing of the defect,
but in most cases sequestering and resorption of the allograft
with giant cells were observed (data not shown). Wistar rats
are an outbreed stock so that most likely genetic homology
was insufficient to allow for allogenic bone grafting. Inbreed
strain rats such as Fischer 344 are considered syngenic
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and successful bone grafting from donor rats to treat large
bone defect has been described [19]. Another possibility
would be the use of athymic “nude” rats lacking T cell
mediated immune response for studies in which a positive
control group is required or cells of human origin are used.

5. Conclusion

This well-defined and standardized system will be highly
useful for tissue engineered solutions for the treatment of
large bone defects in normal and osteoporotic bone.
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Bone substitutes, like calcium phosphate, are implemented more frequently in orthopaedic surgery to reconstruct critical size
defects, since autograft often results in donor site morbidity and allograft can transmit diseases. A novel bone cement, based on
𝛽-tricalcium phosphate, polyethylene glycol, and trisodium citrate, was developed to allow the rapid manufacturing of scaffolds,
by extrusion freeform fabrication, at room temperature. The cement composition exhibits good resorption properties and serves
as a basis for customised (e.g., drug or growth factor loaded) scaffolds for critical size bone defects. In vitro toxicity tests confirmed
proliferation and differentiation of ATDC5 cells in scaffold-conditioned culture medium. Implantation of scaffolds in the iliac wing
of sheep showed bone remodelling throughout the defects, outperforming the empty defects on both mineral volume and density
present in the defect after 12 weeks. Both scaffolds outperformed the autograft filled defects on mineral density, while the mineral
volume present in the scaffold treated defects was at least equal to the mineral volume present in the autograft treated defects.
We conclude that the formulated bone cement composition is suitable for scaffold production at room temperature and that the
established scaffold material can serve as a basis for future bone substitutes to enhance de novo bone formation in critical size
defects.

1. Introduction

Synthetic, bioresorbable materials are widely used for the
treatment of bone defects. Depending on the operation, the
usage of autologeous bone is not always the best treatment, for
example, in case of a tumour resection or difficult conditions
at a possible donor site, like the iliac wing. Therefore the
development of scaffolds consisting of synthetic materials is
of great interest within the implantology research.The chem-
istry of the material is an important factor that influences
the response of the surrounding tissue. The chemistry
of a material, including element and phase composition,

can determine if an implant is bioactive, bioresorbable, or
bioinert [1]. Another important factor is the porosity of
an implant. Preclinical studies show that porous scaffolds
with good pore interconnectivity, implanted in large defects,
achieve proper vascularisation and enhance the remodelling
process [2]. The combination of micro- and macroporosity
influences the osteointegration of an implant and determines
the formation of new mineralized bone [3]. In particular, the
osteointegration and vascularisation of open porous scaffolds
are influenced in the first weeks by their microporosity [4].

There are several ways to generate scaffolds using rapid
manufacturing methods, like powder bed based 3D printing,
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selective laser melting, and inkjet printing [5, 6]. These
different methods have their advantages and disadvantages
regarding resolution, processable materials, and mechanical
strength of the manufactured scaffolds [7]. Usually a heating
process of often several hundred degrees Celsius is part of the
fabrication process, either during the manufacturing or dur-
ing a subsequent sintering step [8, 9]. This heating step does
not allow the incorporation of bioactive materials like BMP’s,
antibiotics, or microsphere carriers into the scaffold [10].

Bone cements in the form of paste can, besides being
easily shaped, harden at low temperatures by means of a
chemical treatments, for example, a strong acid [11]. A suit-
able way to form customized scaffolds from a pasty material
is extrusion freeform fabrication [12–15]. Thin threads of
material are extruded through a fine nozzle and deposited in
layers on top of each other. Scaffolds with different pore sizes
can be synthesized by this technique [16–18]. The advantage
of the extrusion process is that a lot of different materials
can be processed and there is no inherent microporosity like
in particle binding methods (e.g., 3D printing), which can
influence the mechanical properties [7].

The main issue concerning the extrudability of a bone
cement is determined by factors like the liquid to powder
ratio (LPR), the plastic limit (which is the smallest liquid to
powder ratio needed to form plastic paste), the grain size
distribution, the zeta-potential, and steric stabilisation [19–
21]. The zeta-potential and the steric stabilisation determine
the repulsion of the particles within a suspension and there-
fore influence their distances and relative movement. The
synthesis, cement preparation, and the additive system are
influencing these factors. In addition to the material com-
position, also the mixing and extrusion devices are impor-
tant factors for the extrudability of bone cement. Research
studies regarding the injectability of polymethylmethacrylate
(PMMA) cements showed that mixing by hand or by using a
vacuummixer influences the creep strain of the cement [22].

Due to the need of suitable and resorbable scaffolds for
bone critical size defects, we propose that a bone cement
composed out of 𝛽-tricalcium phosphate (𝛽-TCP), PEG, and
citric acid is a suitable material for 3D plotting of bone scaf-
folds at room temperature and that the use of these scaffolds
results in limited in vitro toxicity and good in vivo bone
remodelling in a critical size defect animalmodel.The cement
was designed as such that it would allow the incorporation of
an arbitrary, secondary component, which would not partic-
ipate in the cement reaction. For our research, we intended
to use PMMA particles, which is a currently used carrier
for in vivo drug delivery. The stability and bone remodelling
supported by such constructs can only be evaluated in an
in vivo bone model; therefore cold plotted scaffolds were
implanted in the iliac wing of sheep [23] after initial in vitro
cytocompatibility screening. Histological examination and
quantitative microCT imaging of the defect region were used
to assess scaffold resorption and bone remodelling.

2. Materials and Methods

2.1. Synthesis of the Cement Components. The calcium to
phosphor ratio of calcium deficient hydroxyapatite (Merk,

Darmstadt, Germany) was adjusted to 1.5 by adding 5wt.-%
of dicalcium phosphate dihydrate (DCPD, Merk, Darmstadt,
Germany). The components were mixed in a tumble mixer
(Turbula, Willy A. Bach, Basel, Switzerland) and heated for
one hour at 1000∘C to obtain 𝛽-TCP. The phase purity of the
material was verified by XRD (PW 1830, Philips, Eindhoven,
Netherlands) analysis.

The synthesized 𝛽-TCP was milled with distilled water
in an agitator ball mill. The suspension was milled for 2
hours with zirconia grinding balls (Ø = 1mm, Tosoh, Tokyo,
Japan) at 1500 rpm.Thegrain size and the specific surface area
were determined by laser granulometry (Mastersizer 2000,
Malvern, Worcestershire, Great Britain) before and after
the milling process. The milled suspension was granulated
by spray drying using a spray tower (Mobile Minor, Niro,
Soeborg, Denmark) at 235∘C inlet temperature and an air
pressure of 1.5 bar. The shape of the obtained granulate was
examined by scanning electronmicroscopy (FEI ESEMXL30
FEG, Philips, Eindhoven, The Netherlands).

2.2. Cement Formulation and Scaffold Production. The
cement used for the production of the scaffolds was com-
posed out of 49wt.-% 𝛽-TCP, 23.5 wt.-% PEG 400, 9.8 wt.-%
PEG 10000, 5.9 wt.-% citric acid solution, and 11.8 wt.-%
distilled water. Cement cylinders for in vitro evaluation were
produced in cylindric plastic moulds (6.5mm in diameter
and 11mm in height) at room temperature and were sub-
sequently, after drying, hardened by infiltration with 3M
phosphoric acid for ten minutes and rinsing with deminer-
alised water afterwards.

Plotting of the initial scaffolds for in vivo evaluation
was performed by a computer controlled linear XYZ-stage.
The cement was mixed before the initial plotting process by
using a 0.5mm nozzle with 1.5mm between plotted strands
in the same plane and a subsequent rotation of 60 degrees
between layers to eventually establish 6, 16mm wide and
10mm high, cylindrical scaffolds without and 6 equally sized
scaffolds with 10wt.-% PMMA granules with a granule size
of 20𝜇m (Dolphys Medical, Eindhoven, The Netherlands),
added during the mixing process of the cement. Plotted
scaffolds were subsequently hardened as described above.
Scaffolds used for in vivo evaluation were sterilized by
gamma-irradiation (Isotron, Ede, The Netherlands).

2.3. In Vitro Cell Cytocompatibility Tests. Since the majority
of critical size bone defects are being remodelled through
endochondral ossification [24], the murine endochondral
cell line ATDC5 (RBC0565, Riken BRC, Japan) was used to
assess the effect of the 𝛽-TCP bone cement on cell viability.
ATDC5 cells were cultured in medium which was either
unconditioned or preconditioned with the above described
ceramic cylinders. In vitro evaluations were performed in
accordance with ISO 10993-5.

Proliferationmedium consisted out of DMEM/F12 (Invit-
rogen, Carlsbad, CA, USA) with 5% FCS (PAA, Pasching,
Austria), 1% antibiotic/antimycotic (Invitrogen), and 1%
NEAA (Invitrogen). Differentiation medium consisted of
proliferation medium supplemented with 10𝜇g/mL insulin
(human, Sigma, St. Louis, USA), 10𝜇g/mL transferrin
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(human, Roche Applied Science, Penzberg, Germany) and
30 nM sodium selenite (Sigma). Medium preconditioning
was performed by incubating 1 cylinder in 10mL of culture
medium for 24 hours at culture conditions (humidified
atmosphere at 37∘Cand 5%CO

2
), prior to the initial use in the

experiment. The unconditioned proliferation/differentiation
medium was used as a control.

ATDC5 cells were cultured in 6-well plates at 6400
cells/cm2 and were allowed to adhere overnight. Culture
media were changed the following day to either uncondi-
tioned or preconditioned proliferation medium, which was
refreshed every 2 days. ATDC5 proliferation was assessed
at day 0 till day 5 and differentiation at day 0 till day 14
(day 0 being the day when normal culture medium was
replaced by preconditioned culture medium). Crystal violet
staining was used to assess cell proliferation by DNA content.
The extracted amount of crystal violet was determined at
590 nm on a spectrophotometer (Bio-Rad, Hercules, CA,
USA). Alcian blue staining was used to asses extracellular
matrix production. The extracted amount of alcian blue was
determined at 645 nm on a spectrophotometer (Bio-Rad,
Hercules, CA, USA).The change in absorbance over timewas
calculated relatively to the average absorption at day 0.

The in vitro stability of the plotted scaffold was evaluated
by incubating the scaffold in unconditioned proliferation
medium under standard culture conditions for 4 weeks.

2.4. In Vivo Scaffold Evaluation. Twelve female adult Swiss
WhiteAlpine sheepwere used in this study (skeletallymature,
with a weight range of 69–75.5 kg). Six sheep served as a
control group, each with a bilateral defect and one filled
with autograft (from the complete harvested cylinder from
the contralateral side); the defect in the contralateral iliac
wing was left empty. The remaining 6 sheep served as the
experimental group, where 𝛽-TCP scaffolds were implanted
bilaterally in the iliac wing, a plain 𝛽-TCP scaffold on one
side, and a 𝛽-TCP scaffold containing PMMA granules in the
contralateral iliac wing.

The surgical procedure was performed under gen-
eral isoflurane (2%) anesthesia, with a diazepam (Valium,
0.3mg/kg I.V.), ketamine (Ketasol-100, 2mg/kg I.V.), and
propofol (Propofol 1% Fresenius, 2mg/kg I.V.) as premedi-
cation. General anaesthesia was supported by spinal admin-
istration of xylazine (Rompun, 0.05mg/kg) between the
sixth and seventh lumbar vertebra. Incision site was sedated
by local infiltration with lidocaine (Ultracain). Sheep were
positioned in sternal recumbency after which the iliac wings
were draped for surgery. A curved incision over the iliac wing
was made, to expose the bone. A custom made surgical jig
was mounted on the iliac wing, to guide a 17mm trephine,
on the position where the wing was approximately 1 cm
thick. Autograft material was grinded on-site and placed in
the defects; the extruded scaffolds were press-fit into the
defects. The wound was closed in layers and the sheep were
allowed to recuperate from the surgical procedure. The first
3 postoperative days’ animals received pain medication by
daily administration of carprofen (Rimadyl, 4mg/kg S.C.);
after this period, buprenorphine (Temgesic, 0.1mg/kg I.M.)
was administered if needed.

The animals were checked frequently by trained per-
sonnel. Wellbeing and behaviour as well as physical and
physiological status were closely monitored. After 3 months,
the animals were euthanized, by pentobarbital overdose. The
defects were drilled out directly post-mortem with a 25mm
core-drill and subsequently fixated in 70% ethanol.

The animal study protocol (GCTM study number
CHTOV 0109-ID) and animal experimental procedures were
approved by the Graubünden Animal Commission and per-
formed in accordance with the Swiss Animal Protection Law
at the AO Foundation Animal facilities in Davos Switzerland
by GCTM.

2.5. Ex Vivo Scaffold Evaluation. Explants were first analysed
by microCT imaging (𝜇CT40, Sanco Medical, Switzerland)
to determine the volume and the density of the material in
the defect.The initialmicroCTdata collectionwas performed
at 70 kVp and 114 𝜇A with a resolution of 36 𝜇m. To deter-
mine the bone mineral volume in the tissue by quantitative
microCT, a threshold of 283–2781mgHA/cm3 for bone was
established by using the empty and autograft samples and the
surrounding tissue as a reference. To differentiate between
scaffold and bone, the density threshold for an unimplanted
𝛽-TCP scaffold was determined at 747–2781mgHA/cm3;
this value was subsequently used in the assessment of the
implanted 𝛽-TCP scaffolds. Tissue within a threshold of 283–
747mgHA/cm3 was considered as remodelled bone. The
threshold for 𝛽-TCP/PMMA scaffolds was determined at
670–2781mgHA/cm3 (due to the PMMA content). For the
𝛽-TCP/PMMA samples tissue within a threshold of 283–
670mgHA/cm3 was considered as remodelled bone.

After microCT analysis, the samples were embedded in
polymethylmethacrylate (PMMA) (Technovit 9100,Heraeus-
Kulzer, Germany) for visual histological analysis. Two sets
of sequential sections were stained with Giemsa and alizarin
red. Fifty 𝜇m thick sequential sections were cut on a saw
microtome (SP1600, Leica,Germany). Sectionswere analysed
and digitized by light microscopy (Axioscope A1, Axiovision
LE release 4.8.2, Carl Zeiss, Germany). Digitized images were
merged, to create overview images, using Photoshop CS3
(Adobe Systems, USA).

2.6. Statistics. Statistical analysis was performed in SPSS
(version 21, IBM, USA) using a Mann-Whitney 𝑈 test for
2-tailed significance. 𝑃 values below 0.05 were regarded
as significant. Graphs were made in GraphPad Prism 5
(GraphPad, USA).

3. Results

3.1. Preparation of 𝛽-TCP and Optimization of the Paste Com-
position. TheXRDmeasurements of the heat treated hydrox-
yapatite confirmed that a phase pure 𝛽-TCP was obtained.
The specific surface area of the material was 1.84m2/g. The
d90 value of the grain size was 16.3𝜇m. After the milling
process, the surface area was extended to 3.38m2/g. The d90
value of the grain size was reduced to 5.0 𝜇m.The spray-dried
granules had a compact and spherical shape (Figure 1(a)).The
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Figure 1: 𝛽-TCP data. (a) SEM micrograph of a spray dried 𝛽-TCP
granule. (b) XRD diagram of the spray dried 𝛽-TCP granule, which
only shows the presence of 𝛽-TCP (triangle).

presence of 𝛽-TCP was confirmed by XRD analysis (Figure
1(b)).

The cement composition used to plot the eventual scaf-
folds was established after sequential optimisation steps. The
addition of trisodium citrate, PEG, and water resulted in
stable extrudable paste which allowed drying at room tem-
perature without compromising the integrity of the plotted
scaffold. The density of the final cement composition was
1.66 ± 0.05 g/cm3.

The manufactured scaffolds had a compact edge and
exhibited an open porosity in the centre of the cylinder (Fig-
ure 2(a)). The compression strength of the plotted scaffold
lattice was 1.2 ± 0.6MPa.The XRD analysis indicated besides
the presence of the original phase 𝛽-TCP (Ca

3
(PO
4
)
2
) (min-

eral name: whitlockite) also the presence of hydroxyapatite
(Ca
5
(PO
4
)
3
OH), monetite (CaH (PO

4
)) and sodium calcium

phosphate (Ca
10
Na (PO

4
)
7
) (Figure 2(b)). Hardening of the

scaffold with phosphoric acid resulted in a solid calcium
phosphate composition.The washing step with water and the
subsequent drying resulted in a cured composition consisting
of monetite and hydroxyapatite. The addition of PMMA to
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Figure 2: Scaffold material evaluation. (a) A cylindrical scaffold
synthesized by extrusion freeform fabrication using 𝛽-TCP, PEG
400, PEG 10000, trisodium citrate, and water as cement material.
The scaffold was hardened with phosphoric acid. (b) XRD diagram
of an extruded scaffold. Four chemical phases, whitlockite (dia-
mond), monetite (asterisk), sodium calcium phosphate (circle), and
hydroxyapatite (triangle), were detected.

the cement did not influence the manufacturing process of
the scaffold nor its mechanical stability.

Furthermore the scaffold structural integrity was not
affected by incubation in culture medium for a period of 4
weeks under standard culture conditions.

3.2. Cell Cytocompatibility Tests. Since ATDC5 cells are
widely used for the assessment of endochondral mechanisms
in vitro [25–27], these cells were used for the evaluation of
in vitro cytocompatibility of the developed scaffold material.
Crystal violet staining confirmed that the ATDC5 cells
proliferated and differentiated in both unconditioned and
preconditioned culture medium (Figures 3(a) and 3(b)). The
proliferation rate in the preconditioned samples was on
average one day slower compared to the unconditioned con-
trol samples. This could suggests either that the developed
scaffold material marginally influences cell proliferation in
its direct vicinity or that the scaffold material exhibits a
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Figure 3: DNA content (crystal violet staining) and extracellular matrix production levels (alcian blue staining) of ATDC5 cells in
preconditioned proliferation and differentiation medium.The absorbance of the extracted crystal violet and alcian blue was used to calculate
the DNA content and extracellular matrix production relative to the absorbance value at day 0. (a) DNA content during proliferation
conditions. (b) DNA content during differentiation conditions. (c) Extracellular matrix production during proliferation conditions. (d)
Extracellular matrix production during differentiation conditions.

toxic effect on the ATDC5 cells, although no cell death was
detected. However, during 14 days of differentiation the pre-
conditioned samples eventually outperform the uncondi-
tioned samples.This is also confirmed by alcian blue staining
(Figures 3(c) and 3(d)), where the preconditioned samples
generate more extracellular matrix after 14 days of differenti-
ation as compared to the unconditioned samples and the cells
grown under proliferation conditions.

3.3. In Vivo Evaluation of Plotted Scaffolds. To address the
overall osteocompatibility in vivo, the 16mm wide, 10mm
thick, 3D plotted scaffolds (Figure 2(a)) were implanted in a
critical size defect in the iliac wing of sheep.The implantation
of the plotted scaffold material into the sheep iliac wing did
not result in any detected form of inflammation or patholog-
ical reaction like necrosis during the experimental follow-up.

This was also indicated by in vitro cytocompatibility tests. All
animals were euthanized 12 weeks after implantation, after
which the area surrounding the defects was excised from the
iliac wing, by a core drill, and subsequently fixated in 70%
ethanol.

Quantitative microCT imaging revealed that the empty
defects showed limited remodelling in the defect area (Figure
4(a)), while the autograft shows the presence of bony tissue
in the defect (Figure 4(b)). The implanted 𝛽-TCP scaffold
material showed evident bone remodelling in the defect with
evident scaffold resorption in about 50% of the animals
(Figure 4(c), asterisk). This effect was also noted in the 𝛽-
TCP/PMMA scaffold group (Figure 4(d), asterisk), although
it appeared that this effect was animal dependent (Table 1).
Quantification of the mineral volume in the defect region
indicated that the autograft treated defects had significantly
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Figure 4: MicroCT analysis and quantification. (a) Representative microCT image of an empty defect. (b) Representative microCT image of
an autograft control defect. (c) RepresentativemicroCT images of implanted𝛽-TCP scaffolds. Asterisk indicates scaffold resorption in animals
1, 2, and 3. (d) Representative microCT images of implanted 𝛽-TCP/PMMA scaffolds. Asterisk indicates scaffold resorption in animals 1, 2,
and 3. (e) Quantification of the mineralized tissue volume in the defect region. (f) Quantification of the mineral density of the mineralized
tissue in the defect region. Size bars indicate 5mm, the error bars indicate the standard deviation, the asterisk indicates 𝑃 < 0.05.

more bone remodelling compared to the empty defects (Fig-
ure 4(e)) (𝑃 = 0.004). Although there was significantly more
mineral volume present in the autograft filled defect, there
was no significant difference between the density of the min-
eral tissue in the empty and the autograft defect (Figure 4(f))
(𝑃 = 0.200). Both scaffold treated defects had significantly
more bone remodelling in the defect region compared to the
empty defect (Figure 4(e)) (𝑃 = 0.004). Furthermore only
the𝛽-TCP/PMMAscaffold had a significantly highermineral

volume present in the defect region compared to the autograft
treatment (Figure 4(e)) (𝑃 = 0.037); the mineral volume
of the 𝛽-TCP scaffold showed a trend towards significance
(Figure 4(e)) (𝑃 = 0.078). The total density of all mineral
structures present in the defect (mineralized tissue including
the scaffold material) was significantly higher compared to
both the empty defect and the autograft control group (for
the 𝛽-TCP scaffold 𝑃 = 0.004 and 0.037, respectively, and for
the 𝛽-TCP/PMMA scaffold 𝑃 = 0.004 and 0.016, respectively,
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Figure 5: Histological sections of the control and the experimental groups. (a) Giemsa-eosin stain of an empty defect. (b) Giemsa-eosin
stain of an autograft control. (c) Giemsa and Alizarin red stained sections of the implanted 𝛽-TCP scaffolds. Scaffold resorption was detected
in animals 1, 2, and 3, while remaining present in animals 4, 5, and 6. (d) Giemsa and Alizarin red stained sections of the implanted 𝛽-
TCP/PMMA scaffolds. Scaffold resorption was detected in animals 1, 2, and 3, while remaining present in animals 4, 5, and 6. Black bars
represent 5mm and white bars represent 500 𝜇m.

Figure 4(f)). This suggests that the scaffold itself functions as
a supporting structure for the remodelled bony structure and
contributes to the density of the mineral composition in the
defect.

Visual analysis of the histological sections of the empty
defects (Figure 5(a)) showed limited bone growth into the
defect area, while the autograft control (Figure 5(b)) showed
the presence of bony tissue in the defect. The implantation
of the 𝛽-TCP and 𝛽-TCP/PMMA scaffold (Figures 5(c) and
5(d)) supported bone deposition into the defect; however
resorption of the scaffold was noted in 50% of the animals

after 12 weeks. Still bone remodelling can be noted around the
leftover scaffold particles. This resulted in a remaining defect
in 50% of the animals, yet smaller compared to the originally
created defect and the remaining defect in the empty defect
control group. Still this kind of scaffold resorption was
found to be an animal dependent, bilateral effect (Table 1).
Importantly, in the other animals, the scaffold structure was
still present in its original form, showing bone deposition
in the honeycomb-like structure of the scaffold, indicating
the potential of the scaffold material to serve as a supporting
structure during bone remodelling in critical size defects.
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Table 1: Scaffold presence after 12 weeks based on microCT and histology.

Sheep # Left iliac wing Right iliac wing Outcome
1 𝛽-TCP scaffold 𝛽-TCP/PMMA scaffold Bilateral scaffold resorption
2 𝛽-TCP/PMMA scaffold 𝛽-TCP scaffold Bilateral scaffold resorption
3 𝛽-TCP scaffold 𝛽-TCP/PMMA scaffold Bilateral scaffold resorption
4 𝛽-TCP/PMMA scaffold 𝛽-TCP scaffold Scaffold remains present bilaterally
5 𝛽-TCP scaffold 𝛽-TCP/PMMA scaffold Scaffold remains present bilaterally
6 𝛽-TCP/PMMA scaffold 𝛽-TCP scaffold Scaffold remains present bilaterally

4. Discussion

The present study shows that generation of calcium phos-
phate scaffolds at room temperature by extrusion freeform
fabrication using suspensions with high solid matter content
strongly depends on the properties of the ceramic paste. Fur-
thermore, scaffolds extruded at room temperature generally
have a higher density, compared to scaffolds established by
extrusion combined with freeze drying [28, 29]. It was found
that filter pressing, thread thickness, and thread stability
during extrusion and after drying are influenced by the
combination of steric and electrostatic additives in the com-
position. Only the right combination of long and short chain
polymerswith an electrostatic additive provides the necessary
properties for good extrudable paste, including drying at
room temperature and maintaining structural integrity after
drying. This suggests that the composition of the mixture
is essential for its extrusion characteristics, indicating an
essential balance between the individual compounds. Other
studies proved that the extrusion freeform fabrication of
calcium phosphate scaffolds is possible, although a thermal
heating process was included [30, 31]. The material in our
study showed similar capabilities regarding the production
process without the necessity of a high temperature after
processing step.

The new chemical phases that occurred after the hard-
ening process are a result of the reaction with phosphoric
acid. Phosphoric acid reacts with 𝛽-TCP by forming new
calcium phosphate phases [11]. Due to a high precipitation
kinetic, dicalcium phosphate dihydrate (DCPD) forms at the
beginning of the process [32]. As a result of the acidic pH
finally dicalcium phosphate (DCP, monetite) is being formed
from the DCPD [11]. The increase in pH by rinsing the
scaffolds with water after hardening results in the formation
of HA. During this precipitation process sodium, from the
trisodium citrate, is incorporated into the apatite phase,
which often occurs at physiological pH [33, 34]. At the end,
𝛽-TCP is still one of the main compositions in addition to
monetite, hydroxyapatite, and sodium calcium phosphate.

The final strength of the scaffold lattice (0.9 ± 0.3MPa)
was slightly beneath that of natural spongiosa [35] but still
within the same range as other calcium phosphate scaffolds
fabricated either at low temperature or by solid free form
fabrication [36, 37].

Furthermore, this study indicated a good cytocompati-
bility of the new cement formulation in vitro. The extension
to in vivo implantation of the scaffold material into the iliac
wing of sheep has shown that the material itself is suitable

for the production of 3D scaffolds. The plotted scaffolds
also possess relevant properties for clinical applications, for
example, material handling properties and stability during
implantation.

The histological data of the implanted scaffolds showed
that the scaffolds function as a supporting framework for the
mineralized tissue, since all bone tissuemineralisationwithin
the scaffold matrix is in the direct contact with the scaffold
surface.

Interestingly, the scaffolds degraded completely and bilat-
erally in some animals, whereas in others the scaffolds
remained present. Although in aspect of age, sex, and weight
there was no significant difference between the animals, the
reason of this different degradation rate remains unclear
and needs further investigation. Nevertheless, the scaffold
implanted group performed significantly better in terms of
the amount of mineral volume and density in the defect com-
pared to the empty defect control group. These first findings
are promising; however more animal data with more time
points to evaluate scaffold degradation and bone formation
is needed including the comparison with existing bone
substitutes.

Furthermore, the production procedure of these cements
allows the potential incorporation of a release system.Adrug-
releasing polymer or microbeads could be implemented into
these scaffolds, since the described scaffold material does not
require a sintering step [37, 38].Thehardening of the scaffolds
is performed by a short immersion in phosphoric acid,
similar to other researchers using 3D powder printing [36].
Still the acid could hamper the effectiveness of incorporated
drugs or proteins. However, other researchers already showed
that drug release is possible even when a weak phosphoric
acid is directly incorporated in the mixing solution [39].
Our data show that loading of these scaffolds with PMMA
granules does not negatively influence the scaffold on either
physical or in vivo biological properties.

5. Conclusion

In the present pilot study, we developed and evaluated
novel calcium phosphate compositions for the production of
scaffolds, for critical size bone defects, at room temperature.
The in vitro and in vivo evaluation methods were used to
assess to cytocompatibility and bone conductive properties
of the material, respectively.

Our data clearly showed the potential of these cements in
the field of orthopaedic ormaxillofacial surgery, for treatment
of critical size defects or serving as a bone substitute. Still the
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design of the internal scaffold structure should be adjusted
to allow the application in loadbearing situations. For now
this scaffold material could serve as a basis for a novel
scaffold platform which allows incorporation of a secondary
component like PMMA for drug-releasing applications.
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Critical sized bone defect (CSBD) animalmodels are used to evaluate and confirm efficacy and potency of new treatmentmodalities
based on bone tissue engineering before the latter can be applied in clinical practice. In this study, a bilateral CSBD model in the
iliac wings of sheep is described in detail. To demonstrate that this is a large animal CSBDmodel in sheep, bone healing within the
defect left empty (negative control) or filled with autologous corticocancellous bone graft (clinical gold standard, positive control)
was assessed using micro-CT, histology, histomorphometric, and fluorochrome analysis. After three months, new bone into the
defect site was formed across the whole defect in the positive controls but limited to the edge of the defects in the negative controls.
Bone volume in the positive controls was statistically higher than in the negative controls, with the latter having less than 10% new
bone growth. There were no intraoperative or postoperative complications. The model described here represents a reliable and
reproducible bilateral CSBD in sheep with low morbidity that can be used for in vivo evaluation of new treatment modalities based
on bone tissue engineering.

1. Introduction

Before new treatment modalities based on bone tissue engi-
neering can be used in clinical practice, their efficacy and
potency require confirmation and evaluation in preclinical in
vivo experiments, which often requires the use of a critical
sized bone defect (CSBD) animal model [1–3]. A CSBD is
defined as the smallest bone defect in a particular bone and
species of animal, which will not heal spontaneously during
the lifetime of that animal [1, 4]. More specifically, a CSBD
has been described as a defect that has less than 10 percent
bony regeneration during the lifetime of the animal [2] or
duration of the experiment [5]. CSBDs should result in the
formation of fibrous connective tissue rather than bone when

left untreated (negative control), so that the osteogenic poten-
tial of the material being tested can be considered unequivo-
cal [2]. Furthermore, CSBDs should heal when treated appro-
priately, that is, with the current gold standard (autologous
bone graft, positive control). Any new treatment based on
bone tissue engineering has to be evaluated against these two
landmarks. Additionally, the ideal CSBD animal model cre-
ates little to no animal morbidity, has a low risk of com-
plications, can provide more than one defect per animal in
order to reduce the number of animals, can be imaged easily
with advanced imaging techniques, and is reproducible. Last
but not least, the defects should be of relevant size for neo-
vascularization to occur, since vascularization remains one of
the primary obstacles in the repair of bone defects [6, 7].
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The os ilium can be used as a model for long bone defects
because it forms by endochondral ossification [4]. Since it
contains cortical and cancellous bone, it is comparable to the
metaphyseal region of long bones.Moreover, it can be applied
as a bilateral model and does not require any internal fix-
ation to stabilize the defects, because it is not directly load
bearing. The lack of internal fixation reduces the risk of
postoperative complications and permits excellent imaging of
the defect using computed tomography (CT) analysis by
avoiding metallic artifacts. CSBDs in the os ilium (iliac wing,
iliac crest) have already been described in the goat [4, 8].
Anderson et al. used adult female Dutch milk goats, to
describe a bilateral iliac wing defect model using circular
17mm defects with a three-month endpoint [4]. They report
on histomorphometry that 13.5% of empty defects were filled
with bone originating from the rimwith loose connective tis-
sue and fatty tissue filling the remainder of the defect, whereas
defects filled with particulate autologous bone graft were
almost completely bridged [4].

There is little information available in comparing the util-
ity of goats versus sheep, and thus the choice of which small
ruminant to use will depend on personal and institutional
capabilities and on availability [9]. However, based on the
number of publications, the sheep was more often used in
orthopedic studies compared with the goat, but the CSBD in
the os ilium has not been described in the sheep to date [10,
11].Therefore, the objective of this studywas to characterize in
detail the bilateral 17mm CSBD model in the iliac wings of
sheep. To demonstrate that this is a large animal CSBDmodel
in sheep which can be used for in vivo evaluation of new
treatment modalities based on bone tissue engineering, bone
healing within the defect left empty or filled with autologous
bone graft was assessed using micro-CT, histology, histomor-
phometric, and fluorochrome analysis.

2. Materials and Methods

2.1. Animals and Treatment Randomization. Six adult female
Swiss alpine white sheep were used in this study. Their age
ranged between 2.5 and 3.5 years and their weight was 71.9 ±
2.2 kg (mean± SD).The sheepwere assessed to be healthy and
free of diseases based on clinical examination and complete
blood cell count prior to inclusion in the study. Two weeks
before the surgery the animals were moved to the research
facility for acclimatization. Group size was continuously de-
creased so that animals were housed in single stalls at the end
of the acclimatization period.The sheep remained in individ-
ual stalls for twoweeks after surgical intervention, after which
theywere group housed until euthanasia. All procedureswere
approved by the Graubünden Animal Commission and per-
formed in an approved facility in accordance with the Swiss
Animal Protection Law.

Each sheep received two CSBDs, one in each iliac wing.
All sheep had a positive and a negative control defect, ran-
domly assigned to either the right or left side for a total of 6
negative and 6 positive control defects. Negative control
defects were left empty and positive control defects were filled
with the morselized corticocancellous bone plug removed to

create the contralateral negative control defect. All sheepwere
humanely euthanized after three months by intravenous
injection of pentobarbital (0.5mL/kg; Esconarkon, Ad. Us.
Vet.).

2.2. Anesthesia and Analgesia Protocols. Standard operating
protocols for anesthesia and perioperative analgesia were
used. The procedure to create the iliac crest defects was
performed with the sheep placed under general anesthesia.
The animals were premedicated with diazepam (Valium)
0.3mg/kg intravenous (IV) and ketamine (Ketasol-100)
2mg/kg IV and general anesthesia was inducedwith propofol
(Propofol 1% Fresenius) 2mg/kg IV until the animal could be
intubated with a cuffed endotracheal tube (9.5 or 10 I.D.mm,
Rüschelit). General anesthesia was maintained with isoflu-
rane at approximately 2% in oxygen with an oxygen flow rate
of 500mL/kg/min. Spinal intrathecal anesthesia was per-
formed with the administration of 0.05mg/kg xylazine
(Rompun) at the lumbosacral space or between the second to
last and last lumbar vertebrae and a local infiltration with
lidocaine (Ultracain, 3mL) was performed over the intended
surgical site prior to incision. Postoperative carprofen
(Rimadyl) 4mg/kg subcutaneous (SC) once daily, for three
days, plus buprenorphine (Temgesic) 0.1mg/kg intramuscu-
larly (IM), three times daily for one day, and a fentanyl patch
(Fentanyl Patch Janssen, 2mcg/kg/hr) for 72 hours (effective
12–24 hours after surgery) were all started at the completion
of the surgical procedure before the sheepwas recovered from
anesthesia.

2.3. Surgical and In Vivo Procedures. Sheep were placed in
sternal recumbency with their hind legs pulled cranially. The
area from approximately lumbar vertebrae two to the tail
head and on both sides to the level of the coxofemoral
joints was clipped, prepped, and draped for sterile surgery. A
curved incision was made ventrodorsally over the cranial
aspect of one iliac crest through the skin and subcutaneous
tissue and extended down to the periosteum. Langenbeck and
Gelpi retractors were used to provide tissue retraction. The
middle gluteal muscle was sharply transected parallel to the
iliac crest and 1 cm from its attachment to the crest. The
periosteum and middle gluteal muscle were elevated to
expose the lateral surface of the iliac wing.Medially, the fascia
was sharply transected 5mm cranially and parallel to the iliac
crest and the combined iliocostalis and longissimus lum-
borum muscles were elevated from the periosteum on the
medial surface of the iliac wing using a periosteal elevator. A
2 cm wide malleable retractor was placed between the
detached iliocostalis and longissimus lumborummuscles and
the medial surface of the iliac wing to provide protection
during defect creation. A custom-made surgical jig, a 17mm
diameter coring device, and three K-wires were used to create
the defects. The surgical jig was positioned on the exposed
lateral surface of the iliac wing using three K-wires. Two
cranially located 2.0mmK-wires were placed and one central
2.5mm K-wire was placed (Figure 1). The jig was positioned
so that the cranial and ventral sides of the created defect were
surrounded by at least a 1 cm bony rim (Figure 2).The jig and
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Figure 1: (a) Photograph of the custom-made jig and the 17mm coring device used to create the defect. (b) Orientation of the jig with two
2.0mmK-wires located dorsally (top white arrows) and one 2.5mmK-wire located centrally through the coring device which is subsequently
placed through the jig (bottom white arrow).
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Figure 2: Photograph of a bone specimen from a Swiss alpine white
sheep showing the anatomical orientation (a and b) and the cranial
ventral locating screws along the iliac crest and central 17mm defect
(a).

coring device were then removed and a screw (2.4mm self-
tapping titanium; Synthes) was placed at each cranial location
along the iliac crest after removal of the 2.0mm K-wire
to act as locating screws during ex vivo defect harvesting.The
17mm coring device was rethreaded over the central 2.5mm
K-wire to help centralize the defect and the hole was drilled.
During drilling there was constant cooling of the coring
device with sterile physiologic 0.9%NaCl solution. Following
defect creation the periosteum remaining on the medial
aspect was removed using a combination of sharp transection
through the defect and elevation from the medial surface.
Additionally the area was irrigated. The medial tissues were
closed by opposing the fascia of the iliocostalis and lon-
gissimus lumborummuscles using 0 poliglecaprone 25 (Mon-
ocryl, Ethicon) in a simple interrupted or cruciate suture pat-
tern. For defects receiving autologous bone grafts the 17mm
bone core removed from the contralateral side was mor-
selized with bone rongeurs, mixed with blood from the
surgical site, and placed by stacking bone fragments into the
defect (Figure 3(b)). The lateral periosteum was removed
from the medial surface of the gluteal muscle using Met-
zenbaum scissors. Afterwards, the middle gluteal muscle and
subcutaneous tissuewere sutured over the iliac crest routinely
in layers (poliglecaprone 25; 0 Monocryl, 2-0 Monocryl,
Ethicon) followed by skin sutures or staples and an adhesive
bandage (glue-on sterile antimicrobial drapes; Ioban 2). The
same procedure was used to create an identical defect in the
contralateral iliac wing. Bandages were removed 3–5 days

postoperatively and sutures or staples were removed 14 days
postoperatively.

The sheep were checked three times a day by an experi-
enced animal caregiver for the first two postoperative weeks,
followed by twice daily until the end of the experiment. Body
weight was recorded monthly. All animals received fluo-
rochrome labelling with calcein green (10mg/kg, SC) at three
weeks, xylenol orange (90mg/kg, SC) at six weeks, and oxyte-
tracycline (30mL per animal, SC) at nine weeks after surgery
to assess the amount of bone formed at different stages
of healing. The animals were humanely euthanized by
intravenous administration of pentobarbital (0.5mL/kg;
Esconarkon, Ad. Us. Vet.) after three months. Postmortem
the soft tissues were immediately removed from the iliac crest
and the defects were cored out using a 25mm coring device
utilizing a custom made jig fixed in position using the locat-
ing screw holes placed during the original surgery. The
explanted samples were fixed in 70% ethanol for one week
prior to micro-CT scanning.

2.4. Ex Vivo Analysis

2.4.1. Micro-Computed Tomography (Micro-CT) Evaluation.
Postmortem micro-CT measurements (𝜇CT40, SCANCO
Medical AG) of the defects were performed to quantify the
volume of material in the defect. The harvested samples were
placed in a holding device filled with 70% ethanol and
securely closed. Computed tomography measurements were
performed at 70 kVp, 114 𝜇A, and isotropic resolution of
36 𝜇m. The volume of interest consisted of the entire thick-
ness and diameter (17mm) of the original defect. A threshold
of 400mgHA/cm3 was used to separate bone from bone
marrow. Mean bone volume (mm3) and mean bone density
(mgHA/cm3) for positive controls and negative controls were
determined and representative three-dimensional recon-
struction images of samples analyzed were created.

2.4.2. Histological and Histomorphometric Analysis. For his-
tological processing, samples were fixed in 70% ethanol for
approximately six weeks. The samples were then dehydrated
in an ascending alcohol series, cleared in an intermedium
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(a) (b)

Figure 3: (a) Resulting empty defect. (b) Morselized corticocancellous bone graft stacked within the defect. Note the closure at the cra-
niomedial aspect (black arrow).

(a)

∗

(b)

Figure 4: Photomicrograph of a positive control defect (a) and negative control defect (b) within the ROI (white circle). New bone growth
into the positive control defect was widespread, while new bone growth into the empty defect occurred restricted to the edge of the defect.
Dense connective tissue was the major tissue in the empty defect (∗). The sections were stained with Giemsa-eosin.

solvent (xylene) for 1–5 days, prior to infiltration with and
embedding in methyl methacrylate (MMA). The samples
were trimmedwith a band saw to remove excessMMAso that
they could be placed into a Leica 1600 saw (Leica AG). Serial
cross sections approximately 200 𝜇m thick were prepared.
Contact microradiographs of each section were taken using a
cabinet X-ray system (model 43855A, Faxitron X-ray Corpo-
ration). These radiographs were used to select representative
sections for further analysis.The selected sections were glued
to Plexiglass using cyanoacrylate, ground, and polished to a
thickness of 60–100 microns using an Exact Micro Grinding
System.

For histomorphometric analysis, sections stained with
Giemsa-eosin (GE) were digitized using a Laser Scanning
Microscope (Axiovert 200M) at an objective setting of 5X.
These images were digitally combined to recreate the entire
defect in photomicrograph form. In each photomicrograph,
a region of interest (ROI) was defined which consisted of a
17mm diameter circle drawn around the edge of the former

defect (Figure 4). Relative bone formationwithin theROIwas
assessed with the aid of histomorphometry software (KS400
version 3.0, Zeiss). Results were presented as the percent of
bone per ROI.

For qualitative evaluation of bone formation over time,
analysis with fluorochromes was performed with unstained
sections.

2.4.3. Statistical Analysis. Statistical evaluation was per-
formed using SPSS for Windows (version 18). A paired 𝑡-test
was performed to detect significant differences between treat-
ment groups. For all statistical tests 𝑃 ≤ 0.05 was considered
to be significant.

3. Results

All preoperative complete blood count results and physical
examinations were within normal ranges for healthy sheep.
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Figure 5: Representative micro-CT 3D reconstructions of positive
control defects (treated with autologous bone) (a) and negative
control defects (left empty) (b).

There were no intraoperative complications. The periosteum
was difficult to remove from the medial aspect of the ilium,
but it was accomplished in all cases using a combination of
sharp dissection and elevation. The tissue appeared to natu-
rally contact the defect surface on the medial aspect of the
ilium, but a space remained laterally. Although no tissue was
specifically apposed over the defect the graftwas stable and in
no case did it migrate or became dislodged. All sheep recov-
ered uneventfully from anesthesia and surgery. They were
able to fully weight bear on all limbs immediately after
recovery. The surgical incisions healed uneventfully. No
abnormalities were recorded during any daily health check.
Mean animal weight just prior to euthanasia was 72 ± 2.7 kg.

Representative three-dimensional reconstruction images
of samples analyzed using micro-CT are shown in Figure 5.
Mean bone volume and bone density are presented in Table 1.
Bone volume in the positive control defects was statistically
higher than in the negative control defects (𝑃 = 0.001).
Therewas no difference in bone density of newly formed bone
between positive and negative controls (𝑃 = 0.451).

GE stained sections were assessed for tissue in the defect
and for signs of bone formation and remodeling. The major
tissue in positive control samples was bone. In the center
of the defect only some dense connective tissue was present
(Figure 4(a)). The bone varied from immature bone which
was undergoing remodeling as indicated by osteons and some
osteoclasts, tomature trabecular bone. Active bone formation
was ongoing as indicated by the presence of osteoid.

The major tissue in the negative control samples was
dense connective tissue and bone formation was limited to
the edge of the defects (Figure 4(b)). Bone remodeling was
observed through the presence of some osteons and evidence
of osteoclasts (Howship’s lacunae).

Histomorphometric analysis revealed that the percentage
of bone in the defect was 22.18 ± 8.48% (mean ± SD) for the
positive control defect, which was statistically higher than in
the empty defects (9.52 ± 2.67%; 𝑃 = 0.009).

Table 1: Comparison of bone volume and bone density between the
two groups as determined by micro-CT analysis.

Group
Mean bone volume

(mm3)
(Mean ± SD)

Mean bone density
(mgHA/cm3)
(Mean ± SD)

Autograft—positive
control 520.1 ± 123.8

∗

587.3 ± 17.3

Empty—negative
control 224.3 ± 84.1

∗

576.5 ± 18.0

∗Indicates significant differences.

In the positive control defects the calcein green was
mainly visible at the outer edge of the defect. This indicates
that minor bone formation occurred during the first three
in vivo weeks. Xylenol orange was also visible at the edge of
the defects, but it was most prominent within the defect
indicating good bone formation between three and six weeks.
Oxytetracycline was prominent in the defect and was seen
towards the center of the defect. There was also evidence that
bone formation occurred after the oxytetracycline admin-
istration. In the negative control defects calcein green was
visible mainly at the outer edge of the defect. Xylenol orange
was also visible at the outer edge of the defects and to a limited
extent within the defect but was not widespread. There was
minimal bone formation after oxytetracycline administra-
tion. As bone formation into the defect was limited, the three
fluorochrome labels were in close proximity to each other
especially at the outer edge of the defect in negative control
samples (Figure 6).

4. Discussion

CSBD models have been used to assess new treatment
modalities based on bone tissue engineering intended to
repair or regenerate bone. Many different models in different
species have been described [12, 13]. The careful choice of
model will mainly depend on the research question or
intended clinical application, as well as on personal and insti-
tutional capabilities, experiences, and preferences. Neverthe-
less, there is an ethical, scientific, and economical imperative,
that all models are well defined and standardized in order to
reduce variation, and hence, reduce number of animals and
resources needed and to maximize validity of the obtained
results. This study is not meant to exclude other models
and/or methods but rather intended to provide researchers
characteristics, advantages, and limitations of this model,
which might be useful to investigate tissue engineered con-
structs in this large animal model.

The model described fulfills the main criteria of a CSBD
model as follow.

(i) When left untreated, the major tissue in the negative
control samples was dense connective tissue and bone
formation was limited to the border of the defect. For
this reason the osteogenic potential of the material
being tested can be considered unequivocal. At the 3-
month time-point there was less than 10% new bone
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Figure 6: Fluorochrome images of positive control defect (a) showing the widespread new bone growing into the defect and negative control
defect (b) showing that the fluorochromes are confined to the edges with minimal bone growth after 3 weeks. Fluorochromes were given at
three weeks (calcein green), at six weeks (xylenol orange), and at nine weeks after surgery (oxytetracycline).

in the empty defects, meeting another proposed re-
quirement of a CSBD [2, 5].

(ii) The created defects heal when treatedwith the current
gold standard (autologous bone graft). Results indi-
cate that the amount of bone in the positive controls
is greater than in the negative controls suggesting
almost complete healing of the defect.Thehistological
review of the sections indicates that the bone in the
defect was undergoing remodeling as a result of new
bone formation, eliminating the possibility that the
higher bone volume assessed in the positive controls
was simply the actual bone graft placed at surgery.

Therefore, using this model, any new treatment based on
bone tissue engineering can be evaluated against these two
landmarks to assess its efficacy and potency. Moreover, the
model has several advantages over existing large animal
models.

(i) There is the ability to create two CSBDs within the
same animal. This could reduce the number of ani-
mals required in a study, allow the comparison of two
treatments within the same animal, or allow one
defect to act as an internal control. In CSBD of long
bones, bilateral models are generally considered con-
traindicated due to humane reasons and also possible
effects on data integrity [12].

(ii) All sheep tolerated the procedure very well. No intra-
operative or postoperative complications occurred.
With adequate analgesia, as provided in this study,
sheep should be able to ambulate normally within 24
hours of the procedure.

(iii) The surgical procedure is relatively easy when atten-
tion is given to important landmarks such as the cra-
nial and ventral border of the iliac wing. From a sur-
gical point of view these anatomical locations corre-
spond to dorsal and lateral, respectively. Appropriate

retraction facilitates exposure and limits soft tissue
dissection. Using a surgical jig and a coring device the
defect creation is reproducible and of consistent size.
Products made to precisely fit the 17mm defect have
good bone contact and stability within the defect
brackets (Bergmann et al., unpublished work). The
area exposed using the technique described in this
study could potentially hold a larger defect up to
25mm as performed in cadaveric specimens, but this
would need to be evaluated in vivo.

(iv) It is an attractive model as results can be provided in
a relatively short period of time (three months). Nev-
ertheless, a longer observation period such as 6
months would be needed to determine the full extent
of healing in the empty defect.

(v) There is no concern about leakage of materials from
one site to the other as in calvarial defects, which can
have a relatively close proximity to each other and a
fluid continuum along the dura or subcutaneous tis-
sues [14].

(vi) Thismodel requires no fixation over the defect, which
reduces the risk of postoperative complications often
seen in studies of CSBD in long bones of large ani-
mals. Further, it prevents artefacts, if advanced imag-
ing such as CT scanning is intended.

Nevertheless, the following points need to be considered.

(i) The mechanical environment has been shown to
affect tissue repair [15] and mesenchymal stem cell
differentiation [16, 17]. Most published CSBD models
to assess bone regeneration by endochondral ossifi-
cation are stabilized segmental defects of long bones,
which are weight bearing. Defect site and its stabiliza-
tion will influence the local mechanical environment.
The CSBD in the os ilium is not weight bearing and
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not stabilized. This has to be carefully considered,
while the impact will depend on the intended clinical
use of the tissue engineered construct.

(ii) The os ilium contains cortical and cancellous bone
and, therefore, it is comparable to the metaphyseal
region of long bones. This difference to diaphyseal
segmental long bone defects consisting of mainly
cortical bone has to be taken into account. Compared
with drill hole defects (e.g., in the distal femur) heal-
ing of larger sized bone defects can be assessed.

(iii) In our experience taking meaningful in vivo radio-
graphs of this area is difficult due to the orientation
of the pelvis in the sheep.

(iv) The treatment material must be self-retaining within
the vertically oriented defect, which is round shaped.
Stacking pieces of corticocancellous bone graft (as in
the positive control in this study)workedwell, but this
model would not work for semiliquid or soft mate-
rials. Since the medial aspect of the defect has close
tissue coverage, it is possible that a mesh or other pro-
tective barrier could be applied to the lateral aspect of
the ilium to maintain soft products. However, this
should be evaluated in vivo.

5. Conclusions

Themodel described here represents a low morbidity, repro-
ducible bilateral critical sized bone defect in a large animal
and can be used for in vivo evaluation of new treatment mod-
alities based on bone tissue engineering which can be self-
retaining in a vertically oriented round defect.
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Objective. To examine the biocompatibility of a novel nanohydroxyapatite/poly[lactic-co-glycolic acid] (nHA/PLGA) composite
and evaluate its feasibility as a scaffold for cartilage tissue engineering. Methods. Chondrocytes of fetal rabbit were cultured with
nHA/PLGA scaffold in vitro and the cell viability was assessed byMTT assay first. Cells adhering to nHA/PLGA scaffold were then
observed by inverted microscope and scanning electron microscope (SEM). The cell cycle profile was analyzed by flow cytometry.
Results.The viability of the chondrocytes on the scaffold was not affected by nHA/PLGA comparing with the control group as it was
shown by MTT assay. Cells on the surface and in the pores of the scaffold increased in a time-dependent manner. Results obtained
from flow cytometry showed that there was no significant difference in cell cycle profiles between the coculture group and control
(𝑃 > 0.05). Conclusion. The porous nHA/PLGA composite scaffold is a biocompatible and good kind of scaffold for cartilage tissue
engineering.

1. Introduction

Large-area cartilage defect has been difficult to treat in
orthopedics for years. There are a number of ways to
repair cartilage defect at present, such as cartilage graft
repair, perichondrium or periosteum graft repair, and autol-
ogous or allogeneic chondrocytes graft repair. However,
tissue engineering is one of the hot spots and the most
promising method among others, which integrates seed cells,
scaffolds, and the construction of tissue-engineered bone.
Many scholars have been seeking suitable biomaterials for
cartilage tissue engineering and conceived various composite
materials as scaffold. Xia and his colleagues [1] investigated
whether man-made porous chitosan-gelatin complex scaf-
fold was suitable for cartilage tissue engineering in 2003.

However, in most researches, cell division, proliferation,
and migration have not been considered, and the effects
of material degradation on cell activity have also not been
investigated. Here, we introduce a new type of porous com-
posite scaffold, nano-hydroxyapatite/poly[lactic-co-glycolic
acid] (nHA/PLGA) and explore its biocompatibility with
rabbit chondrocytes through in vitro coculture experiments.

2. Materials and Methods

2.1. Main Experimental Materials, Reagents, and Equipment.
Dulbecco’s Modified Eagle Medium (DMEM) (BioWhit-
taker, Verviers, Belgium); 20% fetal bovine serum (FBS),
TRIzol Reagent, and AnnexinV-FITC/PI (Invitrogen, USA);
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Percoll separation solution, trypsin, penicillin, and strep-
tomycin (Gibco, USA); MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium (KeyGEN, Nanjing, China));
high pressure sterilizer MLS-3780 (SANYO, Japan); clean
bench VS-840 (Suzhou, China), ELIASA Model 1680 (Bio-
Rad, USA); fluorescence microscopy (Leica, Germany),
MIKRO 22R (Hettich, Germany); and flow cytometry (Beck-
man/Coulter,USA) and scanning electron microscope (TES-
CAN, Czech) were used in the present study.

2.2. Preparation of Porous nHA/PLGA Scaffolds. Low temper-
ature rapid prototyping technology [2] was used to prepare
the three-dimensional porous PLGA/n-HA composite. One
representative PLGA/n-HA composite sample was shown in
Figure 1. The sample was porous and could be cut to proper
size for the coculture experiment.

2.3. Isolation and Culture of Primary Chondrocytes from Fetal
Rabbit Articular Cartilage. Three fetal rabbits born within 10
dayswere provided by theMedical LaboratoryAnimalCenter
of the Guangdong Province for the study. The rabbits were
anesthetized to death and the cartilages were cut and rinsed
with PBS plus penicillin and streptomycin (Gibco, USA) for
3 times. The surrounding connective tissues and vessels were
removed and the cartilages were cut to 1 cubic millimeter.
The tissues were digested with 0.25% trypsin (Gibco, USA)
at 37∘C for 30min followed by the digestion with 0.2%
collagenase II (Gibco, USA) for 6 h with shaking. Cells were
collected after filtration and centrifugation and resuspended
with DMEM/F12 (BioWhittaker, Verviers, Belgium) plus 10%
FBS (Gibco, USA) and seeded at 1 × 105 permL in flasks.
Media were refreshed every 3 days and cells were passaged
when the confluence reached 80%. The third passage of
chondrocytes was used for the co-culture experiment.

2.4. Coculture of Rabbit Chondrocytes and Porous nHA/PLGA
Scaffold. Theexperiment employed control group and exper-
imental group. For control group (group A), chondrocytes
were seeded in 24-well plate alone. As for experimental
group (group B), namely, coculture of cells and the scaffold,
nHA/PLGA scaffolds were immersed in PBS for 5min first
and then placed in 24-well plate. Chondrocytes were then
seeded at 5 × 105 per well. All the plates were placed in
the 37∘C incubator supplied with 5% CO

2
. The media were

refreshed every 3 days.

2.5. Cell Viability Assay. MTT assay was used to test the cell
viability. Cells on day 1, day 3, day 5, day 7, and day 9 were
used for the assay. 50𝜇L MTT (KeyGEN, Nanjing, China)
was added per well and incubated at 37∘C for 2 h. The media
were carefully removed and 200𝜇L DMSO (Gibco, USA)
was added into each well. The absorbances were measured at
490 nm using a microplate reader (BioTek, Winooski, USA).

2.6. Imaging and Image Analysis. A microscope (Leica, Ger-
many) was used to observe the cells of group A and group
B on day 1, day 3, and day 5. Scanning electron microscopy
(SEM) was used to characterize the cell morphology on

Figure 1: Representative of the three-dimensional porous
nHA/PLGA composite sample. The scaffold is 20mm × 20mm ×
20mm in size.The porosity of the scaffold is 85%∼90% and the pore
size is between 100 and 300 microns.

the biphasic composite. The scaffolds were fixed with glu-
taraldehyde, dehydrated with gradient alcohol, and dried.
The scaffolds were then sputter-coated with gold and imaged
using an SEM (TESCAN, Czech).

2.7. Flow Cytometry Analysis. Cells in both groups were
collected after 7 days in culture for cell cycle analysis. Cell
cycles were tested using a flow cytometer (Beckman/Coulter,
USA) and the profiles were obtained by flow cytometry
analysis. Proliferation index (PI) was calculated and studied
by statistical analysis. PI = [(S + G2/M)/(G0/G1 + S +
G2/M)] × 100%.

2.8. Statistical Analysis. Statistical analysis was performed by
SPSS 17.0 with significance determined at 𝑃 < 0.05. Results
are reported as mean ± standard error.

3. Results

3.1. Parameters of the Scaffold. The porous nHA/PLGA com-
posite Scaffold is 20mm × 20mm × 20mm (Figure 1) in
size. The porosity was measured by alcohol soaking method
and average porosity was 85%∼90%. The pore size of the
scaffold was measured by scanning electron microscopy
(Sem), ranging from 100 to 300 microns (Figure 2(b)).

3.2. MTT Assay. The cell viabilities were determined by
MTT assay. As it was shown in Figure 3, no significance was
observed between group A and group B (𝑃 > 0.05) with
regard to cell proliferation capability.

3.3. Microscopy Observation. Chondrocytes in group A and
group B were imaged and analyzed by inverted micro-
scope (Figures 4(a)–4(f)). In both groups, the chondrocytes
were observed triangle-shaped, disc-shaped, and megagon-
shaped. The cells were connected by cellular processes. The
chondrocytes observed kept proliferating and differentiating
during culture.
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(a) (b)

Figure 2: SEM images of the porous PLGA/n-HA composites. (a) SEM image of the three-dimensional porous PLGA/n-HA composite (50x).
The outside diameter is around 0.6mm. (b) SEM image of the internal structure of the PLGA/n-HA composite (1000x). The pore diameter
ranges from 100 𝜇m to 300 𝜇m and the porosity reaches up to 90%.
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Figure 3: MTT assay.The absorbances were measured on day 1, day
3, day 5, day 7, and day 9. The absorbance of group A and group B
increased in a similar pattern.

3.4. Scanning Electron Microscopy (SEM). The images of
chondrocytes grown on the scaffold were shown in Figure 5.
Chondrocytes on the scaffold showed good extension capa-
bility andwere fusiform-shaped.The cells increased in a time-
dependent manner and gradually fused.

3.5. Cell Cycle Profiles. After 7 days in co-culture, chondro-
cytes in both groups were in normal shape and no abnormal
diploid cell was observed. nHA/PLGA scaffold had little
influence on cell growth. As it was shown in Table 1, no
significancewas observed between the two groups (𝑃 > 0.05).

4. Discussion

4.1. Chondrocyte. Tissue engineering has been the focus of
research for long bone and cartilage defect repair in recent
years. As the scaffolds are very important for tissue engi-
neering, biocompatibility test must be carried out before use.
Biocompatibility test mainly includes cell viability test, cell

Table 1: Cell cycle analysis of coculture group and control (𝑥 ± 𝑠;
𝑛 = 10, %).

Group G0/G1 S G2/M PI
A 80.11 ± 5.71 12.04 ± 4.50 7.85 ± 2.15 19.89 ± 6.03

B 79.56 ± 5.63
∗

12.37 ± 4.29
∗

8.07 ± 2.02
∗

20.44 ± 5.88
∗

∗

𝑃 > 0.05, control group A, PI: proliferation index.

proliferation, and growth test on the materials [3]. Chondro-
cytes have been used as the seed cells for tissue engineering
[4, 5]; however, dedifferentiation of chondrocytes cultured in
vitro limited the use of passaged chondrocytes for tissue engi-
neering [6]. Liu and his colleagues found that chondrocytes
could grow well within three generations andmaintain stable
biological characters in vitro [7]. Therefore, chondrocytes of
fetal rabbit limb joints within three generations were used in
this experiment.

4.2. Preparation and Characteristics of nHA/PLGA Scaffolds.
Hydroxyapatite (HA) is the most common type of bioactive
materials. It is one of the inorganic compositions of human
bone tissue and has good biocompatibility and bone con-
ductibility [8]. In recent years, nanohydroxyapatite material
began to be widely used in the field of tissue engineering
[9], especially when it is mixed with organic compound
to generate composite scaffold [10]. Polylactic-co-glycolic
acid (PLGA) is currently the most used scaffold in tissue
engineering, as it has good biocompatibility and controllable
biodegradability. Moreover, the degraded products can be
metabolized [11–13]. The nHA/PLGA scaffold material of
this research is different from any other single material. It
is composed of nHA and PLGA via computer-aided rapid
prototyping technology and freeze-drying compound. Thus,
it has the characteristics of the two kinds of materials. (1)
It is more advantageous for extracellular matrix protein
adhesion and interaction due to the nanostructure ofmaterial
[14]. It is able to guide tissue cells to grow [15], and the
biodegradability increases as the result of the increase of
surface area [16]. (2) It can meet the mechanical strength
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(a) (b) (c)

(d) (e) (f)

Figure 4: Microscopic images of cells of control group A and experimental group B at different time points (100x). After 1 day in culture, cell
density in group A (a) and group B (b) was low. The cells were observed triangle-shaped, disc-shaped, and megagon-shaped. After 3 days in
culture, the cells in group A (c) and group B (d) were observed to connect by cellular processes. After 5 days in culture, cells in group A (f)
and group B (e) increased and completely covered the surface of the composite.

(a) SEM×1000 (b) SEM×2000

(c) SEM×5000 (d) SEM×1000

Figure 5: SEM images of the cocultured porous PLGA/n-HA composites with chondrocytes. (a) The chondrocytes were seeded on the
composite and after 1 day in culture, cells were observed to adhere to the composite (1000x). (b) Cell processes were seen extending from the
pores after 3 days in coculture (2000x). (c) Cells adhering to the composite increased after 3 days in coculture and connected with each other
by processes (5000x). (d) The surfaces of the composite were fully covered by cells after 5 days in co-culture (1000x).
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of implant materials because of its higher toughness. (3)
PLGA degradation products can be neutralized to some
extent by nHA, thus preventing the aseptic inflammation
effectively. It can also accelerate the degradation of the
scaffold. (4) Its composition, shape, microstructure, and
mechanical properties can be predicted in advance and it
can be made to meet the clinical needs in the process of
scaffold production. If porous nHA/PLGA composites with
different nHA/PLGA ratios can be synthesized and different
biomechanical scaffolds can be produced, not only cartilage
defects but also large weight-bearing bone defect might be
repaired. Li used nHA/CS composite with chondrocytes to
repair rabbit articular cartilage and subchondral bone defect
with good outcomes [17].

In addition, a good scaffold should have not only good
biocompatibility, but also proper pore size and porosity [18].
Studies show that 200 to 350 microns are suitable for cell
invasion [19] and is conductive to cell growth. For nano fiber
mesh connection, it could promote infiltration of oxygen
and nutrition of the body fluid inside the scaffold, which is
vital to the successful repair of defects. The pore size of our
nHA/PLGA porous scaffold is about 100–300 microns and
the porosity is of 85%∼90%, which is in full compliance with
all kinds of cells.

4.3. Forecast. The interaction of scaffold and microenviron-
ment cannot be explored in this experiment, as chondrocytes
and scaffold were cocultured in vitro. In vitro culture system
cannot completely simulate biological environment in the
body, so animal experiments are needed for further in
vivo verification. In addition, as more and more new types
and suitable tissue engineering scaffolds arise for clinical
applications and with the progress of the scaffold technology,
tissue engineering may eventually benefit the patients.

5. Conclusion

The present study investigated the feasibility of nHA/PLGA
being a biocompatible scaffold by cell viability test, micro-
scope and SEM observation, and flow cytometry analysis of
the cell cycle. MTT assay tested cell activity, which showed
the scaffold itself had no effect on cartilage cell proliferation.
Inverted microscope and SEM observation showed cell mor-
phology at different periods of culture. With the extension
of incubation time, the chondrocytes could normally adhere
to the stent surface and rapidly proliferate. Flow cytometry
analysis found that the scaffold had no effect on cell cycle. No
abnormal diploid cell was found; thus, the scaffold materials
have no tumorigenicity. In general, the nHA/PLGA porous
scaffolds used in this experimental study have no adverse
effects on cartilage cell adhesion, growth, proliferation, and
differentiation. Therefore, the nHA/PLGA porous scaffold is
with good cell compatibility and a good kind of cartilage
tissue engineering scaffold.
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Ultrasound stimulation produces significant multifunctional effects that are directly relevant to alveolar bone formation, which is
necessary for periodontal healing and regeneration.We focused to find out effects of specific duty cycles and the percentage of time
that ultrasound is being generated over one on/off pulse period, under ultrasound stimulation. Low-intensity pulsed ultrasound
((LIPUS) 1MHz)with duty cycles of 20% and 50%was used in this study, and human alveolar bone-derivedmesenchymal stem cells
(hABMSCs)were treatedwith an intensity of 50mW/cm2 and exposure time of 10min/day. hABMSCs exposed at duty cycles of 20%
and 50% had similar cell viability (O.D.), which was higher (∗𝑃 < 0.05) than that of control cells. The alkaline phosphatase (ALP)
was significantly enhanced at 1 week with LIPUS treatment in osteogenic cultures as compared to control. Gene expressions showed
significantly higher expression levels of CD29, CD44, COL1, and OCN in the hABMSCs under LIPUS treatment when compared
to control after two weeks of treatment. The effects were partially controlled by LIPUS treatment, indicating that modulation
of osteogenesis in hABMSCs was related to the specific stimulation. Furthermore, mineralized nodule formation was markedly
increased after LIPUS treatment than that seen in untreated cells. Through simple staining methods such as Alizarin red and von
Kossa staining, calcium deposits generated their highest levels at about 3weeks.These results suggest that LIPUS could enhance the
cell viability and osteogenic differentiation of hABMSCs, and could be part of effective treatment methods for clinical applications.

1. Introduction

Many research studies have been conducted on cell pro-
liferation and differentiation using ultrasound stimulators,
as well as the development of therapeutic applications.
In addition, commercially available clinical products using
this technology have already been released. Ultrasound
stimulation is acoustic energy at frequencies above the limit
of human hearing. It is a form of mechanical energy that

can be conducted into the body as high-frequency acousti-
cal waves. The micromechanical strains produced by these
pressure waves in body tissue can result in biochemical events
at the cellular level [1–3].

In vitro studies have suggested that LIPUS treatment
produces significant multifunctional effects that are directly
relevant to bone formation and resorption. Clinical inves-
tigations involving LIPUS have shown successful healing
of delayed unions and nonunions. LIPUS has been widely
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found to stimulate fracture healing in animal models and
in clinical treatments [4, 5]. LIPUS has also been reported
to accelerate bone maturation in distraction osteogenesis
cases in animal models [6, 7] and in clinical treatments
[8, 9]. LIPUS may induce a micromechanical stimulation of
the bone and induce osteogenesis, according to Wolff ’s Law
[10]. In particular, the differential absorption of LIPUS may
establish a gradient of mechanical strain in the healing callus
that stimulates periosteal bone formation [11, 12].

However, the exact use of ultrasound stimulators has been
controversial due to side effects related to proper intensities
or time, as well as other parameter choices such as duty
cycle. Thus, we sought to provide further guidance to the
use of LIPUS by evaluating the effects of duty cycles of
20% and 50% during 10min per day. Our research team has
already investigated and reported on the effects of LIPUS on
proliferation and differentiation of hABMSCs across a range
of intensities of ultrasonic power [13]. We ascertained that
LIPUS treatment was effective in promoting the proliferation
and osteogenic differentiation of hABMSCs.

However, these and other preliminary findings regarding
LIPUS did not investigate the effects of changes in the
duty cycle of the ultrasound stimulators. The role of the
duty cycle is particularly important because of the method
delivered to tissues during peak operation times. There
are no previous studies investigating the effects of the low
duty cycle condition of the LIPUS treatment on the cell
growth and differentiation of hABMSCs. In addition, despite
its pronounced effects during the osteogenesis process, the
underlying mechanism of LIPUS remains unclear.

Thus, this study examines the effects of LIPUS treatments
with differing pulsed duty cycles on in vitro cell growth
and osteogenic differentiation of hABMSCs. The aim of this
study was to investigate the effects of LIPUS (with duty
cycles of 20% and 50%) on proliferation and differentiation
of hABMSCs for tooth tissue engineering.

2. Materials and Methods

2.1. Cell Culture. hABMSCs were taken from the Intellectual
Biointerface Engineering Center, Dental Research Institute,
College of Dentistry, and Seoul National University. The
cells were cultured in alpha-minimum essential medium ((𝛼-
MEM) Welgene Inc., Korea) supplemented with 10% fetal
bovine serum ((FBS)Welgene Inc., Korea), 10mML-ascorbic
acids (Sigma, USA), and antibiotics (10,000U/mL penicillin,
10mg/mL streptomycin, and 25 ug/mL amphotericin B).
hABMSCs were placed in 100mm culture dishes at a density
of 3.0 × 104 cells/cm2. Cells were maintained in a humidified
incubator at 37∘C and 5% CO

2
. Medium was replaced every

2-3 days. After reaching more than 70% confluence, the
cells were cultured for about 2-3 weeks in induction media
for osteogenic differentiation, which was prepared with 𝛼-
MEM, 10mM L-ascorbic acids, 10% FBS, antibiotics, 10mM
𝛽-glycerophosphate, and 100 nM dexamethasone (Sigma,
USA). Osteogenic medium was changed once every 2-3 days.
Passage 3–5 cells were used for our studies.

2.2. LIPUS Treatment. hABMSCs were placed into 35mm
culture dishes at an initial density 1× 104 cells/well.We carried
out with three group conditions as follows: (1) control group
(osteogenic differentiation media without LIPUS treatment),
(2) osteogenic differentiation media with LIPUS treatment at
a 20% duty cycle for 10min once a day, and (3) osteogenic
differentiation media with LIPUS treatment at a 50% duty
cycle for 10min once a day (Figure 1). The hABMSCs were
treated with pulsed ultrasound at 1MHz at duty cycles of 20%
and 50% at low intensity of 50mW/cm2. The transducer was
sterilized in 70% ethanol. A culture plate was placed above
the transducer, and coupling gel (Choongwae Pharma Co.,
Korea) was covered on the transducer.

2.3. Cell Viability, DNA Proliferation, In Vitro Migration,
and FE-SEM Morphological Analysis. The cell growth of
hABMSCs was measured by WST-1 assay (EZ-Cytox Cell
Viability Assay Kit, Daeillab Service Co., Ltd.) as manufac-
ture’s protocols. The formazan dye produced by viable cells
was quantified by a multiwell spectrophotometer (Victor 3,
Perkin Elmer, USA), measuring the absorbance of the dye
solution at 460 nm. DNA concentration was quantified by
fluorometry using theCyQUANTCell ProliferationAssayKit
(Invitrogen) and the 𝜆 DNA standard (Invitrogen). The cell
proliferation was measured using a Cytofluor II fluorescence
multiwell plate reader with excitation of 485 nm and emission
of 530 nm according to the instructions of the manufacturer.
hABMSCs were cultured with or without LIPUS, and cell
morphology was observed by phase contrast microscopy
(Nikon TS100, Japan). In vitro cell migration was assessed by
CytoSelectWoundHealing Assay as manufacture’s protocols.
Wound closure was measured by microscopy for up to 72 h,
and photographswere taken. hABMSCswere stimulatedwith
exposure to LIPUS for 72 h except for the control (without
stimulation group). Cell morphologies of hABMSCs were
observed by a field-emission scanning electron microscope
((FESEM) JEOL, JSM-5410LV) at 2 kV accelerating voltage.

2.4.Measurement ofMineralized Nodule Formation. Alkaline
phosphatase (ALP) activity of the cell layer was quantified
spectrophotometrically according to the instructions of the
Sensolyte ALP Assay kit (AnaSpec, USA). After centrifu-
gation at 2500×g for 10min at 4∘C, enzyme activity was
calculated by measuring the yellow p-nitrophenol product
formed at 405 nm. The cells exposed at induction treatment
were exposed to LIPUS for 2-3 weeks (10min duration/day)
except for control. Condition and nodule formation were
checked routinely by phase contrast microscopy. Alizarin
red is a common histochemical technique used to detect
calcium deposits in mineralized tissues and cultures. Briefly,
the ethanol-fixed cells and matrix were stained for 1 h
with 40mM Alizarin red-S (pH 4.2) and extensively rinsed
with water. After photography, the bound stain was eluted
with 10% (wt/vol) cetylpyridinium chloride, and Alizarin
red-S in samples was quantified by measuring absorbance
at 544 nm. Vitamin C, 𝛽-glycerophosphate, Alizarin red-S,
and cetylpyridinium chloride were obtained from Sigma-
Aldrich (St. Louis, MO, USA). hABMSCs were also cultured
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Figure 1: Schematic diagram of LIPUS treatment (frequency: 1MHz, intensity: 50mW/cm2, exposure time: 10min/day, and duty cycle: 20%
or 50%), as compared to static culture as control.

in osteogenic medium for 2-3 weeks in order to investigate
assessment of mineralization using von Kossa staining, with
and without LIPUS. Cells were fixed with 4% (wt/vol)
formaldehyde in PBS during 15min. And, the cells were
incubated in 5% (wt/vol) silver nitrate (Sigma-Aldrich, USA)
for 1 hour on the UV light condition, followed by incubation
in 5% (wt/vol) sodium thiosulfate (Sigma-Aldrich, USA) for

5min. The wells were finally rinsed with DW twice by air-
dried, and captured, mineralization images using an optical
microscope.

2.5. Reverse Transcriptase: Polymerase Chain Reaction Analy-
sis. RT-PCR was used to measure the expression of various
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Figure 2: Representative immunocytochemistry images of hABMSCs. Fluorescence images of hABMSCs showed cell nuclei (A1), actin
filaments (B1), Stro-1 (C1), and merged images (D1) of the fluorescence stains (a). Fluorescence images of hABMSCs showed cell nuclei
(A2), actin filaments (B2), CD146 (C2), and merged images (D2) of the fluorescence stains (b) as MSC markers.

osteogenic factors. After 10 days in OSS culture, total RNA
was isolated with TRIzol reagent (Invitrogen) and used to
synthesize cDNA using a first-strand cDNA synthesis kit
(Invitrogen) according to the instructions of the manufac-
turer. The human primers used in this study are listed in
Table 1. RNA was extracted from the cell cultures at 14 days
after the addition of differentiation media. These extracts
were subjected to RT-PCR analysis with CD29, CD44, COL1,
OCN, andGAPDHas the positive control.The products were
separated by electrophoresis on a 1% agarose gel (SeaKem
ME; FMCBioproducts) and visualized by ultraviolet-induced
fluorescence. Each band was normalized to a housekeeping
gene expressed in the same amount in the different samples.
Expression levels of gene areas were measured using ImageJ
1.45s (National Institutes of Health).

2.6. Confocal Microscopy and Immunohistochemistry. The
cells were washed in phosphate buffered saline ((PBS) Sigma-
Aldrich, Milwaukee, WI, USA), fixed in a 4% paraformalde-
hyde solution (Sigma-Aldrich, Milwaukee, WI, USA) for
20min, and permeabilized with 0.2% Triton X-100 (Sigma-
Aldrich, Milwaukee, WI, USA) for 15min. Cells were incu-
bated with TRITC conjugated phalloidin, antiosteocalcin,
its secondary antibody (Cat. no. AB10911, Millipore), and
DAPI (Millipore, Billerica, MA, USA) according to the man-
ufacture’s protocol. Cytoskeleton organization was visualized
using an actin cytoskeleton and focal adhesion staining
kit (FAK100; Millipore, Billerica, MA) according to the
manufacturer’s instruction. In addition, stem cell surface

markers ofmesenchymal stem cells were captured using Stro-
1 (Santa Cruz Biotechnology, USA) and CD146 (BD Bio-
science, USA) according to the manufacturer’s instruction.
Cells were mounted in glycerol/buffer on a glass slide after
extensive washing with PBS. Images of labeled cells were
obtained by a Confocal Laser Scanning Microscope (Carl
Zeiss, LSM710) and histogram was extracted usingMATLAB
(R2013a, Mathworks, USA) to investigate the diverse cellular
dynamics labeled with fluorescent indicators.

2.7. Statistical Analysis. Statistical analysis was carried out
using the SAS Statistical Analysis System for Windows v8.2
(SAS Institute, Inc., Cary, NC, USA). Statistical significance
between control and treatment groups was compared with
two-way ANOVA and Duncan’s multiple range tests at ∗𝑃 <
0.05. The data were reported as the mean ± standard devia-
tion.

3. Results

3.1. Immunocytochemistry Analysis of hABMSCs for Stem
Cell Markers. For investigating stem cell characteristics, we
measured the cell morphologies of hABMSCs via immuno-
cytochemistry and analyzed positive markers. Representative
immunocytochemistry images of hABMSCs are shown in
Figure 2(a). Fluorescence images of hABMSCs show cell
nuclei (A1), actin filaments (B1), Stro-1 (C1), and merged
images (D1) of the fluorescence stains (Figure 2(b)). Flu-
orescence images of hABMSCs showed cell nuclei (A2),
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Figure 3: Representative optical microscopic images of hABMSCs stimulated for 4 days in static condition (A), at 20% duty cycle (B), and at
50% duty cycle (C) under LIPUS treatment (a). Representative FE-SEMmorphologies of hABMSCs stimulated for 7 days in static condition
(A), at 20% duty cycle (B), and 50% duty cycle (C) under LIPUS treatment (b). FE-SEM images showed more lining up observation at
stimulation groups compared to control group (arrows: cell direction). Cell metabolic viability as optical density of hABMSCs measured
using WST-1 (c). Overhead brackets with asterisks indicate significant difference between groups.

actin filaments (B2), CD146 (C2), and merged images (D2)
of the fluorescence stains as MSC markers. Based on the
immunocytochemistry analysis, the hABMSCs to be used for
the study showed characteristics of mesenchymal stem cells.

3.2. Cell Morphology, Cell Viability, and FE-SEM Morpholog-
ical Analysis. We obtained representative morphologies of
hABMSCs for 4 days in static condition (A), at 20% duty
cycle under LIPUS (B), and at 50% duty cycle under LIPUS
(C) (Figure 3(a)). As shown in the cell images, cells under

20% duty cycle LIPUS for 10min/day, compared to those in
the static culture, had much higher (∗𝑃 < 0.05) cell density.
In addition, Figure 3(b) shows representative FE-SEM cell
shapemorphologies of hABMSCs cultured for 7 days in static
condition (A) at 20% duty cycle under LIPUS (B), and at
50% duty cycle under LIPUS (C) (b). Cell metabolic viability
was measured as optical density of hABMSCs using WST-1
(Figure 3(c)).This value indicated notmuch higher than con-
trol group. In addition, we evaluated the difference between
the presence (+) or absence (−) of FBS in culture media
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Table 1: Primers used for RT-PCR.

Gene Accession number Primer sequence Predicted size (bp)

CD29 NM 002211 5
-AATGAAGGGCGTGTTGGTAG-3
5
-CGTTGCTGGCTTCACAAGTA-3 337

CD44 X55938 5
-ACCGACCTTCCCACTTCACAG-3
5
-GCACTACACCCCAATCTTCAT-3 168–200

Col-I NM 000088 5
-CTGGCAAAGAAGGCGGCAAA-3
5
-CTCACCACGATCACCCACTCT-3 503

OCN X53698.1 5
-CATGAGAGCCCTCACACTC-3
5
-AGAGCGACACCCTAGACCG-3 315

GAPDH AF017079 5
-GGGCATGAACCATGAGAAGT-3
5
-CCCCAGCATCAAAGGTAGAA-3 497
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Figure 4: DNA concentration as percent of initial of hABMSCs
measured using CyQUANTCell Proliferation Assay Kit (D) (𝑛 = 3).

on effects of LIPUS (Figure S1; see Supplementary Mate-
rial available online at http://dx.doi.org/10.1155/2013/269724).
Figure S1 shows representative optical microscopic images
of hABMSCs stimulated for 4 days as follows: Figure S1(A)
is FBS (+) proliferation media with cells in static condition
(a), at 20% duty cycle under LIPUS (b), and at 50% duty
cycle under LIPUS (c). Figure S1(B) is FBS (−) media with
cells in static condition (a), at 20% duty cycle under LIPUS
(b), and at 50% duty cycle under LIPUS (c). Cell metabolic
viability as optical density of hABMSCs between FBS (+) and
FBS (−) groups was measured using WST-1 (Figure S1(C)).
This showed that LIPUS treatment of ABMSCs has a limit to
cell growth, migration, and differentiation under the FBS (−)
condition. Our initial expectation was that the cells would be
grown and confluent in culture dishes receiving the LIPUS
treatment without the addition of FBS (−). Based on these
results, we can conclude that the LIPUS treatment supports
cell growth or at least give synergic effects to cells.

3.3. Cell Proliferation and In Vitro Migration. The prolifera-
tion of cells stimulated at 20% duty cycle LIPUS increased by
10% compared to the control (∗𝑃 < 0.05). As a consequence,

both cell viability and cell proliferation were significant at
duty cycle of 20% during 10min/day LIPUS. Results of
an in vitro migration assay of hABMSCs are shown in
Figure 4. In vitro cell migration, shown as representative
optical microscopic images of the LIPUS group compared
to the static culture, shows the stimulation group exposed at
20% duty cycle LIPUS for 10min/day as significantly different
(∗𝑃 < 0.05) among groups (Figure 5). Exposing hABMSCs
to LIPUS forces reveals signs of increased metabolic activity
such as ion transportation, fibroblast migration, protein
synthesis, and others. One interesting result from our study
is that the cells in the lower duty cycle group were more
proliferated and differentiated than those in the other groups.
Figure S2(A) shows in vitro cell migration as representative
optical microscopic images with FBS (+) group under LIPUS
treatment compared to the static culture.This showed that the
cell migration of LIPUS group exposed at 20% duty cycle was
faster than 50% duty cycle group (B). Figure S2(B) indicated
in vitro cell migration as representative optical microscopic
images with FBS (−) group under LIPUS treatment compared
to static culture. LIPUS treatment with absence (−) of FBS
in osteogenic media was ineffective on cell growth and
migration. Based on the result, we could ascertain that LIPUS
treatment had a synergy effect on cell proliferation and
migration when exposing presence of FBS in culture media.

3.4. Gene Expression of Osteoblastic Differentiation Markers.
The expression of genes associated with osteoblastic differ-
entiation was examined using RT-PCR to investigate the
effect of LIPUS on gene expression. Figure 6(a) shows RT-
PCR analysis of the static and stimulated cell cultures after
a 2-week period. Expression levels (Figure 6(b)) of CD29
(A), CD44 (B), COL1 (C), and OCN (D) at 2 weeks were
significantly higher in LIPUS treatment. Stimulation groups
exposed during 10min/day at 20% duty cycle (for CD44) or
50% duty cycle (for OCN) were significantly different (∗𝑃 <
0.05) between the groups. Expression levels were measured
using ImageJ 1.45s. As a result of these increases in expression,
we can say that LIPUS is affiliatedwithmechanotransduction.

3.5. Enhanced Osteogenic Differentiation of hABMSCs via
LIPUS. We investigated the ALP activity of hABMSCs stim-
ulated with LIPUS for 7 days. LIPUS groups exposed during
10min/day at 20% or 50% duty cycle showed significant
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Figure 5: In vitro cell migration as representative optical microscopic images of LIPUS group compared to the static culture (a), indicating
that the stimulation group exposed at 20% duty cycle LIPUS for 10min/day was significantly different (∗𝑃 < 0.05) among groups (b) (𝑛 = 3).

differences between groups (Figure 7). An early osteoblas-
tic marker has relevance to the gene expression of other
osteoblastic differentiation markers. Figures 8(a)–8(c) show
representative images of hABMSCs after Alizarin red and
von Kossa staining treatment in static condition (a), at 20%
duty cycle under LIPUS (b), and at 50% duty cycle under
LIPUS (c) at 2-3 weeks after the addition of differentiation

media. Staining in the LIPUS group with 20% duty cycle
was much more intense compared to the control, while the
50% duty cycle group was a bit generated. Figure 8(d) shows
representative optical microscopic images of hABMSCs after
Alizarin red staining of cells in static condition (a) at 20%
duty cycle under LIPUS (b) and at 50% duty cycle under
LIPUS (c) at 2-3 weeks. Staining in the LIPUS group at
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Figure 6: RT-PCR analysis of cell cultures between LIPUS treatment and static culture for 2 weeks. Expression of genes associated with the
osteoblastic differentiation was examined using real time PCR to investigate the effect of LIPUS treatment on gene expression (a). Expression
levels (b) of CD29 (A), CD44 (B), COL1 (C), and OCN (D) at 2 weeks were significantly higher in LIPUS treatment. Stimulation groups
exposed during 10min/day at 20% duty cycle (in CD44) or 50% duty cycle (in OCN) were significantly different (∗𝑃 < 0.05) among groups.
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Figure 7: ALP activity cultured in different types of hABMSCs
stimulated with LIPUS for 1 week. LIPUS groups exposed during
10min/day at 20% or 50% duty cycle were significantly different
(∗𝑃 < 0.05) among groups (𝑛 = 3).

20% duty cycle was more intense than the static group.
hABMSCs cultured with LIPUS under conditioned media
showed increased calcium contents. Mineralization of von
Kossa staining is shown in Figure 8(e). The short-pulsed
duty cycle group was interestingly increased compared to the
longer duty cycle group. Representative imagesware shown in
Figures 8(d) and 8(e). The LIPUS group exposed at 20% duty
cycle was significantly different (∗𝑃 < 0.05) than either of the
other groups. This result shows that optimal LIPUS with the
proper intensity, duty cycle, and time could enhance the in
vitro growth and osteogenic differentiation of hABMSCs.

3.6. Fluorescence Microscopy Analysis. Representative optical
fluorescence microscopy images (Figure 9(a)) of hABMSCs
cultured for 7 days in static conditions (A) or LIPUS induc-
tion at 20% duty cycle (B) or 50% duty cycle (C) after the
addition of differentiation media: cell nuclei, actin filaments,
osteocalcin and merged images of the fluorescence stains.
Fluorescence images showed more lining-up observation at
stimulation groups compared to control group (arrows: cell
motion). Actin and vinculin were imaged to investigate pos-
sible rearrangements, reorientations, or both of cytoskeleton
elements in hABMSCs exposed to LIPUS. Overall, actin
microfilaments and vinculin intermediate filament structures
were somewhat changed under LIPUS treatment. Figure 9(b)
shows representative confocal laser microscopy images of
hABMSCs cultured for 7 days in static conditions (A)
or LIPUS induction at 20% duty cycle (B) or 50% duty
cycle (C) after the addition of differentiation media: cell
nuclei, actin filaments, osteocalcin, and merged images of
the fluorescence stains. Confocal laser microscopy images
showed more intense observations in the LIPUS induction
groups compared to the control group. Signal transduction
via LIPUS ultimately could enhance adhesion molecules
and then finally enhance osteogenesis. The results suggest
that the LIPUS enhances the osteogenic differentiation and

maturation of hABMSCs. Figure 9(c) indicates relationship
histogram of brightness level in florescence cell image treated
by LIPUS induction. According to histogram of brightness,
we could ascertain that LIPUS treatment had more intense
rather than that of control.

4. Discussion

In this study, we investigated in vitro effects of LIPUS on
the growth and osteogenic differentiation of hABMSCs for
tooth tissue engineering. In particular, we found out effects of
duty cycle of ultrasound, which could be delivered to tissues.
Therefore, LIPUS which was 20% and 50% duty cycles during
10min per day was induced.

LIPUS is a form of physical energy that can be delivered
into living tissue as acoustic intensity waves. Radical changes
in density inherent in a healing tissue may well establish
the gradients of physical strain [14]. Further, absorption of
the ultrasound signal also results in energy conversion to
heat [15, 16]. Though this thermal effect is extremely small
for low frequency ultrasonic waves, well below 1∘C, some
enzymes, such as matrix metalloproteinase-1 or collagenase,
are exquisitely sensitive to small variations of temperature
[15–17]. Therefore, ultrasound may serve to e-establish or
normalize effective metabolic temperatures in tissue-healing
regions [15, 18]. Furthermore, incident radiation energy will
be reflected at interfaces of distinct densities, resulting in
complex gradients of acoustic pressure through the tissue
[19]. The physical force produced by these intensity waves
in living tissue can result in chemical events at the cellular
level [20–22].Thismay be generated through several possible
mechanisms. The compression of microbubbles and acoustic
streaming could have a direct effect on cell membrane
permeability [23, 24]. Moreover, physical pressure exposed
to LIPUS at the cell surface affected activation of cation
channels [25]. The LIPUS also may influence the attachment
of the cytoskeleton to the extracellular matrix [26]. In our
study, actin and vinculin were captured to find out possi-
ble rearrangements, reorientations, or both of cytoskeleton
elements in hABMSCs exposed to LIPUS. Namely, Actin
microfilaments and vinculin intermediate filament structures
were rearranged under LIPUS treatment.

In this report, we evaluated whether LIPUS exposure
with various duty cycles initiates osteogenic differentiation
in hABMSCs. Physical force serves as an extracellular signal
to a variety of cells, including bone cells. Several researchers
have found an increase in cellular proliferation [27–30], and
the production of prostaglandin E2 [31, 32] after invocations
of various types of biophysical stimulation of bone cells.
Several studies have showed that ultrasound stimulation
leads to enhancement in protein synthesis [33, 34] and
collagen synthesis [35]. In vitro studies have demonstrated
increased chondrogenesis by increased aggrecan expression
[36] after treatment with LIPUS.Wang et al. [37] showed that
ultrasound stimulation led to increased vascular endothelial
growth factor mRNA and protein levels in human osteoblast
cells. Our result indicated that LIPUS increased osteogenic
differentiation as well as proliferation and migration of
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Figure 8: Representative images of hABMSCs after Alizarin red and von Kossa staining treatment in static condition (a), at 20% duty cycle
(b), and at 50% duty cycle under LIPUS treatment (c) at 2-3 weeks after the addition of osteogenic differentiation media. Representative
optical microscopic images of hABMSCs after Alizarin red staining treatment in static condition (A), at 20% duty cycle under LIPUS (B), and
at 50% duty cycle under LIPUS (C) at 2-3 weeks were indicated (d). Mineralization images of von Kossa staining are shown in Figure 8(e).
The short-pulsed duty cycle group was interestingly increased compared to the longer duty cycle group. Representative images were shown in
Figures 8(d) and 8(e). Figure 8(f) shows the optical density value of a mineralized nodule (absorbance of 562 nm) measured after destaining
treatment.
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Figure 9: Continued.
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Figure 9: (a) Representative confocal lasermicroscopy images of hABMSCs cultured for 7 days in static conditions (A) or LIPUS induction at
20% duty cycle (B) or 50% duty cycle (C) after the addition of differentiation media: cell nuclei (blue), actin filaments (red), vinculin (green),
and merged images of the fluorescence stains. Confocal laser microscopy images showed more intense observation in the LIPUS group
compared to the control group. (b) Representative confocal laser microscopy images of hABMSCs cultured for 7 days in static conditions (A)
or LIPUS induction at 20% duty cycle (B), or 50% duty cycle (C) after the addition of differentiation media: cell nuclei (blue), actin filaments
(red), osteocalcin (green), andmerged images of the fluorescence stains. Confocal laser microscopy images showedmore intense observation
in the LIPUS group compared to the control group. (c) Brightness level of vinculin (A) and osteocalcin (B) in florescence cell image treated
by LIPUS induction.

hABMSCs, which is consistent with previous studies. Inter-
estingly, migration and osteogenic differentiation were influ-
enced by change of LIPUS duty cycle. The finding that duty
cycle can influence proliferation and differentiation was not
reported yet. Hence, as a future work, combining a variety of
duty cycle and duration can be meaningful.

Dental implants are extremely useful for the restoration
of oral function, including mastication, as well as for the
aesthetic improvement in patients with tooth loss [38].
However, the success rate of implant is relatively low for
the patients with poor quantity and quality of alveolar bone
and with some diseases like osteoporosis. In the meantime,
there is also an increasing need for shorter rehabilitation
time in order to alleviate the inconvenience for patients
[39]. Therefore, seeking an easy and effective method to
improve and enhance the osseointegration of dental implants
is necessary for dental clinicians and researchers. Some
researchers have demonstrated that ultrasound stimulation
increased surface expression of integrins in osteoblasts and
that long-term stimulation also enhanced osteoblastic differ-
entiation and inhibited osteoclastogenesis [40]. One study
indicates that the cell population was increased significantly
when osteoblasts were treated with ultrasound [41]. In the
same manner, our study showed that ultrasound stimulation
can enhance proliferation, migration, and differentiation
of hABMSCs. In our previous study, proper ultrasound
stimulation enhanced the proliferation of hABMSCs [13]. Yet,
the study did not show how ultrasound stimulation affected
on the migration and differentiation of hABMSCs. Hence,
this study can be beneficial to dental regeneration.

The underlying mechanism of the mechanotransduction
pathway involved in cellular responses to LIPUS is largely
unknown. It has been demonstrated that LIPUS exposure
increased cyclooxygenase-2 mRNA expression which leads
to an increase in PGE2 (prostaglandin E2) and plays an
essential role in the osseointegration of dental implants [42–
44]. Another research showed that extremely low frequency
pulsed electromagnetic fields (ELF-PEMFs) could enhance
early cell proliferation in hABMSCs-mediated osteogenesis
and accelerate the osteogenesis [45]. VEGF is a key regulator
for angiogenesis which is essential to fracture healing [46].
Even though its concrete signals pathway is complicated and
remains to be thoroughly understood, the present studies
indicate that LIPUS has a favorable influence on osteoblasts.

It is foreseeable that miniaturized ultrasonic transducers
may have the potential to improve patients’ therapeutic expe-
rience. By using the treatment of LIPUS, the rehabilitation
time may be shortened due to the acceleration of bone tissue
regeneration. At the same time, the osseointegration can be
strengthened, and a higher survival rate of the implants will
ensue [47].This indicated that optimal LIPUS device or stim-
ulator with the proper intensity, duty cycle, and time could
enhance the in vitro growth and osteogenic differentiation of
dental stem cells for tooth tissue engineering.

5. Conclusions

Theobjective of this study was to find out the effects of LIPUS
on proliferation and osteogenic differentiation of hABMSCs,
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which were treated with an intensity of 50mW/cm2 and
exposure time of 10min/day. Pulsed ultrasound (1MHz) at
duty cycles of 20% and 50%was used in this study.The results
are as follows: hABMSCs exposed at duty cycles of 20 and
50% had similar cell viability, which was higher than that
of control. The mineralized nodule formation was markedly
increased after LIPUS treatment than that of control group.
Gene expression indicated that LIPUS treatment had a posi-
tive influence on the expression of mRNA for ALP and Col-I.
Our study demonstrated that hABMSCs undergoing LIPUS
could be positively influenced toward osteogenic differenti-
ation. Osteoinduction of osteocalcin showed more intense
observations for the LIPUS induction groups compared to
the control. Signal transduction via LIPUS ultimately could
enhance adhesionmolecules, and then generate osteogenesis.
These results suggest that LIPUS treatment could affect the
cell viability and osteogenic differentiation of hABMSCs, as
well as be part of effective treatment methods for clinical
applications.
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