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Biological mechanism of bone repair mainly involves both
osteoconductivity and osteoinductivity. Scaffolds with osteo-
inductivity can give biological signals to stimulate the pro-
liferation and differentiation of bone marrow mesenchymal
stem cells and osteoblast-like cells to promote bone regen-
eration. Although most scaffolds for bone tissue engineering
demonstrate osteoconductivity, they lack osteoinductivity to
stimulate cell differentiation and bone regeneration, which
impedes their wide applications. Our initial aim was to illus-
trate the continuing efforts of scaffolds with osteoinductivity
for bone regeneration.

PRP is considered as a bioactivator of growth factors
and has been used as bone and tissue biomaterials in two
papers. It is reported by Dr. J. Zou and coworkers that PRP
can promote the rat mesenchymal stem cells attachment,
proliferation, and differentiation on the surface of Mg alloys
with higher expression of OPN and OCN. According to the
study of W. Gu et al., PRP combined with cancellous bone
graft can successfully promote the complete regeneration of
subchondral bone and cartilage with improved clinical scores
in 13 patients suffered from the osteochondral lesion of the
talus.

A clinical histomorphometrical evaluation of Re-Bone�
after 6 months from sinuses has been conducted by A.
Scarano, and he reported that newly formed bone was about
36 ± 1.6%.

L. Wang and coworkers described an optimal algorithm
for determining the effects of implanted biomaterials on
bone growth with crucial insights into the development
of implanted biomaterials for both clinical medicine and
materials science.

Dr. L. Mellor and his team fabricated 3D printed/electro-
spun scaffold architectures to mimic the native architecture
of heterogenous tissue.This scaffold can mimic physiological
thickness of different tissues but also resembled the diverse
framework of ECMwith great potential for tissue engineering
and regenerative medicine applications.

Alendronate-loaded fibrin gel was reported by B. S. Kim
et al. to promote the osteogenic differentiation of mesenchy-
mal stem cells and improve in vivo new bone regeneration
with biological signals.

An interesting review of periosteal distraction osteoge-
nesis (PDO) related to the osteogenicity of periosteum has
been conducted by D. Zhao et al. This review elucidates the
availability of PDO in the aspects of mechanisms, devices,
strategies, and measures as well as the future prospects of
PDO.

All seven papers have shown the interest of the inves-
tigators of various aspects of continuing efforts to pro-
vide osteoinductivity for bone regeneration using novel
architecture of scaffolds, biomaterials, and techniques. With
the advances in topics of the osteoinductivity for bone
regeneration, potential application will be combined to the
experimental research and the clinical treatment of bone
defects in bone tissue engineering.

Shen Liu
Changmin Hu

Zheng Ren
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Electrospun scaffolds provide a dense framework of nanofibers with pore sizes and fiber diameters that closely resemble the
architecture of native extracellular matrix. However, it generates limited three-dimensional structures of relevant physiological
thicknesses. 3D printing allows digitally controlled fabrication of three-dimensional single/multimaterial constructs with precisely
ordered fiber and pore architecture in a single build. However, this approach generally lacks the ability to achieve submicron
resolution features to mimic native tissue. The goal of this study was to fabricate and evaluate 3D printed, electrospun, and
combination of 3D printed/electrospun scaffolds to mimic the native architecture of heterogeneous tissue. We assessed their
ability to support viability and proliferation of human adipose derived stem cells (hASC). Cells had increased proliferation
and high viability over 21 days on all scaffolds. We further tested implantation of stacked-electrospun scaffold versus combined
electrospun/3D scaffold on a cadaveric pig knee model and found that stacked-electrospun scaffold easily delaminated during
implantation while the combined scaffold was easier to implant. Our approach combining these two commonly used scaffold
fabrication technologies allows for the creation of a scaffold with more close resemblance to heterogeneous tissue architecture,
holding great potential for tissue engineering and regenerative medicine applications of osteochondral tissue and other
heterogeneous tissues.

1. Introduction

Tissue engineering is a growing field that aims to create
living biological substitutes to restore, repair, or regenerate
native tissue or organ function that may be affected by
disease or injury.Themain components of engineered tissues
include cells, scaffolds, and chemical and/or mechanical cues
to replicate or mimic the physiological conditions of the
target tissue [1].The individual characteristics of each of these
components and their interactions have a significant impact
on the quality and functionality of engineered tissues [2]. As

such, it is important to determine the optimum combination
of relevant characteristics for any target tissue to be engi-
neered.

Themost commonly used strategies in tissue engineering
involve seeding a uniform or homogenous scaffold with a
single cell type. But, in reality, most tissues are composed of
several cell types and a diverse and heterogenic extracellular
matrix (ECM) framework [3, 4]. Failure to replicate the phys-
iological and native conditions can have negative results in
engineered tissue integration and function when implanted
in an organism [1, 5]. Scaffold design in tissue engineering
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is particularly important, as the scaffold should not only
provide an optimal 3D network to support cell adhesion and
proliferation but also appropriately guide cell differentiation,
when stem cells are used, to generate the desired tissue(s)
[6, 7]. Osteochondral tissue engineering has proven to be
very complex due to the presence of different cell types, ECM
heterogeneity, and the multiple three-dimensional materials
which characterize an articular joint including the following:
porous subchondral bone, a transitional dense cartilage
framework, and a tidemark separating the layers [4, 8]. Most
scaffold fabrication techniques cannot recapitulate the het-
erogeneous multiphasic porous architecture that is native to
an articular joint.

The goal of this studywas to combine two commonly used
fabrication techniques—electrospinning and 3Dprinting—to
develop a simple and reproducible scaffold that incorporates
both nano- and microscale fibrous architecture and more
closelymimic heterogenous tissues.We evaluated a combined
3D printed/electrospun scaffold architecture mimicking het-
erogeneous tissues such as the osteochondral complex, in
comparison to solely 3D printed microfibrous or solely elec-
trospun nanofibrous scaffolds, for their ability to support via-
bility and proliferation of human adipose-derived stem cells
(hASC). Further, we also tested and compared the feasibility
and efficacy of implanting full-thickness (6mm) combined
3D printed/electrospun versus stacked electrospun scaffolds
in an ex vivo porcine model using a clinically relevant pro-
cedure for osteochondral defect repair. The results show the
ability to successfully engineer a scaffold that resembles the
physiological thickness as well as a multiscale heterogeneous
fibrous architecture of osteochondral tissue. This combined
3D printing/electrospinning approach could be extended to
other tissues with heterogenous ECM framework and/or
transitional tissues like ligament and tendon bone insertions
in the future.

2. Materials and Methods

2.1. 3D-Bioplotting Microfibrous Scaffolds. Thin disc-shaped
scaffolds (Ø 14.5mm × 2mm) (Figure 1(a)) were fabricated
using polycaprolactone (PCL, 𝑀

𝑊
= 80K, Sigma-Aldrich

Co., St. Louis, MO) on a 3D-Bioplotter (4th-Generation
Developer Series, EnvisionTEC GmbH, Gladbeck, Ger-
many). The scaffolds and their CAD model (Solidworks
2014) were designed to facilitate the fitting and culturing of
finished constructs in standard 24-well cell culture plates.
Previously determined optimal bioplotting process param-
eters were used [9–11]. In brief, PCL was extruded at an
extrusion pressure of 0.5N/mm2 and extrusion temperature
of 180∘C through a 0.4mm inner diameter nozzle with a
printing speed of 0.4mm/s following a 45-minute preheat
interval for stabilization and air removal from the melt. The
scaffold design featured a separation of 1.5mm between the
axes of adjacent strands, which kept constant through all
the layers, and a strand lay-down pattern of 0∘/120∘/240∘
between adjacent layers, yielding a highly interconnected
pore network.

2.2. ElectrospinningNanofibrous Scaffolds. PCLwas dissolved
in chloroform and dimethylformamide (Sigma) at a ratio of
3 : 1 to create an 11% solution. The solution was mixed con-
tinuously at 80∘C for at least 4 hours. The PCL solution was
electrospun using an internal nozzle diameter of 0.508mm
on a static collector covered with aluminum for 3 hours
immediately after preparation at a feed rate of 0.7 𝜇L/hr and
spinning distance of 13–15 cm using 15 kV. The electrospun
nanofibrous scaffolds were detached from the aluminum
surface prior to being used.

Stacked scaffolds (6mm thick) used for implantation
were generated by stacking together multiple electrospun
layers using collagen type I gel in between the layers, at a
concentration of 3mg/mL (Vitrogen, Angiotech BioMaterials
Corporation, Palo Alto, CA) [12]. Collagen was first neutral-
ized to pH 7.0, pipetted between the layers, and allowed to
polymerize for 2 hours at 37∘C.

2.3. Combined 3D-BioplottedMicrofibrous/ElectrospunNanofi-
brous Scaffolds. The integrated micro- and nanofibrous PCL
scaffolds were fabricated using a combination of 3D-bio-
plotting and electrospinning.The electrospun layers were cut
into 14.5mm diameter circles to match the size of the 3D
scaffolds. First, a 2mmbasal section of 3D-bioplotted scaffold
was printed as mentioned above. We then placed the circular
electrospun layer directly over the basal layer and continued
printing another 2mm section on top of the electrospun layer
to generate a final 4mm thick scaffold with an electrospun
layer in the middle (Figure 1). These scaffolds were used for
testing hASC viability and proliferation. The full thickness
(6mm) scaffolds evaluated for implantation techniques were
fabricated using the same procedure but with 4mm basal
section and 2mm top section 3D bioplotted.

2.4. Isolation and Expansion of Human Adipose-Derived Stem
Cells. Excess adipose tissue was collected from five female
premenopausal donors (ages 24 to 36) in accordance with
an approved IRB protocol at UNC Chapel Hill (IRB 04-
1622) [13]. Human ASC were isolated from the tissue as
previously described by our lab and others [14–16]. Cells
were expanded in complete growth medium (CGM) com-
prised of alpha-modified minimal essential medium (𝛼-
MEM with L-glutamine) (Invitrogen, Carlsbad CA), 10%
fetal bovine serum (FBS) (Premium Select, Atlanta Biologi-
cals, Lawrenceville GA), 200mM L-glutamine, and 100 I.U.
penicillin/100 𝜇g/mL streptomycin (Mediatech, Herndon
VA).The cells were cultured at 37∘C in 5%CO

2
until reaching

80% confluency and then passaged using trypsin-EDTA
(Invitrogen). A superlot was generated by pooling equal
numbers of cells from the five individual donor cell lines
into a single culture vessel and characterized for multilineage
differentiation potential, ensuring the cells differentiated
representative of an average of the five cell lines [13].

2.5. Seeding of Scaffolds. The 3D-bioplotted, electrospun, and
combined bioplotted/electrospun disc scaffolds (Ø 14.5mm)
were designed and fabricated to fit in 24-well plates (well Ø
15.6mm), limiting any space between the walls of the well
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Figure 1: Fabrication of combined micro- and nanofibrous scaffold by sandwiching an electrospun layer between 3D-bioplotted layers. (a)
Schematic of technical approach. (b) 3D-bioplotted scaffold with and without an electrospun layer (scale bars top = 2mm; bottom = 500𝜇m).
(c) Cross-sectional CAD representation of three different scaffolds created and evaluated. Top: microfibrous scaffold fabricated using 3D
bioplotting technique only. Middle: nanofibrous scaffold fabricated using electrospinning only. Bottom: alternating micro- and nanosized
fibers by combining 3D bioplotting and electrospinning techniques. Colors and textures for visualization purposes only.

and the periphery of the scaffold where cells could potentially
migrate towards the bottom of the wells. Prior to seeding,
scaffolds were sterilized for 30minutes in 70% ethanol, rinsed
three times with sterile phosphate buffered saline (PBS) and
once with CGM. Due to the difference in thickness between
the scaffold designs (electrospun = 200𝜇m, 3D-bioplotted =
2mm, and combined scaffolds = 4.2mm,), a total of 100,000
cells were seeded in each 3D scaffold and 20,000 cells in each

electrospun scaffold over a two-day period. On the first day,
half of the total amount of cells (50,000 cells for 3D scaffolds
and 10,000 cells for electrospun scaffolds) were resuspended
in 1mL of CGM and added to each well containing a scaffold.
The cells/scaffolds were incubated overnight while gently
rocking to allow cell distribution and adhesion throughout
the scaffolds.On the second day, each scaffoldwas overturned
and seeded with the remaining cells to allow adhesion of cells
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on both sides of the scaffolds. Once again, the scaffolds were
incubated overnight while gently rocking. The scaffolds were
then transferred to a new well for performance of all assays.

2.6. Cell Viability Analyses. Seeded scaffolds were cultured
in CGM for 21 days to promote growth and proliferation.
After 21 days of culture, a LIVE/DEAD viability assay (Life
Technologies) was performed per themanufacturer’s instruc-
tions on all scaffolds to assess hASC viability within the
scaffolds. Briefly, hASC-seeded scaffolds were gently washed
with sterile PBS three times, and then 500𝜇L of 2 𝜇M calcein
AMand 4 𝜇MEthD-1 solutionwas added to each scaffold and
incubated for 30 minutes. Scaffolds were visualized using a
Leica DM5500B Fluorescent Microscope and the compatible
LAS-AF software. Two consecutive images per section were
taken to visualize live cells (green) and dead cells (red), and
a composite overlaid image was generated to visualize both
channels in the same frame. To optimize exposure, gain, and
intensity parameters, the LUT function of the software was
used. All images were taken at 10x magnification.

2.7. Cell Proliferation Analyses. Cell proliferation was assessed
(𝑛 = 4 scaffolds per time point) at days 1, 4, 7, 11, and 20
after seeding using the AlamarBlue colorimetric assay (Life
Technologies). Acellular scaffolds were also analyzed as
controls, and all data was normalized to the appropriate
acellular control scaffold. At each time point, a 1 : 10 ratio
of AlamarBlue : CGM solution was added to each scaffold
and incubated at 37∘C and 5% CO

2
for 3 hours. After incu-

bation, absorbance was measured at wavelengths of 570 nm
and 600 nm using a Microplate reader (Tecan Group Ltd.,
Männedorf, Switzerland) and the Magellan Data Analysis
Software (Tecan Group Ltd.).

2.8. Implantation of Scaffolds in a Porcine Model. Cadaveric
porcine knees were utilized to create a suitable ex vivo
environment in a large animal model that resembles the
human knee.This model has been used extensively in vivo to
evaluate articular cartilage repair techniques [17, 18]. Using
current human surgical techniques and currently utilized
hardware (COR Osteochondral Autograft Transfer System,
DePuy Mitek, Raynham, MA), stacked electrospun scaffolds
and a single 3D-bioplotted scaffold were implanted into
osteochondral defects created via drilling to evaluate scaffold-
handling characteristics in the surgical setting. Osteochon-
dral Autograft Transfer techniques commonly employed for
human patients were utilized [19–21]. Briefly, a power reamer
was used to create an osteochondral defect to a depth of
8mm with an 8mm diameter. Using the donor cutting
tool from the COR system, an 8mm diameter section of
the osteochondral stacked scaffold was cut from a 14.5mm
diameter scaffold (typical size created using our approach).
The scaffold was then implanted into the recipient hole per
the recommended COR Osteochondral Autograft Transfer
System technique (DePuy Mitek, Raynham, MA), consistent
with current human surgical procedures. Optimal scaffold
depth was selected based on the handling ability of the

scaffold and successful implantation of the scaffolds to fill the
created defect.

2.9. Statistical Analysis. Statistical analysis was performed
using Prism (version 6.07, GraphPad Software). Bar graphs
are represented asmean± SEM.Differences were determined
using a one-way ANOVA with Tukey post hoc test. A level of
𝑝 < 0.05 was considered significant.

3. Results

3.1. Cell Viability, Migration, and Proliferation in Scaffolds.
Scanning electron microscopy (SEM) images show the dif-
ferent fiber size and arrangement between 3D-bioplotted and
electrospun scaffolds (Figures 2(a) and 2(b)), as well as the
combined nano/microfibrous scaffold (Figure 2(c)). Cells can
also be observed on the surface of all three seeded scaffolds
(Figures 2(d)–2(f)).

To ensure cells could grow and proliferate throughout in-
dividual nano- and microfibrous scaffolds, we first measured
and compared hASC proliferation and viability after 21 days
in culture in both electrospun and 3D-bioplotted scaffolds.
Cells were able to adhere and proliferate in both micro- and
nanofibrous scaffolds, with minimal dead cells observed after
21 days in culture.However, the hASC exhibited higher prolif-
eration and more uniform spreading in electrospun scaffolds
when compared to 3D-bioplotted scaffolds (Figure 3).

We then compared cell proliferation and migration in all
three scaffolds (Figure 4). Cells were visible on the superficial
layers of all three scaffolds (Figure 4(a)) and throughout
the scaffolds (Figure 4(b)). Cells seeded on 3D scaffolds
only had significantly increased proliferation after 14 days in
culture, with a decrease at day 21. Electrospun scaffolds had
significant increase in proliferation after 14 days in culture,
and the combined scaffold had a steady proliferation without
a decline over the 21-day culture period (Figure 4(c)).

3.2. Comparison of Implantation of Micro- and Nanofibrous
Scaffolds in a Porcine Ex Vivo Model. Standard human oper-
ative techniques were used to implant both stacked nanofi-
brous scaffolds and combination of 3D-bioplotted/electro-
spun scaffolds into a cadaveric porcine knee model, to de-
termine the translational applicability of these scaffolds in a
relevant in vivo model for osteochondral tissue engineering.
Due to the limited thickness of each electrospun layer
(approximately 200𝜇m), 30 different electrospun layers (each
Ø 14.5mm) were stacked using collagen I in between each
layer as previously described [22], to create a 6mm thick
scaffold. A 3D-bioplotted/electrospun scaffold (6mm thick;
14.5mm diameter) was also fabricated for implantation into
an osteochondral defect and to compare to the implantation
technique of the electrospun stacked scaffold. The COR
Osteochondral Autograft Transfer System technique was
compatible for sizing and implanting both stacked electro-
spun and 3D-bioplotted scaffolds. However, we found that
stacked electrospun scaffolds easily delaminated when using
the plug harvest system and needed to be frozen prior to
implantation to prevent delamination. The 3D-bioplotted
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Figure 2: Scanning electron microscopy of (a) 3D-bioplotted scaffold; (b) electrospun nanofibers; (c) combined 3D-bioplotted and
electrospun scaffolds (electrospun layer in middle); (d) cells growing on 3D-bioplotted scaffold; (e) cells growing on electrospun nanofibers;
and (f) cells growing on combined 3D and electrospun scaffold (scale bars (a), (c), (d) = 500 𝜇m; (b) = 100 𝜇m; (e) = 50 𝜇m; (f) = 1mm).

(a) (b)

(c) (d)

Figure 3: Cell viability and proliferation of human adipose-derived stem cells seeded on (a, c) 3D-bioplotted scaffolds and (b, d) electrospun
scaffolds (green = live cells; red = dead cells).



6 BioMed Research International

Su
pe

rfi
ci

al
3D printed Electrospun Combined

(a)

Cr
os

s-
se

ct
io

n

3D printed Electrospun Combined

(b)

%
 A

B 
re

du
ct

io
n

%
 A

B 
re

du
ct

io
n

%
 A

B 
re

du
ct

io
n

80

60

40

20

0

80

60

40

20

0

80

60

40

20

0
Day 1 Day 7 Day 14 Day 21 Day 1 Day 7 Day 14 Day 21 Day 1 Day 7 Day 14 Day 21

∗∗∗ ∗∗∗
∗∗∗

∗∗∗ ∗∗∗

∗∗∗
∗∗ ∗∗

∗∗

3D printed Electrospun Combined

(c)

Figure 4: Cell spreading and proliferation of human adipose-derived stem cells throughout scaffolds. Cells were cultured for 21 days in 3D-
bioplotted, electrospun, or combination of 3D-bioplotted/electrospun scaffolds, fixed, and stained (actin = red; nuclei = blue). Superficial and
cross-sectional views show cells present both on the surfaces of the scaffolds (superficial) and throughout the centers of the scaffolds on the
3D-bioplotted and combined scaffolds (cross-section). Human ASC exhibited steady proliferation over 21 days of culture on all scaffold types
as indicated by AlamarBlue (% AB reduction). Bars indicate mean ± SEM (∗∗∗𝑝 < 0.0001; ∗∗𝑝 < 0.005).

scaffolds and the combined 3D-bioplotted/electrospun scaf-
folds were easily inserted using the COR system and suc-
cessfully implanted into the cadaveric porcine knee without
delamination (Figure 5).

4. Discussion

Electrospinning is a commonly used technique in tissue
engineering allowing for production of a dense framework of
fibers with pore sizes and fiber diameters that closely resem-
ble the architecture of native ECM [23–25]. However, this
technique has limitations in generating three-dimensional
structures of relevant physiological thicknesses. 3D-printing
processes such as 3D-bioplotting have emerged in the last

decade as alternative techniques to generate scaffolds of phys-
iologically relevant thicknesses and morphologies that are
biomimetic to different tissues and organs [5, 26]. Although
these techniques have better three-dimensional geometrical
flexibility, they are limited to generation of microsized fibers
and larger pore sizes than those of electrospun scaffolds. Our
goal here was to develop amethodology to create amultiscale
scaffold design using a combination of electrospinning and
3D-bioplotting in order to better match the architecture of
heterogenous tissue, using osteochondral tissue as a sample
model.

Previous investigators have also attempted to combine
micro- and nanofibrous architecture into a single scaffold
for different tissue engineering applications. For example,
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Figure 5: Implantation technique of 3D-bioplotted, electrospun, and combined 3D-bioplotted/electrospun scaffolds into a cadaveric porcine
knee. (a) A power reamer was used to create an osteochondral defect to a depth of 8mm and 8mm diameter. (b) The COR system was
used to implant the scaffolds into the osteochondral defect. (c) View of 3D-bioplotted scaffold (left) and electrospun scaffold (right) after
implantation. (d) Combined 3D-bioplotted/electrospun scaffold prior to implantation (black arrows indicate electrospun layer, scale bar =
1mm). (e) Combined 3D-bioplotted/electrospun scaffold inserted into the COR system for implantation (bracket and arrow pointing at
scaffold inside the device). (f) Combined 3D-bioplotted/electrospun scaffold after implantation.

Yeo and Kim created cell-laden hierarchical scaffolds that
incorporated microsized fibers for support, combined with
electrospun nanofibers to enhance cell proliferation and
distribution [27]. Their approach incorporated cell-laden
alginate struts of osteoblast-like cells (MG63) to obtain
homogenous cell distribution within the scaffold. Although
they successfully achieved homogenous cell proliferation
throughout the scaffold, their complex fabrication procedure
required repetition of three different techniques includ-
ing melt-dispensing, followed by electrospinning, and cell-
dispensing in order to obtain cell-laden alginate struts. Their
goal was to create a homogenous tissue with even cell
distribution that could be used as a promising scaffold for
regeneration of soft and hard tissue, but not necessarily a
heterogenous tissue.

In this study, we present a facile and reproducible tech-
nique to develop an integrated approach combining both
electrospun nanofibers and 3D-plotted microfibers to reca-
pitulate the heterogenous architecture of native tissue. In
the first approach, we electrospun nanofibers over a 3D-
bioplotted scaffold. Although we successfully coated the
3D-bioplotted scaffold with electrospun nanofibers, the two
layers delaminated during culture of the combined micro/
nanofibrous scaffold in cell culturemedium (data not shown).
Such delamination would likely be a greater problem in vivo;
therefore we believe this technique is not appropriate for
generating a combined nano/microfibrous scaffold.

We therefore evaluated an alternative approach by 3D-
bioplotting directly on an electrospun scaffold. An electro-
spun nanofibrous layer was placed directly over a freshly
printed 3D scaffold, and then another 3D scaffold was
printed on top of this electrospun layer (Figure 1(a)). This
combined micro/nanofibrous scaffold did not delaminate
during culture. It is possible that the heat from the printed
microfibers facilitated binding of the nanofibers to the
printed microfibers; however, as observed in the SEM images
of the combined scaffold (Figure 2(c)), the heat did not
seem to impact the fiber morphology. Increased thickness
can be achieved by continued layering of the materials, alter-
nating between electrospun nanofibers and 3D-bioplotted
microfibers, to create a multilayered micro/nanofibrous scaf-
fold as needed. Based on our findings, the best approach
to fabricate a combined micro/nanofibrous scaffold was to
3D print over electrospun layers. This combined technique
produced single scaffolds that more closely resembled the
native heterogenous architecture.

Cell proliferation was significantly increased over time
in both 3D-bioplotted and electrospun scaffolds. Although
proliferation did not significantly increase over time in the
combined scaffolds, we still observed a steady proliferation
with no decline over time. Although cell proliferation and
viability were higher in the electrospun scaffolds, this tech-
nique has thickness and 3-dimensional limitations, typically
resulting in creation of a ∼200-micron scaffold after hours of
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electrospinning using conventional electrospinning systems.
In addition, stacking several electrospun layers to create a
thicker scaffold not only is time consuming but can also limit
themigration of cells throughout the layers (data not shown).
We first tested hASC cell viability and migration throughout
micro- and nanofibers by seeding cells on scaffolds with
either the electrospun layer on top or underneath the 3D-
bioplotted layer. We observed that when cells were seeded on
the 3D-bioplotted scaffold, the cells proliferated andmigrated
down to the electrospun layer. However, if the cells were
seeded over the electrospun layer, the nanofiber acted as a
barrier and prevented cells frommigrating down into the 3D-
bioplotted layer.

With our technique, the electrospun membrane can be
used to separate layers that require different cell types in
heterogenous tissues, like bone and cartilage in osteochon-
dral tissue. This way, the chondrocytes, for instance, will not
migrate into the underlying subchondral bone layer or vice
versa, while providing a natural framework that resembles the
tight collagen network in that area.

Ex vivo handling of 3D-bioplotted, stacked electrospun,
and combined 3D-bioplotted/electrospun constructs con-
firmed that they morphologically approximated the current
human tissue utilized for autologous osteochondral trans-
fer within human joints. Using clinically relevant surgical
techniques and commercially available hardware, acellular
scaffolds comprised of all three designs were successfully
implanted in situ using a porcine cadaveric knee. However,
the stacked electrospun nanofibrous scaffolds generated by
collagen binding of multiple single electrospun layers easily
delaminated when implanted in the porcine knee. These
stacked scaffolds needed to be frozen prior to implantation
in order to prevent delamination. This could be a critical
factor when dealing with seeded scaffolds and can affect cell
viability. The 3D-bioplotted and combined 3D-bioplotted/
electrospun scaffolds allowed for creation of clinically rele-
vant thicknesses (5–7mm) and were easily implanted using
standard surgical procedures without delamination or break-
age. This suggests a facile implementation of current auto-
graft human osteochondral techniques to implant such mul-
tiphasic osteochondral scaffolds, indicating the immediate
potential clinical translatability of our proposed combined
micro- and nanofibrous scaffolds.

5. Conclusion

Creation and utilization of appropriate scaffold architecture
are a critical step towards generation of an engineered tissue
construct that mimics complex native tissue. Electrospun
nanofibrous scaffolds, with their dense framework, pore sizes,
and fiber diameters, have limitations for creation of three-
dimensional structures of relevant physiological thicknesses.
We compared these nanofibrous scaffolds to 3D-bioplotted
scaffolds, constructs with better dimensional control and
reproducibility but thicker fibers and larger pore sizes. We
combined these two fabrication approaches, with results
indicating that a combination of 3D-bioplotted and electro-
spun scaffolds could provide an excellent alternative for full

heterogenous tissue regeneration. We tested our scaffolds
in a relevant implantation model for osteochondral tissue
and showed that although electrospun scaffolds yield higher
cell proliferation, they are hard to manipulate during a
clinically relevant osteochondral transplantation technique.
Our combined scaffold was easily implanted using common
surgical procedures into an osteochondral defect, without
delamination or breaking of the scaffold.

This is one of the first studies to combine two commonly
used scaffold fabrication technologies into a simple scaffold to
more closely match thicker tissues with heterogenous matrix
architecture. Such approaches may hold great potential for
tissue engineering and regenerative medicine applications.
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There has been no consensus on the treatment or prognosis of Hepple stage V osteochondral lesions of the talus (OLTs), especially
for lesions greater than 1.5 cm2 in size.The objective of this study was to investigate the clinical outcomes achieved upon application
of a platelet-rich plasma (PRP) scaffold with a cancellous bone autograft for Hepple stage V OLTs. Fourteen patients (mean age, 39
years) were treated with a cancellous bone graft and a PRP scaffold between 2013 and 2015. The mean time to surgical treatment
was 23.5 months. Ankle X-ray and magnetic resonance imaging were performed at the final follow-up. Functional outcomes were
evaluated according to the Visual Analog Scale (VAS) score, American Orthopaedic Foot and Ankle Society (AOFAS) score, and
Short Form 36 (SF-36) score.The range ofmotion (ROM) of the ankle joint and complications also were recorded.Thirteen patients
completed the full follow-up, with a mean follow-up duration of 18 months. MRI demonstrated the complete regeneration of
subchondral bone and cartilage in all patients.The postoperative VAS, AOFAS ankle and hindfoot, and SF-36 scores were improved
significantly (all 𝑃 < 0.001) without obvious complications. We suggest that, for the Hepple stage V OLTs, management with
cancellous bone graft and PRP scaffold may be a safe and effective treatment.

1. Introduction

Osteochondral lesions of the talus (OLTs) often cause pain
and disability and present a great challenge to foot and ankle
surgeons. The size of lesions varies, and a subchondral cyst
can develop if the lesion is left untreated. In 1999, Hepple
and colleagues developed a new classification system forOLTs
with five stages according toMRImanifestation [1].The iden-
tifying characteristic of a stage V lesion is the formation of
subchondral cyst, which makes treatment more difficult. The
key point of management for this type of lesion is to recon-
struct and repair the subchondral bone and cartilage simulta-
neously. Although various procedures for treating subchon-
dral cystic OLTs have been reported, including arthroscopic
microfracture, retrograde arthroscopic procedure, autograft
or allograft of osteochondral peg, and chondrocyte transplan-
tation [2–6], the best treatment approach remains contro-
versial. The arthroscopic microfracture technique is widely

preferred by surgeons due to the advantages of minimal inva-
sion and supporting quick recovery, but the success rate has
only been satisfactory for cases of small- or mid-sized lesions
[2]. Large lesions (>1.5 cm2) with subchondral cyst tend to
respond poorly tomicrofracture.The retrograde arthroscopic
technique is ideal for large cystic lesions with intact cartilage
[5]. However, in most cases, the cartilage over the lesion site
is also unstable and prone to dehiscence. The osteochondral
peg autograft or allograftmay be a reasonable option for these
lesions, because it allows simultaneous restoration of cartilage
and subchondral bone. However, the undesirable donor site
morbidity [7], curvature mismatch, and healing rate remain
problems [8]. Chondrocyte transplantationmay be a promis-
ing approach, but the high expense and two-stage operation
are major challenges in China. Based on the disadvantages of
the above-mentioned techniques for application in cases of
Hepple stage V OLTs, we have attempted to develop a reliable
technique for repairing this type of lesion.
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Cancellous bone autograft is a reasonable technique for
repairing a subchondral bone defect after debridement of a
cyst that avoids obvious donor site injuries. However, the
repair of cartilage lesion remains a great concern. Platelet-
rich plasma (PRP) has been proposed as a novel treatment
modality for the management of articular cartilage injuries,
wound healing, nonunion, muscle injury, and tendon disease
[9–13]. The potential of PRP for cartilage repair has been
demonstrated through its anabolic effect on chondrocytes,
mesenchymal stem cells (MSCs), and synoviocytes as well
as its ability as a bioactive cell scaffold to fill defects and
enhance cartilage regeneration [14]. Animal experiments also
demonstrated that adjunctive use of PRP produced a better
healing response than a mosaicplasty-only procedure for
osteochondral lesions [15]. Currently, PRP is mainly applied
as an additional postoperative therapy [16]. Considering the
great potential of PRP for cartilage repair and regeneration,
we applied a cancellous bone autograft with a PRP scaffold
for treatment of Hepple stage V OLTs.

The objective of this study was to investigate surgical
techniques and clinical outcomes of using a PRP scaffold with
a cancellous bone autograft to repair a Hepple stage V OLT.
We hypothesized that PRP would be a reliable scaffold for
cartilage regeneration and be beneficial to the healing process
for a large Hepple stage V OLT.

2. Material and Methods

2.1. Patient Recruitment. The current study was approved by
Shanghai Sixth People’s Hospital ethics review board. All par-
ticipants signed an informed consent form before the study.

The inclusion criteria of this study were (1) stage V OLT
according to MRI classification by Hepple et al. [1]; (2) lesion
size > 1.5 cm2; (3) age from 18–60 years; (4) primary or
revision procedure; (5) normal ankle andhindfoot alignment;
and (6) involvement of medial dome with cartilage dehis-
cence. The exclusion criteria were (1) diffusive degenerative
joint changes; (2) inflammatory arthritis or chronic inflam-
matory disease; (3) history of infection; (4) malalignment of
ankle and hindfoot; (5) nonreconstructable defect; (6) body
mass index > 30 kg/m2; (7) central or lateral lesion; and
(8) subtalar joint involvement. Complete clinical and radio-
graphic evaluations were carried out preoperatively, includ-
ing X-ray examination, computed tomography (CT) scan-
ning, and MRI scanning of the ankle joint. The preoperative
Visual Analog Scale (VAS) score, American Orthopaedic
Foot and Ankle Society (AOFAS) ankle and hindfoot score,
Short Form 36 (SF-36) score, and range of motion (ROM) of
the ankle joint were also documented.

2.2. PRP Scaffold Preparation. PRP scaffolds were prepared
using the WEGO Platelet-Rich Plasma Preparation Kit
(WEGO Ltd., Shandong, China). Approximately 40mL of
blood was taken from patient’s arm, placed in a tube provided
in the kit, and spun twice in a portable centrifuge (WEGO
Ltd.) at 2000 rpm for 10 minutes each time. This standard
process produced 3-4mL of plasma.

Figure 1: A medial approach followed with a medial malleolar
osteotomy was performed.

Figure 2: After elevation of injured cartilage, the cyst was debrided
and prepared for cancellous bone autograft.

2.3. Surgical Technique. Following the induction of general
anesthesia, the patient was laid supine on the operating table
with a pneumatic tourniquet applied to the thigh. The iliac
crest region was prepared. For patients with an anteromedial
lesion, a standard anteromedial approach was made from
the anterior border of medial malleolar, which lay between
the anterior tibial tendon and posterior tibial tendon, to the
navicular tubercle. After dissection of the superficial layer of
the deltoid ligament and plantar flexion of the ankle joint,
the anteromedial lesion was visualized. For patients with a
centromedial or posteromedial lesion, amedial approach was
performed from the center of medial malleolar to 6-7 cm
proximally and to the navicular tubercle distally. A capsulo-
tomywasmade after dissection from the anteriormedialmal-
leolar. After positioning the osteotomy line by a guide K-
wire, the medial malleolar osteotomy was performed using
an oscillating saw with an osteotome for the final cut. The
medial malleolar fragment was rotated for exposure, and the
lesion area was confirmed (Figure 1).

After elevation of unstable cartilage, the sclerotic sub-
chondral lamella was resected with amini osteotome, and the
cyst was debrided with a curette (Figure 2). After the defect
size was measured, a 2.0mm K-wire was used for drilling
of the sclerotic subchondral bone. Next, the cancellous bone
autograftwas harvested from the iliac crest.The autograftwas
designed to fill the defect to about 2mm below the cartilage
(Figure 3). The superficial layer of the cancellous bone was
covered by the prepared PRP scaffold (Figure 4).

For patients in whom medial malleolar osteotomy was
performed, reduction of the medial malleolar fragment was
achieved before fixation with two 4.3mm cannulated screws
(Qwix, Newdeal, France). After fluoroscopic evaluation, the
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Figure 3: The subchondral defect was filled with cancellous bone.

Figure 4: The PRP scaffold coverage was performed.

capsule and wound were sutured. For the patients with
lateral instability, lateral collateral ligament reconstruction
was performed via a lateral approach.

2.4. Postoperative Management. The RICE (rest, ice, com-
pression, and elevation) principlewas appliedwith a short-leg
cast for immobilization. Toe, knee, and hip ROM exercises
were started on the second day postoperatively. All patients
had postoperative follow-up assessments at 2 weeks and 1, 2,
3, 6, 12, and 24 months after the operation. The wound was
checked at 2 weeks postoperatively. If no soft tissue problem
was observed, the skin sutures were removed. Patients were
fitted with a walking boot after 2 weeks and began ankle
ROM exercises. Weight-bearing was permitted at 3 months
postoperatively still with the protection of the walking boot.
The anteroposterior and lateral view on plain X-ray and
MRI scanning were taken during the follow-up. The clinical
outcome was evaluated by the VAS, AOFAS ankle and
hindfoot, and SF-36 scores. The ROM of the ankle joint was
also measured. The neutral position of the ankle was defined
as 0∘. All complications were recorded during the follow-up
assessment.

2.5. Statistical Analysis. SAS 8.0 (SAS Institute Inc., Cary,NC,
USA) was used for statistical analysis. The 𝑡-test was applied
for comparison of preoperative and postoperative ROM of
the ankle joint, VAS score, AOFAS score, and SF-36 score.
𝑃 < 0.05 represented a statistically significant difference.

3. Results

Fourteen patients who were treated between 2013 and 2015 in
our hospital were enrolled in this study.The study population

Figure 5: The series of X-ray demonstrated the bony union of
osteotomy site on the 3rd month postoperatively. The collateral
ligament was also repaired in this patient.

included 10 males and 4 females with an average age of 39
years (range, 21–57 years). The mean time from onset to sur-
gical treatment was 23.5 months (range, 11–48 months). Nine
cases (64.3%) were left side involved, and five cases (35.7%)
were right side involved.Of the 14 patients, 10 (71.4%) patients
had a history of ankle sprain, and 4 (28.6%) patients had spent
a long period for professional sports. Three (21.4%) patients
underwent a primary arthroscopic procedure, whereas the
others had received conservative therapy for at least 6
months. Lateral instability was seen in three (21.4%) cases.
The average lesion size was 2.1 cm2 (range, 1.6–3.0 cm2).
According to the measurements on MRI, 8 patients were
1.6–2.0 cm2, 4 cases were 2.1–2.5 cm2, and another 2 cases
were 2.6–3.0 cm2. According to Raikin and Elias’s talar dome
9-zone grid system [17], 8 cases had a lesion in zone 4 (cen-
tromedial zone), 5 cases had a lesion in zone 7 (posteromedial
zone), and 1 case had a lesion in zone 1 (anteromedial zone).

All the wounds healed without complications of infection
or skin necrosis. Thirteen patients completed the full follow-
up for an average of 18 months (range, 12–24 months). One
patient was lost to follow-up after suture removal. Postop-
erative plain X-ray demonstrated that bony union of the
osteotomy site was achieved in all patients within 3 months
without malunion (Figure 5). The VAS score, AOFAS ankle
and hindfoot score, SF-36 score, and ROM of ankle joint
were all improved significantly postoperatively (Table 1).MRI
manifested the restoration of the subchondral bone and a
good congruence and curvature of the regenerated cartilage
along the surrounding cartilage in all cases (Figure 6). No
cases of implant failure, recurrence of lesion, or degenerative
arthritis occurred during the follow-up, and no patients
required a second stage of operation.

4. Discussion

Hepple stage V OLTs with a subchondral bone cyst are great
challenges for foot and ankle surgeons. Most lesions of this
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Table 1: The comparison of clinical evaluation.

VAS
(mean± SD)

AOFAS
(mean ± SD)

SF-36
(mean ± SD)

Plantar flexion
(mean ± SD)

Dorsiflexion
(mean ± SD)

Pre-op 6.1 ± 1.5
(4∼9)

54.0 ± 10.6
(31∼73)

62.0 ± 5.9
(50∼70)

22.8 ± 8.9∘
(5∘∼36∘)

8.0 ± 3.4∘
(0∘∼12∘)

Post-op 1.1 ± 1.0
(0∼3)

86.2 ± 6.4
(74∼100)

85.3 ± 5.9
(73∼95)

35.5 ± 6.0∘
(25∘∼45∘)

17.2 ± 3.1∘
(12∘∼22∘)

𝑃 value 𝑃 < 0.0001 𝑃 < 0.0001 𝑃 < 0.0001 𝑃 < 0.0001 𝑃 < 0.0001

(a) (b)

Figure 6: The MRI manifested that the large size of subchondral cystic lesion (a) was successfully repaired with a congruent curvature (b).

stage are symptomatic and require surgical management, but
limited data are available regarding the best surgical strategy
and corresponding clinical outcomes. The key point for this
type of lesion is to simultaneously address the subchondral
defect and cartilage lesion. This study aimed to investigate a
new method for treating this type of lesion.

For the management of OLTs, the selection of the treat-
ment protocol depends on various factors, including patient
age, lesion size, and cyst formation, which all play important
roles in the prediction of prognosis. Some patients with OLTs
may benefit from a primary arthroscopic surgery regardless
of the existence of a subchondral cyst [2]. However, the size
of the lesion is a major predictive factor of prognosis after
the arthroscopic procedure, which may be less suitable for
large-sized lesions greater than 1.5 cm2 [2, 18]. Robinson et
al. reported an unsatisfied outcome in 53% patients of cystic
lesion [19]. In the present case series, all of the patients had
a large lesion with an average area of 2.1 cm2; however we
achieved a satisfied outcome. The retrograde technique may
be ideal for largeOLTswith a subchondral cyst and intact car-
tilage [5]. The use of some cannulated systems may simplify
the procedure and facilitate accurate bone graft. However, in
our patient group, cartilage dehiscence was confirmed in all
patients preoperatively, which counter-indicated the use of
the retrograde technique. Jeong et al. [20] reported the retro-
grade technique for subchondral cystic OLTs. A progressing
arthritic change of ankle joint was confirmed at the first year
postoperatively. And they concluded that retrograde proce-
dure might not be theoretically correct and would damage
the uninjured bonemarrow.Theosteochondral autograftmay
be an acceptable technique for treating stage V OLTs based
on the simultaneous restoration of the subchondral bone and
cartilage.However, the donor sitemorbidity is a great concern
in the knee-to-ankle procedure, which was reported as high
as 16.9% [21], and may cause pain for a period of time [22].
Moreover, for a large size of cystic OLT, a larger subchondral

bone peg is needed for autograft, which may increase the risk
of donor site injury. However, with a cancellous autograft tech-
nique, the donor site symptoms did not occur in our study.

Cancellous bone autograft is an appropriate method with
limited injury to the donor site that offers better restoration
of the mechanical properties of the talus. A fresh cancellous
bone graft populated with native cells was used to facilitate
the regeneration and growth of subchondral bone. In our
patients, from the follow-up X-ray and MRI we observed a
satisfied regeneration of the subchondral bone without bone
resorption or recurrence of the cyst, indicating that cancel-
lous bone autograft is an effective method for treating sub-
chondral cysts. Furthermore, the successful reconstruction
of the subchondral bone significantly relieved the patients’
symptoms, as the postoperative VAS score was obviously
improved and no donor site morbidity was seen in this study.

Repair of cartilage lesions is another challenge. After
elevation and debridement of injured cartilage, the resulting
defect will be hardly healed due to the limited ability of car-
tilage regeneration. PRP has been proven to have protective
effects against chondrocyte apoptosis, inhibit inflammatory
processes, improve the cartilage repair, and stimulate the
migration and chondrogenic differentiation of human sub-
chondral progenitor cells [23–27]. Thus, application of PRP
offers a new method for cartilage repair [9, 28]. In spite
of these promising features, PRP has been mainly applied
via injection as an additional method for treating OLTs in
previous research [16, 29], and the effects of PRP on the repair
of large cartilage lesion have been rarely reported. Our appli-
cation of a PRP scaffold after cancellous bone autograft has
several advantages. First, it is convenient and safe to prepare
the PRP without obvious donor site morbidity and complica-
tions. In this study, no complications associatedwith PRP col-
lection were observed. In addition, as described above, cur-
vature mismatch is a difficult problem associated with a sub-
chondral peg autograft that sometimes causes symptoms and
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compromises the clinical outcome. However, with the PRP
scaffold, we could repair and restore the cartilage with con-
gruence along the curvature. Furthermore, the patients in this
group were young, implying a better chondrocyte viability,
greater regeneration capacity, and less degeneration of carti-
lage. Therefore, for young patients, cartilage repair is more
likely to be achieved with the support of a PRP scaffold.
During the follow-up, we applied MRI not only for the
prediction of prognosis, but also to confirm the restoration
of the subchondral bone and cartilage and the congruity of
the facet, which is a positive and scientific method for assess-
ment. The follow-up MRI demonstrated that the regenerated
cartilage had a good shape and thickness, matching that of
the surrounding cartilage, which suggested a better match of
properties with native cartilage. Better congruity of the facet
is expected to benefit symptom relief and functional recovery.
Therefore, we achieved a significant functional improvement
and relief of pain in our study.

This study still has some limitations. First, the sample size
of this study was small and the control group was not set up
for comparison in this study. However, Hepple stage V lesion
is uncommon in the clinical work, which may make a com-
parative study more difficult. Then, the follow-up time was
not long enough and long-term outcome remains unknown.
Third, the type and characteristics of the regenerated carti-
lage were unknown and should be confirmed by repeated
arthroscopy with histological evaluation, which is less practi-
cable in China.These limitations will be attempted to address
in the future. Last, this study excluded patients with a central
or lateral lesion. As acceptable clinical outcomeswere obtained
in this preliminary study, we may expand the application of
this approach.

5. Conclusion

Application of a PRP scaffoldwith a cancellous bone autograft
in the treatment of Hepple stage V OLTs may achieve accept-
able short-term clinical outcomes with better regeneration
of cartilage and subchondral bone with better congruity and
minimal complications. Closer observation of the effects of
PRP on Hepple stage V OLTs is recommended.
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Background. One of the most problematic regions for endosseous implants is the posterior maxilla, not only having poor bone
density, but also lacking adequate vertical height as a result of sinus pneumatization. The purpose of the present study was a
radiologic, histological, and histomorphometrical evaluation, in humans, of specimens retrieved from sinuses augmented with
decellularized bovine compact particles, after a healing period of 6months.Methods. Four patients, with atrophic resorbedmaxillas,
underwent a sinus lift augmentation with decellularized bovine compact bone from bovine femur. The size of the particles used
was 0.25–1mm. A total of four grafts and 5 biopsies were retrieved and processed to obtain thin ground sections with the Precise
1 Automated System. Results. The mean volume after graft elevation calculated for each of the 4 patients was 2106mm3 in the
immediate postoperative period (5–7 days), ranging from 1408.8 to 2946.4mm3. In the late postoperative period (6 months) it was
2053mm3, ranging from 1339.9 to 2808.9mm3. Histomorphometry showed that newly formed bone was 36 ± 1.6% and marrow
spaces were 34 ± 1.6%, while the residual graft material was 35 ± 1.4%. Conclusion. In conclusion, based on the outcome of the
present study, Re-Bone� can be used with success in sinus augmentation procedures and 6months are considered an adequate time
for maturation before implant placement.

1. Introduction

The rehabilitation of the edentulous posterior maxilla with
dental implants often represents a clinical challenge due to the
insufficient bone volume resulting from pneumatization of
the maxillary sinus and crestal bone resorption.The resultant
atrophic residual ridge is one of low-density trabecular bone
with a minimal cortical component [1]. The maxillary sinus
lifting technique is a common surgical technique to augment
bone volume in atrophic posterior maxilla [2] and healing
was allowed for about 6 to 8 months before implant insertion
[3]. One of the most problematic regions is the posterior
maxilla, not only having poor bone density, but also lacking
adequate vertical height for endosseous implants as a result of
sinus pneumatization. Sinus floor augmentation can provide
the necessary bone mass to place and stabilize implants
essential for the initial steps towards osseointegration [4].

Differentmaterials are used in sinus lifting, such as autog-
enous bone grafts [5–7], allografts [8, 9], alloplast [8–11], and
xenografts [8, 12, 13].

Bovine bone particles were used with success in sinus lift-
ing [14]. No pathological inflammatory cell infiltrate or for-
eign body reactions were reported with the use of anorganic
bone [15, 16]. Bovine bone has been shown to be highly bio-
compatible with hard oral tissues in animals andman [17, 18].

The aimof the present studywas a radiologic, histological,
and histomorphometrical evaluation, in humans, of speci-
mens retrieved from sinuses augmented with decellularized
bovine compact particles, after a healing period of 6 months.

2. Materials and Methods

Four patients, with atrophic resorbed maxillas, underwent
sinus lift augmentation with decellularized bovine compact
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Figure 1: CBCT of an edentulous patient with bilateral severely atrophic maxilla.

bone from bovine femur (Re-Bone, UBGEN Padova, Italy)
(Figures 1–4). The graft was condensed at each stage and
a collagen membrane (SHELTER�, UBGEN Padova, Italy)
The sizes of particles used were 0.25–1mm. The sinus lift
procedures were carried out as described by Boyne and James
in 1980 (Figures 2–4). In all cases the sinus lifting procedure
was considered to be successful and the insertion of implants
of at least 12mm was performed in all cases after 6 months.
Biopsy specimens were retrieved at 6 months. A biopsy of
the regenerated tissues was carried out with a small trephine
under generous saline irrigation (Figures 5–7). A total of four
grafts and 5 biopsies were retrieved. The cores were obtained
at a mean depth of 12mm. The specimens were retrieved,
washed in saline solution, and immediately fixed in 4%
paraformaldehyde and 0.1% glutaraldehyde in 0.15M cacody-
late buffer al 4∘C and pH 7.4, to be processed for histology.

The specimens were processed to obtain thin ground sections
with the Precise 1 Automated System (Assing, Rome, Italy)
[19]. The specimens were dehydrated in an ascending series
of alcohol rinses and embedded in a glycolmethacrylate resin
(Technovit 7200 VLC, Kulzer, Germany). After polymeriza-
tion the specimens were sectioned with a high precision
diamond disc at about 150 𝜇m and ground down to about
30 𝜇m. The slides were stained with basic fuchsin, toluidine
blue, and von Kossa. The histochemical analysis of acid
and alkaline phosphatases was carried out according to
a previously described protocol. For general morphologic
observations, sections were stained with toluidine blue and
observed under light microscopy. To determine the relative
distribution of the new matrix bone and osteoblast activity,
morphological analyses were performed. A polarized light
was used to distinguish lamellar bone and woven bone.
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Figure 2: Sinus lifting procedure. The maxillary sinus lateral wall is
exposed and a bone window is removed.

Figure 3: Sinus filled with cortical bovine bone.

Table 1: Volume after graft elevation mm3.

N∘ Sinus Immediate postoperative After 6 months
1 1408 1339
2 2265 2265
3 1808 1800
4 2946 2808
Mean 2106,75 2053,25
SD 660 629

3. Results

The mean volume after graft elevation calculated for each of
the 4 patients was 2106mm3 in the immediate postoperative
period (5–7 days), ranging from 1408.8 to 2946.4mm3. In
the late postoperative period (6 months) it was 2053mm3,
ranging from 1339.9 to 2808.9mm3 (Figures 5 and 6). Table 1.

No perforation of the sinus membrane was evident in
any of the cases. No acute infection, with pain or fever, was
observed. In all cases, bone augmentation showed hyperden-
sity for comparison between the immediate postoperative
period and the late postoperative period, with more density
than native bone at both times. The statistical analysis
demonstrated a significant difference in volume alterations
(𝑃 = 0.0119).

In general, bone morphology was well present with
well differentiated cellular constituents mineralized bone,

Figure 4: A membrane is placed over the antrostomy.

osteoid, osteoblasts, osteocytes, and blood vessels. At low
magnification, trabecularmature bonewas observed (Figures
7 and 8). The initial formation of immature bone extending
from the periphery of the bone cavities was evident. The rest
of the bone cavity contained mature tissue and biomaterial
with a mild inflammatory reaction.

Re-Bone particles were easily distinguished from the
newly formed bone: they tended to be less stained due to
the low content of collagen. The particles were surrounded
by newly formed bone (Figures 8 and 9). In a few marrow
space areas, in which it was possible to find small capillaries,
some particles were present at the interface. In some areas
osteoblasts were observed in the process of posing bone
directly onto the particle surface. Some positive osteoclast for
acid phosphatase and a few positive osteoblast for alkaline
phosphatases were observed. Histomorphometry showed
that newly formed bone was 36 ± 1.6% and marrow spaces
were 34±1.6%,while the residual graftmaterial was 35±1.4%.

4. Discussion

Oral rehabilitation with osseointegrated implants is very
successful and predictable in patients with normal bone
volume and density, which provide adequate stabilization of
implants of standard diameter and length [20]. Rehabilitation
of the edentulous posterior maxilla with dental implants
is often difficult because bone height is insufficient and
cancellous [2].

Although there is a high risk of implant displacement/
migration into the maxillary, this has been only rarely
reported [10, 21]. Different biomaterials can be successfully
used for sinus lifting. Many research data show that bovine
bone grafting in this areas is not contraindicated and repre-
sent a procedure with low morbidity [2, 4]. This xenograft is
the one most commonly used material for sinus floor aug-
mentation and has the most powerful scientific evidence
for sinus grafting [2, 4, 14, 19, 22–24] because its structure is
similar to that of human [22].

In fact the outcomes of the present study showed that the
Re-Bone particles appeared to be surrounded by an abundant
quantity of newly formed bone.This biomaterials appeared to
undergo a slow resorption process; in fact in the present study,
after 6 months of observation, most of the grafting material
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Figure 5: Postoperative CBCT scan panoramic view at 6 months after maxillary sinus lifting.

Figure 6: The lateral wall is completely closed by new hard tissues.

was still in place. This study is consistent with other studies
reported that the use the bovine bone as a grafting material

yielded a bone formation and no presence of inflammatory
cell infiltrate [25, 26]. Close contact between most of the
materials and the newly formed osseous tissue was present,
near but not in contact with the implant surface [14]. Several
authors have discussed the use of different graft materials
and have documented results both similar and varied when
compared to those in the present study [14, 23]. A biomaterial
similar to Re-Bone is the Bio-Oss�; this has a similar size,
structure, and biological response with conducive to vessel
ingrowth [15, 21]. According to our experience and previous
literature, we did not observe histological differences between
Bio-Oss and Re-Bone [14, 23]. The outcomes of this study
revealed new bone formation around the graft particles (36 ±
1.6%) within the maxillary sinus after six months of healing.
The particles showed absence of gaps at the bone-particles
interface, and the bone was always in close contact with
the particles. This xenograft has excellent osteoconductive
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Figure 7: (a-b) Bone core biopsy carried out with a small trephine. (c) Newly formed trabecular bone (T) is present, with wide marrow (M)
spaces and biomaterials (B). Toluidine blue 10x.

(LB)

Figure 8: At higher magnification previous image: a few lamellar
bones are visible (LB). Toluidine blue 50x.

properties; in fact the outcomes of the present study showed
that the Re-Bone particles appeared to be surrounded by an
abundant quantity of newly formed bone. Probably, also Re-
Bone can be resorbed by osteoclasts [21, 24]. The grafted
biomaterial was clearly distinguishable from the remaining
original bone due to its density and structure. This is the
first case reported in the literature to use Re-Bone granules
as bone grafts in sinus lifts. The granular nature of the
material facilitated its application between the sinus filling
and newly formed bone. Through surgery, the scaffold can
be easily adapted to the dimension and of the sinus. During
graft placement it can quickly adsorb the blood molecules
and cells promoting bone formation. Its architecture favors
cell attachment and proliferation. In addition, the properties
exhibited make Re-Bone a valid alternative to autogenous
grafting, preventing the added morbidity of a donor surgical
site. Our results were similar with a recent randomized
clinical trial published in 2016 to compare histological bone
quality and radiographic volume stability inmaxillary sinuses

(B)

(T)

Figure 9: No gaps are present at the bone-particles interface, and
newly formed bone is always in close contact with the particles. The
biomaterial (B) seems to be totally incorporated in the trabecular
bone (T). Toluidine blue 100x.

grafted with porcine bone and bovine bone that confirms the
validity of the bovine bone when used for sinus lifting [26].
The outcomes of the present bone core histomorphometric
study showed a 35±1.6% presence of Re-Bone and 36±1.6%
newly formed bone during the 6-month healing period. This
means bone formationwith low standard variation between 5
biopsies was not statistically significant. Therefore, 6 months
are considered adequate time for Re-Bone maturation before
implant placement or the uncovering of implants placed at
the same time as grafting.

Obviously, with only 4 grafts and 5 biopsies, the data
presented in this study cannot be considered conclusive.
However, these results help to set practice parameters thatwill
assure a study with a large number of patients in the future.
In conclusion, the findings from the present four case reports
support the use of Re-Bone as a bone substitute in maxillary
sinus augmentation procedures.
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In recent years, more and more methods have been developed to improve the bioactivity of the biodegradable materials in bone
tissue regeneration. In present study, we used rat mesenchymal stem cells (rMSCs) to evaluate the outcomes of Mg alloys (AZ31B,
Magnesium, and Aluminum) and Platelet-rich plasma (PRP)/Mg alloys on rMSCs biocompatibility and osteogenic differentiation.
Water absorption experiments indicated that both bare AZ31B and PRP/AZ31B were capable of absorbing large amounts of water.
But the water absorption ratio for PRP/AZ31B was significantly higher than that for bare AZ31B. The degradability experiments
implied that both samples degraded at same speed. rMSCs on the surface of AZ31B distributed more and better than those on the
AZ31B scaffold. In ALP activity experiment, the activity of rMSCs on the PRP/AZ31B was markedly higher than that on the AZ31B
scaffolds on the 7th day and 14th day. qRT-PCR also showed that OPN and OCN were expressed in both samples. OPN and OCN
expression in PRP/AZ31B sample were higher than those in bare AZ31B samples. In summary, the in vitro study implied that AZ31B
combined with PRP could remarkably improve cell seeding, attachment, proliferation, and differentiation.

1. Introduction

How to treat large bone defect effectively is a great challenge
for the orthopedic surgeon. More and more osteoconductive
scaffolds with good biodegradability and mechanical prop-
erties have been developed to repair bone defect. In recent
years, more and more research methods have been dedicated
to improve the bioactivity of the biodegradable materials in
bone tissue regeneration [1]. Nevertheless, these biomaterials
have no adequate strength or a good elastic modulus and
cannot be used as a load-bearing application. Magnesium
(Mg) and its alloys are one kind of fantastic degradable mate-
rials, which has excellent biocompatibility, higher strength,
applicable mechanical properties, and natural bone density
[2–5].Moreover,Magnesium is one type of essential elements
for human being and active bone cells in the human body
[4, 6]. This means that Mg can serve as a biodegradable
scaffold in the human body and can be dissolved, consumed,
or absorbed gradually. It is also proved that Mg can enhance
bone cell adhesion and has no negative effect on cell growth
or differentiation [5]. However, the main disadvantage of

pure Magnesium as biodegradable scaffold is its insufficient
corrosion resistance.Hydrogen gaswhich is produced rapidly
by Magnesium may lead to an alkaline poisoning effect and
delay the tissue healing [7]. On the other hand, biomaterial
scaffolds should maintain the strength to support the bone
and tissue structural integrity before complete degradation
in the whole healing process. However, Magnesium has
inadequate strength.Though many alloys such as Aluminum
and Zinc have been alloyed with Magnesium in order to
improve the corrosion resistance and mechanical strength
[8–10], most studies reported that theMg alloys have negative
effects on the mineralization and the bone cells’ activity in
vitro [11, 12].

Platelet-rich plasma (PRP) can be easily obtained from
autologous blood. PRP has been used to treat wound healing,
bone nonunion, and tendinitis for decades due to high con-
centration of platelets in plasma after special protocol. PRP,
which is always considered as a bioactivator of growth factors
and used as bone and tissue biomaterials, is plenty of growth
factors, including platelet-derived growth factor (PDGF),
transforming growth factor (TGF-b), basic fibroblast growth
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factor (bFGF), insulin-like growth factor (IGF), and vascular
endothelial growth factor (VEGF) [13–15]. The purpose of
using PRP is to create a better healing environment by
concentrating the plasma components from an individual’ s
blood and reinjecting into the same individual at the site of
injury.

Rat mesenchymal stem cells (rMSCs) are able to differ-
entiate into various types of cells like osteoblasts, lipocytes,
and so on [16]. So they are widely used as stem cells and
seed cells on biomaterial scaffolds to evaluate the properties
in tissue engineering [17–19]. In present study,we used rMSCs
as seed cells to evaluate the effects on adhesion, viability,
proliferation, and osteogenic differentiation of rMSCs onMg
alloys and PRP/Mg alloys in vitro. The alloys we used in this
study are the alloy Mg-3Al-0.8Zn-0.4Mn (AZ31B).

2. Materials and Methods

2.1. Preparation of PRP. Heart blood was drawn from SD rats
weighing 250–300 g. PRP was produced by double centrifu-
gation process as described by Yuan et al. [20]. 4mL heart
blood was obtained from every rat and transferred to the
sterile tube.The tubes were then centrifuged in the centrifuge
(TD4, Shanghai Kait Instruments Factory, Shanghai, China)
at the speed of 2500 rpm for 15min at 4∘C. Then there were
three layers in the tube, including erythrocytes at bottom,
the platelet-rich plasma at middle, and platelet-poor plasma
at top. The erythrocytes at bottom were removed; then the
top two layers of plasma were recentrifuged at the speed
of 2000 rpm for 15min. After that, the blood samples were
separated into two layers: serum at top and the platelet-
rich plasma at bottom. After discarding the top serum, the
remaining 0.5mL of plasma with rich platelets was PRP.
Platelet counts of PRP and whole blood were analyzed in the
hemacytometer (XS-2100, Mindray, China).

2.2. Preparation of AZ31B and PRP/AZ31B Scaffold. The
preparation of bare AZ31B and PRP/AZ31B scaffold was
under the sterilized condition. 0.4mLPRP andPorousAZ31B
(Ø6× 2mm) scaffold sampleswere put into one tube together.
The tube was then spun at a speed of 2500 rpm for 5min at
4∘C. Due to the centrifugal force, PRP was mixed well with
AZ31B scaffold. In addition, the interior porous structure of
AZ31B scaffold were full of PRP. At final, the AZ31B scaffold
full of PRP was immersed into a solution containing 0.8 IU
thrombin and 1mL CaCl2 for less than 3 seconds. After
picking up frommentioned solution, the PRP/AZ31B scaffold
was obtained.

2.3. Scaffold Characterization. The morphology of the bare
AZ31B and PRP/AZ31B scaffold was observed with an scan-
ning electronmicroscope (SEM, S-3400N,HITACHI, Japan).

2.4.Water Absorption of AZ31B and PRP/AZ31B. Theoriginal
weight of bare AZ31B and PRP/AZ31B samples with sizes of
Ø 6 × 2mm was measured with an electronic scale (CP64C,
OHAUS, America). Then, the samples were immersed in
water for 0.5, 6, 12, 18, 24, 30, 36, 42, and 48 h. At the selected

time points, the samples were removed from solution and the
weight againwasmeasured.The ratio of water absorptionwas
defined as weight increase/original weight ×100%.

2.5. Degradation of AZ31 and PRP/AZ31 in the Tris-HCl
Solution. Themeasurement of original weight of samples has
beenmentioned.Ø 6× 2mmAZ31B andPRP/AZ31B samples
were soaked into the sealed bottles with Tris-HCl solution to
evaluate the degradation behavior. The bottles were placed at
a temperature of 37∘C and a humidity of 50%. The Tris-HCl
solution was refreshed every three days. After 4, 14, 28, 42, 56,
and 70 days of immersion, the samples were removed from
the solution and cautiously washed by distilled water. After
that, the samples were dried in an oven at a temperature of
100∘C for 8 h and the weight was measured again.The ratio of
degradation was defined as weight decrease/original weight
×100%.

2.6. rMSCs Culture, Seeding, and Attachment. The AZ31B
and PRP/AZ31B scaffold samples were cut into Ø 6 × 3mm
small columns. The small columns were sterilized by gamma
radiation (15 kGy) andprewettedwithDMEMsolution.Then,
they were put into 48-well plates.

rMSCs were purchased from Sciencell Research Labora-
tories (Carlsbad, CA, USA) and were cultured in differentia-
tion in accordance with manufacturer’s protocols. Cells after
the four passage were seeded at density of 50,000 cells/mL
and were cultured in MEM𝛼. rMSCs were cultured on
AZ31B and PRP/AZ31B scaffolds for 7 days before bone
differentiation.

2.7. Cell Morphology, Distribution, and Proliferation. To
observe the inside distribution and penetration of rMSCs, the
scaffold samples were cut along the middle line. For confocal
laser scanning microscope (CLSM) observation, the samples
prepared as described above were rinsed slightly with PBS
andwere fixed in 4% paraformaldehyde for 10min. Following
pretreatment using Triton X-100 (0.5% v/v) for 5min, the
cells were stained with rhodamine-phalloidin (Sigma) and
Hoechst 33258 (Sigma) in the dark for 30min and 5min,
respectively. The Factin and cell nuclei were observed by
CLSM (LSM 510 meta; Zeiss, Germany). MTT assay (Sigma,
USA) was used to assess cell proliferation in accordance with
the manufacturer’s protocols.

2.8. ALP Activity. After 1, 3, 7, and 14 days of culture in
osteogenic medium, Para-nitrophenyl phosphate (p-NPP)
(Sigma) was used to measure alkaline phosphatase (ALP)
activity of rMSCs cells in accordance with the manufacturer’s
protocols. Measuring the Synergy2 (Biotech) microplate
reader of the para-nitrophenol (p-NP) was used to calculate
the ALP activity.

2.9. Quantitative Real-Time Polymerase Chain Reaction (qRT-
PCR). After culturing in differentiation media, RNA extrac-
tion was performed using the TRIZOL reagent (Invitrogen)
in accordance with the manufacturer’s protocols. The con-
centration and purity of RNA were calculated by measuring
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Table 1: qRT-PCR primer sequences used for mouse MSC.

Forward primer (5 - 3) Reverse primer (5 - 3)
GAPDH GATTTGGCCGTATCGGAC GAAGACGCCAGTAGACTC
Osteocalcin CATGCCAGGTCACCAAAT GCCCCAAGGCCGCTTCTT
Osteopontin ACTCAGATGCTGTAGCCA TTTCATTGGAGTTGCTTG

(a1)

(a2)

(b1)

(b2)

Figure 1: The surface morphologies of the bare AZ31B (a1, a2) and PRP/AZ31B (b1, b2) scaffolds.

the absorbance at 260 and 280 nm. The reverse transcription
kit (Sciencell Research Laboratories, Carlsbad, CA, USA) was
used to perform reverse transcription in accordance with
the manufacturer’s instructions. Table 1 shows the Primers
of mouse GAPDH, osteopontin, and osteocalcin in the qRT-
PCR experiments.

2.10. Statistical Analysis. All quantitative data were displayed
as themean± standard deviation (M± SD) and analyzedwith
SPSS statistical software program (version 12.0.0, SPSS, IBM).
Wilcoxon rank sum test was carried out to determine the
significance. Significant differences were defined as 𝑃 value
less than 0.05.

3. Results

3.1. Material Characterization. The platelet concentrations
of whole blood and PRP were (0.38 ± 0.04) ×109/mL and
(1.21±0.06) ×109/mL, respectively. It showed that the platelet
concentration of PRP was almost 3.2 times that of the whole
blood. The morphologies of bare AZ31B and PRP/AZ31B
scaffold were given in Figure 1. The bare AZ31B was highly

porous with regular distributed macropores with an average
diameter of 300 um (Figures 1(a1) and 1(a2)). Abundant PRP
sheets were filled to the macropores of the AZ31B scaffold
after the centrifugation. Large quantities of platelets were
observed on the surface of AZ31B (Figures 1(b1) and 1(b2)).

3.2. Water Absorption and Degradability. Figure 2(a) showed
the water absorption ratio of AZ31B and PRP/AZ31B samples
at different time points. Both AZ31B and PRP/AZ31B contin-
ued to absorb water as time goes by. The water absorption
ratios of bare AZ31B after soaking in water for 0.5 h and 12 h
were 26% and 45%, respectively. The ratios of PRP/AZ31B
were 49% and 68%. These results proved that both AZ31B
and PRP/AZ31B were capable of absorbing large amounts
of water. But the water absorption ratio for PRP/AZ31B was
significantly higher than that for bare AZ31B.

The results of degradation behavior of AZ31B and
PRP/AZ31B were different to those of water absorption. After
immersion in Tris-HCl solution, both samples showedweight
loss over time. The weight loss curve in Figure 2(b) showed
that the weight loss ratio of the AZ31B was no different to that
of PRP/AZ31B at any selected time point.Theweight loss ratio
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Figure 3: The CLSM images of cell morphology on both scaffolds after 7 days of incubation.

in both samples was less than 40wt% at 70 days.These results
implied that both PRP/AZ31B and AZ31B degraded at same
speed.

3.3. Cell Morphology and Distribution. Figure 3 demon-
strated the CLSM photographs of rMSCs which had been
cultured for 8 days on the bare AZ31B and PRP/AZ31B

scaffold. The cells distributed regularly on the cut surface of
AZ31B and PRP/AZ31B scaffold. More rMSCs were observed
on the surface of PRP/AZ31B scaffold in comparison to those
on AZ31B. Moreover, the rMSCs on the PRP/AZ31B scaffold
distribute better than those on the bare AZ31B scaffold.There
was no cell spread in the macropores in both samples. These
results implied that the rMSCs were able to migrate to the
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inside of the scaffold smoothly as the culture time goes by.
Plenty of PRP did not compromise the cell infiltration but
improved the cell proliferation.

3.4. Cell Proliferation. The cell proliferation on both AZ31B
and PRP/AZ31B scaffolds at 1, 3, 7, and 14 d was manifested
in Figure 4. On the first day of culture, the rMSCs on the
PRP/AZ31B scaffold were apparently more than those on the
AZ31B scaffold. As the time goes by, the cells on both scaffolds
proliferated well. But comparing with the cells on the AZ31B,
those on PRP/AZ31B were significantly more (𝑃 < 0.05).

3.5. ALP Activity. Figure 5 displayed the ALP activity of
rMSCs which were cultured on both AZ31B and PRP/AZ31B
scaffolds. On the 1st and 3rd day, the ALP activity was not
different in AZ31B and PRP/AZ31B scaffolds. On the 7th
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Figure 6: qRT-PCR gene expression data show the expression of
osteoprotein (OPN) and osteocalcin (OCN) of rMSCs cultured on
coated samples normalized with respect to cells cultured on bare
AZ31B and AZ31B/PRP. ∗𝑃 < 0.05.

day and 14th day, the ALP activity of the PRP/AZ31B was
markedly higher than that of the AZ31B scaffolds (𝑛 = 6,
𝑃 < 0.05). The curve also demonstrated that ALP activity in
both samples increased from the 1st day to 7th day and then
decreased to the 14th day.

3.6. qRT-PCR. qRT-PCR was performed after the rMSCs
were cultured in differentiation media for 14 days. Figure 6
showed that both OPN and OCN levels in PRP/AZ31B
samples were significantly higher than those in bare AZ31B
sample (𝑃 < 0.05).

4. Discussion

In the past few decades, traditional materials were widely
used in orthopedic surgeries. However, Mg and Mg alloys
nowadays were considered to be newly developed com-
ponents of biomaterial scaffold for tissue engineering and
prevail gradually. Recent reports have suggested that Mg and
Mg alloys are accepted and used as biodegradable osteo-
conductive scaffold owing to their desirable biocompatibility
and higher strength. In our current study, a PRP/Mg alloys
composite scaffold with unidirectional pores was developed
to evaluate the in vitro efficacy on rMSCs adhesion, viability,
proliferation, and osteogenic differentiation.

PRP is a plasma enriched with platelet and contains a
variety of growth factors including TGF-𝛽, PDGF, VEGF,
BMPs, and cytokines [21] and therefore plays a crucial
role in osteogenesis, angiogenesis, and soft tissue healing
stimulation. Furthermore, various concentrations of growth
factors can be detected once the platelet concentration of
PRP is controlled [22]. Once the cells are cultured in the
environment with PRP, the fibrin and a variety of growth
factors released from platelets have synergistic effect on cells’
behavior. Namazi and Kayedi [23] indicated PRP may have
a significant therapeutic effect on pain relief at rest and



6 BioMed Research International

alleviate function difficulties including specific and usual
activities in patients with scaphoid fractures in a studywith 14
patients enrolled. Ghaffarpasand et al. [24] determined that
application of PRP along with autologous bone graft in the
site of nonunion of long bone after intramedullary nailing or
ORIF resulted in high cure rate, short duration of healing,
low rate of limb shortening, and mild postoperative pain.
Malhotra et al. [25] injected autologous platelet-rich plasma
to 94 long bone nonunion patients and found that 82 patients
got united at the end of 4 months. They demonstrated that
PRP was a safe and effective method for nonunion therapy.
In this study, the PRP/AZ31B scaffold not only prevented the
cells from peeling off the scaffold, but also provided more
bioactive surface areas to promote cell adhesion. Therefore,
the cell seeding of the scaffold was markedly improved.
The cell attachment, proliferation, and differentiation on
the PRP/Z31B scaffold notably ameliorated as well when
comparedwith those of bareAZ31B scaffold due to synergistic
effect of both fibrin and other growth factors released from
the platelets.

In present study, thewater absorption experiment showed
that large amount of water was absorbed in both AZ31B
and PRP/AZ31B with the water absorption ratio of the
PRP/AZ31B (57%) almost twice higher than that of bare
AZ31B scaffold (33%). The infiltration of PRP into AZ31B
significantly increased in water absorption test, suggesting
that PRP had much specific hydrophilic surface area and
enhanced alloy’s capacity to absorb water. These results
inferred that the PRP/AZ31B, which had specific surface and
remarkable rapid and efficient capability of water absorption,
could be used as a biomaterial scaffold to load target drugs,
cells, and other biomolecules with therapeutic effect [26].
As candidate biomaterials for bone repair and remodeling,
these implants and scaffolds must feature with appropriate
degradable property and can be gradually replaced by new
bone tissue in in vivo models [27]. The weight loss of both
AZ31B and PRP/AZ31B in Tris-HCl solution increased with
incubation time and reached up to 38% after 70 days of incu-
bation. Little variance of degradability was found between
two samples. These results suggested that PRP/AZ31B could
not only improve the cell adhesion and proliferation, but also
have no adverse effect on degradability. Bone tissue regen-
eration is attributable to PRP/AZ31B’s favorable biochemical
properties to a large extent. [28].

In our current study, the proliferation of rMSCs on the
surfaces of both PRP/AZ31B and AZ31B was evaluated by
MTT assay. The results showed that PRP/AZ31B was in favor
of the rMSCs proliferation at every time point, indicating
that PRP/AZ31B with good cytocompatibility had no toxicity
for cell growth and proliferation. In addition, ALP activity,
which is one of the most widely used markers for detection
of osteoblastic differentiation, is also a generally used to
measure the osteoblast differentiation in the early stage [29].
The results in our study revealed that the ALP activity of the
cells on both sampleswas time-dependent andALP activity in
PRP/AZ31B was higher than that in bare AZ31B sample at the
time points of 7 and 14 d.These results also indicated that the
PRP/AZ31B scaffolds could improve rMSCs differentiation
to some extent. The reasonable explanation was that PRP’s

infiltration into AZ31B could enhance cell proliferation and
differentiation after 3 days’ culture while high concentration
of PRP and multipore structure of AZ31B provide more
growth factors and therefore facilitated cell growth as seen in
the experiments.

The cytocompatibility is a very critical criterion to assess
cell spread on the surface of the substrate [30]. In our study,
the results suggested that the rMSCs cells extended and
spread well on the bare AZ31B and PRP/AZ31B surface and
formed tight attachment to substrate after 24 h of culture,
indicating that both AZ31B and PRP/AZ31B had no adverse
effect on cellmorphology and viability. Obviously, the process
of cells’ spread on PRP/AZ31B surface was much faster than
that on bare AZ31B surface due to complex effect of a variety
of growth factors of PRP. Therefore, our results suggested
that PRP/AZ31Bwith plenty of bioactive factors was favorable
for cell attachment, growth, and spread with good cytocom-
patibility. PRP/AZ31B may play a role in promoting new
bone formation and accelerating surrounding tissue healing
process when implanted in vivo.

There is no new concerned toxicity when bare AZ31B
and PRP/AZ31B are applied to support rMSCs proliferation.
Osteocalcin (OCN) and osteopontin (OPN), which were
encoded by osteogenic genes, were studied on both samples
to investigate the capability of AZ31B and PRP/AZ31B to
promote the differentiation of rMSCs. OPN, encoded by SPP1
gene, is a noncollagenous, extracellular structural protein
which is well-known to accelerate wound healing and bone
mineralization [31]. Because OPN has played an important
role inmineralization and is able to adjust cell attachment and
adhesion on the biomaterials, it has been used as biomarker
for osteogenic differentiation in the early stage [32, 33]. OCN,
which is secreted by osteoblasts and plentiful in bone, is the
other biomarker for osteogenic differentiation and metabolic
regulation. In contrast, OCN is a late-stage biomarker [34]. It
has been proved that high serum OCN levels are correlated
with high bone mineral density (BMD) in adults. Many
researches stated that osteocalcin is used as a preliminary
biomarker to evaluate the efficacy of antiosteoporosis drug.
In our current study, qRT-PCR was performed after 14
days of cell culture. Though high levels of OPN and OCN
were expressed in both samples as anticipated, OPN and
OCN expressions in PRP/AZ31B sample were higher than
those in bare AZ31B samples. The results revealed that
PRP/AZ31Bmay apply better biochemicalmicroenvironment
for osteogenic differentiation, resulting in rapid progress of
soft tissue healing and bone remodeling.

5. Conclusion

In this study, we developed a porous PRP/My alloys com-
posite scaffold to evaluate the effects on rMSCs adhesion,
viability, proliferation, and osteogenic differentiation. Water
absorption experiments indicated that both bare AZ31B and
PRP/AZ31B were capable of absorbing large amounts of
water. But the water absorption ratio for PRP/AZ31B was
significantly higher than that for bare AZ31B. The degrad-
ability experiments implied that both samples degraded at
same speed. rMSCs on the surface of AZ31B distributedmore
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and better than those on the AZ31B scaffold. In ALP activity
experiment, theALP activity of the PRP/AZ31Bwasmarkedly
higher than that of the AZ31B scaffolds on the 7th day and
14th day. qRT-PCR also showed that OPN and OCN were
expressed in both samples. OPN and OCN expressions in
PRP/AZ31B sample were higher than those in bare AZ31B
samples. In summary, the in vitro study implied that AZ31B
combined with PRP could remarkably improve cell seeding,
attachment, proliferation, and differentiation.
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Alendronate (ALN) is a bisphosphonate drug that is widely used for the treatment of osteoporosis. Furthermore, local delivery
of ALN has the potential to improve the bone regeneration. This study was designed to investigate an ALN-containing fibrin
(fibrin/ALN) gel and evaluate the effect of this gel on both in vitro cellular behavior using humanmesenchymal stem cells (hMSCs)
and in vivo bone regenerative capacity. Fibrin hydrogels were fabricated using various ALN concentrations (10−7–10−4M) with
fibrin glue and the morphology, mechanical properties, and ALN release kinetics were characterized. Proliferation and osteogenic
differentiation of and cytotoxicity in fibrin/ALN gel-embedded hMSCs were examined. In vivo bone formation was evaluated
using a rabbit calvarial defect model. The fabricated fibrin/ALN gel was transparent with Young’s modulus of ∼13 kPa, and these
properties were not affected by ALN concentration. The in vitro studies showed sustained release of ALN from the fibrin gel and
revealed that hMSCs cultured in fibrin/ALN gel showed significantly increased proliferation and osteogenic differentiation. In
addition, microcomputed tomography and histological analysis revealed that the newly formed bone was significantly enhanced
by implantation of fibrin/ALN gel in a calvarial defect model. These results suggest that fibrin/ALN has the potential to improve
bone regeneration.

1. Introduction

Bone defects occur as a result of various conditions such as
tumors, trauma, disease, and fracture. Although small defects
have the capacity to self-regenerate, large-sized defects do not
heal well. To enhance bone repair and reconstruction, the
use of osteogenic growth factors or cytokines such as bone
morphogenetic protein-2 (BMP-2) has been explored [1, 2].

Recently, several studies have suggested that alendronate
(ALN), one of the bisphosphonates (BPs), can enhance
the osteogenesis of osteoblasts and mesenchymal stem
cells (MSCs) [3–5]. BPs are well known potential antire-
sorptive drugs and are widely used in the treatment of
metabolic bone diseases [6]. BPs are classified into two
main groups: nonnitrogen-containing BPs, which produce

nonhydrolyzable analogs of ATP that are toxic to cells,
and nitrogen-containing BPs, which are more potent drugs
that inhibit the mevalonate pathway and therefore indirectly
induce osteoclast apoptosis [7, 8].

Among the BPs, alendronate (ALN) is one of the most
potent nitrogen-containing BPs and is commonly used
for treating osteoporosis [9]. The mechanism of ALN is
attributed to the inhibition of osteoclast precursor cells
through suppression of farnesyl diphosphate synthase, a key
enzyme of the mevalonate pathway [10]. A previous study
reported that ALN stimulates the proliferation and osteoblast
differentiation of human bone marrow-derived MSCs [3].
Furthermore, Toker et al. reported that locally implanted
ALNpromoted bone formation in a rat critical-sized calvarial
defect model [11]. However, ALN easily dissolves in aqueous
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conditions because of its high hydrophilicity, and uncon-
trolled burst release can lead to side effects. Therefore, to
achieve efficient osteogenesis, proper ALN delivery carriers
are required for implantation at bone defect sites.

Fibrin gel consists of fibrinogen and thrombin com-
ponents isolated from human plasma. When fibrinogen is
activated by thrombin, it is converted into a fibrinmonomeric
biopolymer and forms a fibrin gel [12]. The fibrin gel is
frequently used as a drug delivery system [13] or scaffold
material [14] because it is biocompatible and naturally
biodegrades, and it is possible to vary the release profile
from hours to weeks [15]. Furthermore, fibrin promotes
osteoblast differentiation and accelerates new bone formation
from osteoblasts located near the bone membrane [16, 17].
However, the biocompatibility and in vivo bone healing
properties of an ALN-loaded fibrin gel system have not been
sufficiently studied.

In this study, we fabricated an ALN-loaded fibrin gel and
themechanical properties and release patternwere character-
ized.The biocompatibility was evaluated using humanMSCs
in vitro. The in vivo bone formation capacity of the fibrin/
ALN gel was evaluated using a rabbit calvarial defect model.

2. Materials and Methods

2.1. Preparation ALN-Containing Fibrin Gel. To fabricate
ALN-containing fibrin gel, ALN dissolved fibrinogen solu-
tion was polymerized using thrombin. Figure 1 shows a
schematic diagram of preparation the ALN embedded fibrin
gel to improve bone regeneration. Briefly, ALN was dissolved
in phosphate buffered saline (PBS) at various concentrations
(10−7–10−4M). Fibrinogen powder (Greenplast; Greencross,
Seoul, Korea) was dissolved in the prepared ALN solution
and poured into a silicon mold. To induce polymerization,
thrombin solution was added and blended. The composite
mixture was polymerized at 37∘C for 10min. Fibrin gels were
constructed so that the final concentrations were 20mg/mL
fibrinogen and 2 IU/mL thrombin.

2.2. Mechanical Strength. We measured Young’s moduli of
fibrin/ALN gel constructs prepared with various concentra-
tions of ALN.The fabricated fibrin/ALNgels were loaded bet-
ween two flat plates and compressed at a rate of 0.5mm/min
using an Instron 3345 (Norwood, MA, USA). Young’s moduli
were determined based on the 0–5% linear region of the
stress-strain curve [18].

2.3. In Vitro ALN Release. The fibrin/ALN gel samples were
soaked in 1mLPBS (pH7.4). At predetermined time intervals,
0.1mL of the sample media was collected and replaced
with fresh solution. ALN concentration was determined
spectrophotometrically at 293 nm via complex formation
with Fe(III) ions, as previously described [19].

2.4. Cell Culture. To evaluate biocompatibility, alveolar bone
marrow-derived MSCs obtained from Professor You were
utilized (Wonkwang University, Iksan, Korea). The cells were
cultured in 𝛼-MEM (Invitrogen, Carlsbad, CA) containing

10% fetal bovine serum (FBS; Invitrogen) and 1% peni-
cillin/streptomycin at 37∘C, 5%CO2, and 100% humidity.The
hMSCs were passaged 3–6 times.

2.5. Preparation of Cells Embedded in ALN-Loaded Fibrin
Gel Constructs. Human mesenchymal stem cells (hMSCs)
were dissociated using a 0.05% trypsin/EDTA solution. An
aliquot containing 2 × 104 cells was resuspended in 100 𝜇L
of fibrinogen only or ALN-containing fibrinogen solutions.
The suspensions were then poured into silicone molds.
Polymerization was induced by adding thrombin solution
(20𝜇L, 2 IU/mL) with mixing. The constructs were briefly
washed with PBS to remove residual thrombin and the cell-
containing gels were placed into 24-well plates and cultured
as described above.

2.6. Cell Proliferation Assay. Theproliferation of cells embed-
ded in fibrin/ALN gel was analyzed using CellTiter96�Aque-
ous One solution (Promega, Madison, WI). Briefly, after 3
days of cultivation, 50 𝜇L MTS reagent was added to each
well and incubated for 2 h. Then, 100 𝜇L supernatant was
removed and the absorbance at 490 nmwasmeasured using a
SpectraMAXM3plate reader (MolecularDevices, Sunnyvale,
CA).

2.7. Viability and Cytotoxicity Assay. After 3 days of cul-
tivation, hMSC-embedded gels were soaked in Dulbecco’s
phosphate buffered saline (DPBS) for 30min to remove
phenol red and serum. Stainingwas performed in dark condi-
tions for 30min using a Live/Dead�Viability/Cytotoxicity kit
(Molecular Probes,UK). Calcein acetoxymethyl (calceinAM,
0.05%) stains viable cells green and ethidium homodimer-1
(EthD-1, 0.2%) stains the nuclei of nonviable cells red. The
stained samples were examined under an inverted fluores-
cence microscope (DM IL LED Fluo; Leica Microsystems,
Wetzlar, Germany).

2.8. Alkaline Phosphatase (ALP) Activity. ALP activity was
measured using a p-nitrophenyl phosphate-based colorimet-
ric assay. Briefly, the cell-embedded gels were cultured each
gel. After 7 days of cultivation, gel constructs were homoge-
nized in 100 𝜇L Tris (pH 8.0) buffer and lysed via ultrasoni-
cation for 5min. The supernatant was then collected for the
ALP activity assay using p-nitrophenylphosphate (p-NPP) as
a substrate, as described previously [20].

2.9. Calcium Accumulation Assay. Calcium accumulation
was assayed by alizarin red S staining. Embedded cells were
cultured for 2 weeks during which medium was replaced
every two days. The gel encapsulated cells were fixed with
ice-cold 70% ethanol for one hour and ethanol was removed.
Next, alizarin red S staining solution (40mM, pH 4.2) was
added and the cells were incubated for 30min. The stained
samples were washed five times for 30min with distilled
water and stained portions were photographed with a digital
camera (EOS 500D; Canon, Tokyo, Japan). Quantification of
calcium accumulation was carried out by chopping hydro-
gel samples into small pieces, and stained portions were
solubilized using 10% (w/v) cetylpyridinium chloride in
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Figure 1: Schematic diagrams of the alendronate embedded fibrin hydrogel to improve bone regeneration.

10mM sodium phosphate buffer (pH 7.0) and the absorbance
measured at 562 nm.

2.10. Real-Time Polymerase Chain Reaction. After 7 days of
cultivation, total mRNA was extracted from cells embedded
in fibrin gel using an RNA isolation kit (Ribospin, GeneAll,
Seoul, Korea) according to the manufacturer’s instructions.
PCR was performed using a TaqMan Universal PCR Master
Mix, TaqMan primers, and probe sets (Applied Biosystems,
Carlsbad, CA, USA) specifically targeting collagen type I
(Col1AI; Hs00164004 m1), runt related transcription factor
(Runx2;Hs00231692 m1), osteocalcin (OCN;Hs01587814 g1),
and 18S (Hs99999901 s1). The 18S rRNA gene was used as an
internal standard. The relative expression was normalized to
the control group.

2.11. Animal Experiment. In order to test the bone regenera-
tion capability of fibrin/ALNgel in an animalmodel, fibrin gel
and fibrin/ALN gel were polymerizedwith thrombin solution
at a final concentration of 20mg/mL fibrinogen and 10−6M
ALN as described above. The experimental procedures were
approved by the Institute of Laboratory Animal Research,
Wonkwang University. New Zealand white rabbits, aged 3
months and weighing approximately 2.5–3.0 kg, were used in
the study. All the animals were anesthetized by intramuscular
injection with a combination of 35mg/kg ketamine (Yuhan
ketamine�, Yuhan Crop., Seoul, Korea) and xylazine (Celac-
tal�, Bayer Animal Health Crop., Seoul, Korea) and local
anesthesia on the surgical site using 2% lidocaine solution.We
approached the calvaria via linear incision through the skin
and subcutaneous tissue over themedial line and induced two
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separate circular defects using a trephine bur with an outer
diameter of 8mm. The animal study was performed using
four rabbits at each time-point in all experiments with two
defects induced in each rabbit. One of the calvarial defects
was filled with fibrin gel without ALN and the other was filled
with fibrin/ALN gel.

At 2, 4, and 8 weeks after surgery, bone tissue defects were
removed from the host bone andfixedwith 4%paraformalde-
hyde buffer (pH 7.2) before performing further experiments.

2.12. Microcomputed Tomography (CT) Evaluation. In order
to evaluate the volume of regenerated bone, both defects
were analyzed using three-dimensional micro-CT (Sky-Scan
1172�; Skyscan, Kontich, Belgium). The medium resolution
was 8.82 𝜇m and the X-ray generator was on an operating
voltage of 60 kV with a constant current of 167 𝜇A.The beam
was filtered through a 0.5mm aluminum filter. The image
data were reconstructed and three-dimensional images were
obtained. Based on themicro-CT data sets, the newly formed
bone volume was calculated within the region of interest.

2.13. Histological Analysis. After micro-CT scanning, all spe-
cimens were decalcified in 10% EDTA and then dehydrated
in a graded alcohol series ranging from 70 to 100%. Paraffin
blocks were prepared using a routine process and were cut
into 5 𝜇m sections (HM 325; Microm, Walldorf, Germany).
For each sample, we stained five sections with hematoxylin
& eosin (H&E) and Goldner’s Masson trichrome, using
standard techniques.

2.14. Statistical Analysis. All experiments were performed in
triplicate. Values are expressed as mean ± standard deviation
(SD) and one-way analysis of variance (ANOVA) followed by
a post 𝑡-test was performed using GraphPad Prism version
5.3 (GraphPad Software, SanDiego, CA, USA). 𝑃 < 0.05 was
considered statistically significant.

3. Results

3.1. Morphological/Mechanical/Release Characterization of
Fibrin/ALNGels. Fibrin/ALN gels were formulated with var-
ious concentrations of ALN.The formed gels were solid-like,
semitransparent in appearance, and not affected byALN con-
centration (Figure 2(a)). Next, we measured the compressive
moduli of the fibrin/ALN gels. Young’s modulus of the gels
prepared with fibrin alone was 13.37 ± 0.6 kPa and did not
change significantly with the addition of ALN (𝑃 > 0.05)
(Figure 2(b)).

The ALN release kinetics results showed that the amount
of ALN released increased with ALN concentration. Overall,
the results showed a sustained ALN release of approximately
45% up until 10 days (Figure 2(c)).

3.2. Cell Proliferation and Cellular Response. To evaluate the
effect of ALN concentration on hMSCs, cells were embedded
in the gel and cultured.As shown in Figure 2, cell proliferation
significantly increased in 10−6MALN gels compared with the
control. The cell proliferation markedly decreased in 10−4M
ALN gels (Figure 3). To assess the in vitro cytocompatibility

of the fibrin/ALN gels with varying amounts of ALN, hMSCs
cultured for 3 dayswithin the gelswere evaluated.The embed-
ded cells were stained using live/dead fluorescence staining
reagents and examined using a fluorescence microscope.
Figure 4 shows that most of the hMSCs were viable and
retained a fibroblast-like morphology in fibrin gels and 10−7,
10−6, and 10−5MALNcomposite fibrin gels. In contrast, when
cells were embedded in 10−4M ALN fibrin/ALN gels, a large
number of cells were found to be dead or unhealthy.

3.3. Osteoblast Differentiation. To determine the effect of
ALN concentration of fibrin gels on osteoblast differentia-
tion of hMSCs, ALP activity was analyzed at 7 days. Cells
cultured in 10−7M, 10−6M, and 10−5M ALN fibrin gels
exhibited significantly increased ALP activity compared with
the control. ALP activity was not detected in 10−4M ALN
fibrin gels (Figure 5(a)). In addition, calcium accumulation
was analyzed to determine osteoblast differentiation. When
cultured in 10−7, 10−6, and 10−5MALN fibrin gels, the results
showed significantly increased calcium accumulation with
the highest accumulation detected in the 10−6M ALN fibrin
gel (Figure 5(b)). Real-timePCR for several osteoblastmarker
genes was also used to assess osteoblast differentiation.
The mRNA expression of Col1A1, Runx2, and OCN was
significantly higher in ALN fibrin gels than in fibrin only gel
(Figure 5(c)).

3.4. Micro-CT Evaluation. To examine the capacity of the
fibrin/ALN gels to promote bone regeneration, fibrin and
fibrin/ALN gels formulated with 10−6MALNwere implanted
in a rabbit calvarial bone defect. At 2, 4, and 8 weeks after
implantation, the tissue was harvested and new bone for-
mation was analyzed using micro-CT. Figure 6(a) shows the
three-dimensional images of the implanted fibrin or fibrin/
ALN gels. In all groups, new bone formation occurred from
the marginal defect site and progressed over time. Further-
more, 4 or 8 weeks after implantation, newly formed bone
was greater in the fibrin/ALNgel-implanted group than in the
fibrin gel implant group. Quantification of bone regeneration
revealed significant differences in each group. Specifically, the
newly formed bone volumewas greater in the fibrin/ALNgel-
implanted group (38.02 ± 1.00mm3) than in the fibrin gel
group (31.24 ± 0.76mm3) at 8 weeks after implantation
(Figure 6(b)).

3.5. Histology. Histological evaluation of the fibrin/ALN gel-
repaired defect specimens was performed at 2, 4, and 8 weeks
after implantation. Figure 7 shows the H&E-stainedmarginal
site of the bone defect. Two weeks after implantation, a
small amount of newly formed bone was observed at the
margin of the defect in specimens implanted with fibrin gel.
Otherwise, more thickness newly formed bone was observed
in fibrin/ALN gel-implanted specimens. Four weeks after
implantation, matured new bone was observed and newly
formed bone was integrated with the host bone at the
marginal aspect of the defect. At 8 weeks after implantation,
the matured new bone was found to be more developed, and
bone marrow cavity-like morphology was observed. Bone
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Figure 2: (a) Gross view of fibrin gels containing various ALN concentrations (10−4M∼10−7M). (b) Effects of ALN concentration on the
stiffness of fibrin/ALN gel. The stiffness of the fibrin/ALN gel was not significantly affected by ALN concentration. (c) In vitro cumulative
release of ALN from fibrin gel. A slow sustained release was observed. The data shown are the mean ± standard deviation (SD) of three
independent experiments.

growth was markedly thicker in the fibrin/ALN gel group
than in the fibrin gel group (Figure 8). In addition, Figure 9
shows Goldner’s Masson trichrome staining of the central
area of the calvarial defects. At 2 weeks after implantation,
large amounts of fibroblastic connective tissue were observed
in all groups. A small amount of immature bonewas observed
in the fibrin/ALN gel-implanted group. Furthermore, mature
bone islands were observed at 4 weeks and this newly formed
bone was more abundant at 8 weeks after implantation in the
fibrin/ALN-implanted group. The results of the histological
observation confirmed the results obtained from micro-CT
analysis.

4. Discussion

Patients with severe bone loss could greatly benefit from
tissue regeneration in large defects. Therefore, a number of

studies have attempted to enhance bone regeneration using
growth factors or osteoinductive drugs. Several studies have
reported enhanced bone regeneration using locally applied
ALN. However, the use of ALN in combination with fibrin
gel for bone tissue engineering has not yet been evaluated.

In this study, we prepared ALN-containing fibrin gels
and the properties of fibrin/ALN gels, including compressive
moduli, ALN release kinetics, in vitro cellular behavior of
hMSCs, and in vivo bone regeneration capacity were evalu-
ated. The concentrations of fibrinogen and thrombin affect
the stiffness of fibrin gels [21]. In addition, the stiffness is
affected by composite materials such as protein [22], and the
mechanical strength of a gel influences cellular proliferation
and spreading [23]. In this study, fibrinogen (20mg/mL) and
thrombin (2 IU/mL) were used because these concentrations
were optimized in pilot experiments [24], and our results
showed that the stiffness was not significantly affected by
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Figure 3: Effect of ALN concentration in fibrin/ALN gels on human mesenchymal stem cell (hMSC) proliferation. Cells were embedded
and cultured in the fibrin gels prepared with ALN at various concentrations. After 3 days of cultivation, cell proliferation was measured. The
cells embedded in the fibrin/ALN gels prepared with 10−7, 10−6, and 10−5M ALN exhibited increased proliferation. However, proliferation
was significantly inhibited in fibrin/ALN gels prepared with 10−4M ALN. The data shown are the mean ± standard deviation (SD) of three
independent experiments. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared with the control.
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Figure 4: Effect of ALN concentration in fibrin/ALN gels on cell viability. Human mesenchymal stem cells (hMSCs) were embedded in
fibrin/ALN gels containing various concentrations of ALN. After 3 days of cultivation, live/dead staining was performed. Most of the hMSCs
were viable and retained a fibroblast-like morphology (stained by calcein AM, shown in green) in fibrin gels and 10−7, 10−6, and 10−5MALN
composite fibrin gels. In contrast, when cells were embedded in 10−4MALN fibrin/ALN gel, a large number of cells were found to be dead or
unhealthy (stained by EthD-1, shown in red) and cells were poorly distributed and had a rounded cellular morphology.

ALN addition. A previous study reported that the stiffness
of fibrin gel was influenced by the embedded cell density
[25]. According to Jansen et al.’s report, stiffness was also
affected by fibrin concentration, and significant changes only
occurred at fibrin concentrations < 2mg/mL. In keeping
with these reports, in the present study, gel stiffness was not
significantly changed by cell embedding (data not shown),
which is likely due to the fibrinogen concentration used in
this study. The fibrin gels prepared in this study were shown
to contain mostly viable cells that displayed an elongated
fibroblastic-like morphology.

Several researchers have investigated the local application
of ALN for bone repair. However, when using local injection,
drug release pattern is an important factor. According to Jeon
et al., the growth factor release pattern is influenced by the
fibrinogen and thrombin concentrations. They showed that
when using 94.3mg/mL fibrinogen and 33.3 IU/mL throm-
bin, approximately 60% of the growth factor was released

after 3 days. In contrast, we observed a slow release profile
and approximately 45% of the ALNwas released after 10 days.
The different release profiles may be the result of different
concentrations of fibrinogen and thrombin [26], differences
in the chemical structure and properties of the loaded drug,
and preparation method [27].

In vitro cellular evaluation was the starting point for
determining the biocompatibility of the formulated gel
system. In this study, we first assessed cell proliferation
and cytotoxicity to evaluate biocompatibility. A number of
studies have reported that ALN regulates cell proliferation
and differentiation [3, 28]. A previous study reported that
ALN enhanced proliferation of human bone marrow stromal
cells and also initiated osteoblastic differentiation involving
osteogenesis-related genes such as BMP-2, bone sialoprotein-
II, and Col1A1 [3]. Im et al. reported that the proliferation of
MG-63 cells increased over a wide concentration range from
10−6M to 10−9M of ALN, while at 10−4M, cell proliferation
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Figure 5: Effect of ALN concentration in fibrin/ALN gels (a) on alkaline phosphatase (ALP) activity (ND, not detected) and (b) calcium
accumulation. Human mesenchymal stem cells (hMSCs) were embedded in the fibrin/ALN gels containing various concentrations of ALN.
ALP activity assay and alizarin red S staining were performed after 7 and 14 days of cultivation, respectively. (c) In addition, after 7 days of
cultivation, real-time PCR was performed for several osteoblast marker genes and cells cultured in fibrin/ALN gels containing 10−7, 10−6,
and 10−5MALN, and osteoblast differentiation was significantly increased.The data shown are the means ± standard deviation (SD) of three
independent experiments. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared with control.

decreased [5]. We observed increased cell proliferation from
10−5 to 10−7M and the highest concentration of 10−4M ALN
inhibited cell proliferation. This is in agreement with the
results reported by Im et al. [5].This effectmay be attributable
to cytotoxicity of ALN at high concentrations and this is also
supported by our live/dead assay results. Furthermore, they
also showed that ALP activity level increased after treatment
with 10−8MALN [5].WeusedALP activity and calcium accu-
mulation as an indicator of osteoblast differentiation. Our
data showed that the ALP activity and calcium accumulation
in fibrin gels increased with increasing ALN concentration
from 10−5M to 10−7M and the highest osteoblast differen-
tiation was observed in 10−6M ALN-containing fibrin gels.

In 10−4M ALN fibrin gels, ALP activity was not detected
because the high concentration inhibited cell proliferation,
as previously described. During osteoblast differentiation,
Col1A1 [29, 30] and Runx2 are important genes [31] that,
together with OCN, regulate osteoblast differentiation [32];
these genes are well known osteoblast markers. Therefore,
to confirm ALN-induced osteoblast differentiation, we per-
formed real-time PCR for these marker genes and showed
that their induction was related to ALN concentration in
the fibrin gel system. The results suggest that fibrin gels
containing 10−7M∼10−5M of ALN resulted in enhanced cell
proliferation and osteoblastic differentiation of embedded
hMSCs.
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Figure 6: Effect of fibrin/ALN gel on new bone formation in a rabbit calvarial defect. Representative three-dimensional microcomputer
tomography images (a) and quantification graph (b) of calvarial bone defect regeneration at 2, 4, and 8 weeks after implantation with fibrin gel
or fibrin/ALN gel.The new bone formation increased in the fibrin/ALN gel (10−6MALN) group compared to that in the fibrin gel-implanted
group. Scale bar = 3mm.The data shown are the mean ± standard deviation (SD). ∗𝑃 < 0.05 compared with the fibrin gel-implanted group.
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Figure 7: Hematoxylin and eosin-stained microscopic images of the margin of the defect site at 2, 4, and 8 weeks after implantation of fibrin
gel or fibrin/ALN gel (containing 10−6M ALN). Newly formed bone at the periphery of the defect was observed in both the fibrin gel and
fibrin/ALN groups from 2weeks after implantation.Mature bone wasmore abundant in the fibrin/ALN group and newly formed bone tended
to coalesce with the host bone. Hb, host bone; Nb, new bone. Scale bar: 250𝜇m.

We used a rabbit calvarial defect model to evaluate the
capacity of fibrin/ALN gels to regenerate bone after injury.
Several studies report enhanced bone formation following
local delivery of ALN [33, 34]. Toker et al. reported that
an autogenous bone graft with ALN enhanced new bone

formation in a rat calvarial defect model [33]. Komatsu
et al. found that local application of ALN promoted bone
formation in a rat tooth replantation model, and the bone
formation effects may have occurred through endocytic
incorporation of ALN and subsequent inhibition of protein
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Figure 8: Histologic morphology of the new bone at 8 weeks after
implantation. In the central area, newly formed bone was more
mature in the fibrin/ALN gel-implanted group than in the fibrin gel
group.The arrow indicates the newly formedbone containingwoven
bone and lamella. Arrow head indicates the defect marginal site. Hb,
host bone; Nb, new bone. Scale bar: 500 𝜇m.
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Figure 9: Goldner’s Masson trichrome-stained histological images
of regenerated bone in the central area of calvarial defects at 2, 4, and
8 weeks after implantation. At 2 weeks, large amounts of fibroblastic
connective tissue were observed in the fibrin gel and fibrin/ALN
gel-implanted groups. Specifically, a small island-like amount of
immature bone (black arrow) was observed in the fibrin/ALN gel-
implanted group. Furthermore, mature bone islands (white arrow)
were observed at 4 weeks and the newly formed bones were more
abundant at 8 weeks in the fibrin/ALN-implanted group than in the
fibrin gel-implanted group. Scale bar: 250 𝜇m.

prenylation [34]. For our in vivo study, we used fibrin gel
prepared with 10−6M ALN because of its superior cellular
cytocompatibility. After implantation of the fibrin/ALN gel
into the calvarial defect, newly formed bone, in the form of
an island, was visible in the central defect area. Furthermore,
the newly formed bone increased in the fibrin/ALN gel-
implanted group compared to that in the fibrin gel group.
Although the precise biological mechanism of fibrin/ALN gel
involved in bone formation was not revealed in this study,
our findings suggest that improved bone formation occurred
via stimulation of proliferation and differentiation of bone-
forming cells by ALN released from the fibrin/ALN gel.

5. Conclusions

We prepared fibrin/ALN gels for ALN local delivery to
improve bone regeneration. The fibrin/ALN gel provided

a suitable environment for hMSC proliferation and differ-
entiation in vitro. Furthermore, fibrin/ALN gels enhanced
new bone formation in a rabbit calvarial defect in vivo. This
study highlighted the potential of fibrin/ALN gel for drug
delivery and sustained release for bone tissue regeneration
applications. Further studies should focus on enhancing bone
defect regeneration by varying the fibrinogen and thrombin
concentrations in fibrin/ALN gels.
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We describe the development of an optimization algorithm for determining the effects of different properties of implanted
biomaterials on bone growth, based on the finite elementmethod andbone self-optimization theory.The rate of osteogenesis and the
bone density distribution of the implanted biomaterials were quantitatively analyzed. Using the proposed algorithm, a femur with
implanted biodegradable biomaterials was simulated, and the osteogenic effects of different materials were measured. Simulation
experimentsmainly considered variations in the elasticmodulus (20–3000MPa) anddegradation period (10, 20, and 30 days) for the
implanted biodegradable biomaterials. Based on our algorithm, the osteogenic effects of thematerials were optimal when the elastic
modulus was 1000MPa and the degradation period was 20 days. The simulation results for the metaphyseal bone of the left femur
were compared with micro-CT images from rats with defective femurs, which demonstrated the effectiveness of the algorithm.The
proposed method was effective for optimization of the bone structure and is expected to have applications in matching appropriate
bones and biomaterials. These results provide important insights into the development of implanted biomaterials for both clinical
medicine and materials science.

1. Introduction

Biological systems have mechanisms to automatically adapt
to environmental changes in order to maintain their required
functions under varying conditions and stresses [1]. Many
studies have investigated functional biological adaptations to
environmental changes in the muscles, lungs [2, 3], arteries
[4], bones [5, 6], and even plants [7]. For example, bones
gradually adapt into an optimal structure to support our
organs and human anatomical features. As the external
loading changes, the bone structure will adopt an optimal
shape and structure to adapt to the new loading; this pro-
cess is called bone functional adaptation. The mechanisms
mediating bone adaptation have been studied extensively.
The “self-optimizing” properties of bone were described as
early as 1896 [8], and a theory, known as Wolff ’s law, on the
naturally optimum structure of bone was proposed.

Some of the earliest theoretical frameworks for bone
adaptation included proposals for the elastic formulation of

apparent bone density by an exponential penalization factor
[9, 10]. Bendsøe [11] obtained similar results using topology
optimization by the penalized material model. Recently, with
the rapid development of computer technology, the quantita-
tive study of bone functional adaptation has become possible
[12]. Rossi and Wendling-Mansuy [13], Weinans et al. [14],
and Beaupré et al. [15] combined mathematical descriptions
with the finite element method (FEM) to quantitatively pre-
dict the self-optimizing features of bones, and the computed
outcomes were shown to have many similarities with actual
bone morphologies. Boyle and Kim [16] applied topology
optimization to simulate three-dimensional human proximal
femur remodeling and further proved the effectiveness of
Wolff ’s hypothesis.

However, bones are not necessarily always healthy and
may have defects or fractures. The rapid development of
biomedicine has provided access to new methods such
as implantation to support defective bones, stimulate cell
growth, and release ions to help generate better bone
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structure. Moreover, the optimal features of bone materials,
including compatibility, reactivity, and degradability, have
been studied extensively for use in the clinical setting
[17, 18].

For new bone, the initial mechanical strength is very
important. If it is too strong, the concentration of stress on
the new bone may be disadvantageous toward osteogenesis
[19, 20]. If it is too weak, the bone cannot provide adequate
support [21]. When choosing an optimal bone material, its
initial biomechanical strength and its rate of degradation
must be considered simultaneously [20]. If the degradation
rate is too fast, voids in the bone may appear and lead to a
weakened structure and the failure of osteogenesis [22]. If the
rate is too slow, osteogenesis will be hindered [23].Therefore,
the appropriate bone material for implantation must be
chosen to simultaneously satisfy both the degradation rate
and new bone formation capacity, leading to the improved
synchronization of both events. The implantation of bone
material will cause changes in the stress applied to the
bones, which will in turn cause changes in the internal
structure optimization. The original optimization algorithm
for bone cannot be used directly in defective bones, and the
challenge thus becomes the matching of the bone material
and osteogenesis. Thus, researchers in the fields of clinical
research and relatedmaterial sciences have begun to focus on
the problem ofmatching the bone implantationmaterial with
the bone tissue [24].

The two existing research approaches for achieving this
goal are experimental biomechanics and FEM analysis.
Although constructing an experimental animal model has
advantages such as intuitiveness and subjectivity [25], the
need for long testing periods and susceptibility to numer-
ous extraneous factors can be disadvantageous. This may
limit the ability of researchers to observe any quantitative
relationships between the implantation material and the
bones. The current constitutive model plays an important
role in understanding the effects of the implantation material
on bone growth. Computational digital image processing
technology and computer-aided analysis methods have sim-
plified the creation of computer models [16, 21, 26]. We
have preliminary achieved simulation of osteoblast with
material and bone density distribution which considered the
elastic modulus of material [27]. However, the degradation
period has not been considered which was very important
parameter for the implanted biodegradable biomaterials and
has no animal experiments to provide the corresponding
support.

In this study, we created a theoretical FEM model of
bone remodeling with implanted biomaterials. Our bone
growth optimization process takes into considerationYoung’s
modulus and the degradation rate of the bone material,
achieving a simulation of osteoblasts with material and
bone density distributions. The simulation results for the
metaphyseal bone of the rat left femur and micro-CT images
from rats with experimental femur defects are compared.The
results validate the effectiveness of the method in modeling
bone structure and overall shape optimization. In addition,
this method provides theoretical guidance to the matching
problem between bones and implant biomaterials.

(3) 248N

(2) 703 N

(1) 576N

(3) 1049N
(2) 2271N

(1) 1700 N

Figure 1: Finite element mesh for the proximal femur model.

Table 1: Load results for the proximal femur model.

Joint reaction force/N Angle/∘ Rotor rally/N Angle/∘

1 1700 25 576 35
2 2271 66 703 62
3 1049 15 248 8
Note: the angle is the angle between the direction of force and the horizontal
direction.

2. Materials and Methods

In this study, a combination of the bone self-adaptive opti-
mization theory and material degradation rules was used to
simulate the proximal femur with defects, as detailed below.

2.1. Finite Element Model. A two-dimensional finite element
model of the proximal femur was used. The model was
obtained from the preprocessing of the femur of a nor-
mal adult male using CT, Photoshop 5.0, and ANSYS 10.0
software. With the ANSYS meshing tools, the model was
divided into 3,689 nodes and 1,168 elements whose mesh
element size was defined as 0.25 cm2 as shown in Figure 1.
The implant material was linear, elastic, and isotropic. The
material properties of themodel included the elasticmodulus𝐸 (2000MPa), Poisson’s ratio 𝜇 (0.3), and apparent density
𝜌 (1.0 × 103 kg⋅m−3) [13, 16]. The joint forces acting on the
femoral head (different stress points) and the rotor muscle
tendon tension were chosen based on the literature [28]. The
loads are provided in Table 1. The defect was assumed to be
1 cm × 1 cm and involved 36 elements, including the cortical
and cancellous bone. This size has been used in many prior
animal experiments [25, 29, 30].

The ranges of implant material properties used in this
study were previously defined [31, 32].The elasticity modulus
values were 30, 500, 1000, 2000, and 3000MPa. For the
material degradation time, the iteration step length was 1 day
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for the simulation. Three time periods (10, 20, and 30 days)
were chosen.

2.2. Simulation-Based Analysis. The optimization of the
objective function is presented as follows [27]:

𝐹 (𝜌 (𝑡)) = 𝑛∑
𝑗=1

(12𝜎𝑗 (𝑡)𝑇𝑆𝑗 (𝑡) 𝜎𝑗 (𝑡)) , (1)

where 𝐹 is the strain energy at time 𝑡, 𝜎𝑗(𝑡) is the stress vector
component of element 𝑗 at time 𝑡, 𝜌(𝑡) = {𝜌𝑗(𝑡) | 𝑗 = 1 ⋅ ⋅ ⋅ 𝑛},𝜌𝑗(𝑡) is the apparent density of element 𝑗 at time 𝑡, 𝑛 is the
number of elements, and 𝑆𝑗(𝑡) is the global stiffness matrix,
defined as follows:

𝑆𝑗 (𝑡) =
[[[[[[[[[
[

1
𝐸𝑗 (𝑡) − 𝜇𝑗 (𝑡)𝐸𝑗 (𝑡) 0
− 𝜇𝑗 (𝑡)𝐸𝑗 (𝑡)

1
𝐸𝑗 (𝑡) 0

0 0 2 (1 + 𝜇𝑗 (𝑡))
𝐸𝑗 (𝑡)

]]]]]]]]]
]

, (2)

where 𝐸𝑗(𝑡) and 𝜇𝑗(𝑡) represent the elastic modulus and
Poisson’s ratio, respectively.

The constraint equations are

𝑔1 (𝜌 (𝑡)) =
𝑛∑
𝑗=1

𝜌𝑗 (𝑡) V𝑗 (𝑡) , (3)

0 < 𝜌𝑗 (𝑡) < 1.8 g ⋅ cm−3, (4)

where 𝑔1 was total mass constraint function and V𝑗(𝑡) is
volume of element 𝑗 at time 𝑡. Equation (3) indicates that the
bone quality remains unchanged and (4) defines 1.8 g⋅cm−3
as the maximum density of the cortical bone during the opti-
mization process. Through solving the optimization model,
the density value of the next timewas predicted to be �̂�(𝑡+1) ={�̂�𝑗(𝑡 + 1) | 𝑗 = 1 ⋅ ⋅ ⋅ 𝑛}.

Degradation of the material occurs slowly at earlier time
points and more rapidly as time passes [30, 31]. In this study,
an ideal material degradation function was established as
follows: 𝐸1(𝑡 + 1) = (1 − 𝑡/𝑇)0.5 ∗ 𝐸10, where 𝐸10 is the
initial modulus of the implant material (30, 500, 1000, 2000,
and 3000MPa) [31, 32], 𝐸1(𝑡 + 1) is the elastic modulus of
the implant material at time 𝑡 + 1, and 𝑇 is degradation cycle.
The relationship between the elastic modulus and apparent
density is as follows: 𝐸 = 2315𝜌3 [21, 24].

The apparent densities of the defect elements and other
part elements, respectively, follow the rules below:

Δ𝜌𝑖 (𝑡 + 1) = 𝑐 ⋅ (�̂�𝑖 (𝑡 + 1) − 𝜌𝑖 (𝑡)) ,
𝑖 = {𝑛𝑘 𝑘 is the implant material element} ,

Δ𝜌𝑘 (𝑡 + 1) = 𝑐 ⋅ (�̂�𝑘 (𝑡 + 1) − 𝜌𝑘 (𝑡))
− (𝑟 (𝑡 + 1) − 𝑟 (𝑡))

{𝑘 is the implant material element and 𝑘 = 1, . . . , 36} ,

(5)

Defect

>1.2

0.9–1.2
<0.9

Apparent density (×103 kg/m3)

Figure 2: Density distribution for the proximal femur and defective
area.

where 𝑐 is the recycling control rate obtained from experi-
ence, defined as 0.02. 𝑟(𝑡) was the degradation function of
implant material and a second-order function was used in
this work.

The next apparent density was calculated as follows:

𝜌𝑗 (𝑡 + 1) = 𝜌𝑗 (𝑡) + Δ𝜌𝑗 (𝑡 + 1) . (6)

The osteogenesis was the mean of the 36 implanted element
which was obtained as 𝐸𝑗 = 2315𝜌𝑗3 − 𝐸1(𝑗 + 1).
2.3. Animal Experiments and Finite Element Model. Seven
10-week-old female Sprague-Dawley rats with body weights
of 204 ± 4 g were used for the micro-CT imaging study.
The experimental protocol was approved by the Institutional
Animal Committee. A defect (3mm in diameter and 3mm
in depth) was drilled on the lateral side of the left femur.
The biomaterial CSC (calcium sulfate cement), which has
a degradation rate of 4–8 weeks in vivo for the rat model
[33–36], was studied. The extents of biomaterial degradation
and osteogenesis were scanned in vivo at three time points
(7, 17, and 27 days) with a micro-CT scanner (SkyScan 1176,
Bruker-microCT, Kontich, Belgium). The CSC, instrument
parameters, and scanning methods were the same as the
control animal experiment described in Zhang et al. [25],
which restricted the rats in 47 × 35 × 20 cm3 cages.

Micro-CT images were reconstructed and the biggest
horizontal truncation area of the refilled defect was calculated
from the refilled defect volume by after-tracing the CSC
edge visualized by the new bone formation, using the system
software and a threshold of 110 in gray scale.

The simulation was designed on the basis of the animal
experiments. The model, obtained using CT, Photoshop 5.0,



4 BioMed Research International

t = 19t = 13t = 7

>1.2

0.9–1.2
<0.9

Apparent density (×103 kg/m3)

Figure 3: Apparent osteogenic density changes with 𝐸 = 1000MPa and 𝑡 = 20 days.

and ANSYS 10.0 software, was based experimentally on the
metaphyseal bone of the proximal left femur in rats. The
implant material properties used were as follows: elastic
moduli of 7000 and 2000MPa and Poisson’s ratio of 0.3 for
two parts of the cortical bone; an elastic modulus of 900MPa
and Poisson’s ratio of 0.3 for the cancellous bone; and an
elastic modulus of 800MPa and Poisson’s ratio of 0.3 for
the implant material. The joint force was assumed as 0.65N,
which is about one-third of an average rat bodyweight (204 g)
[25]. For the material degradation time in the simulation, an
iteration step length was 1 day.

3. Results

3.1. Initial State. The initial proximal femur bone density
distribution was obtained, as shown in Figure 2, based on
the bone self-optimization theory [30, 31]. The darker gray
region in the illustration represents a larger apparent density;
the black area is the cortical bone, and the gray area is the
cancellous bone. There are three types of apparent densities
in the indicated square area black area that were chosen as
defects. Thus, this model could be used to analyze the bone
with the implant material.

The iterations were terminated after the density no longer
exhibited significant change (value < 0.001) [30]. The step
length was 1 day, which was set according to the material
degradation and bone formation rates. An example of the
apparent density change is given by Figure 3. Only the
defective areas are shown because the apparent density was
convergent and the rest of the structure exhibited nearly
zero change. At day 7 after loading, the proportion of new
bone formation is approximately zero. At days 17 and 19,
the new bone formation proportions are 33.3% and 52.7%,
respectively. As the biomaterial degrades, new bone is grown.

3.2. Effects of Material Properties and Degradation Frequency
on Osteogenic Simulation. The impact of the average elastic
moduli for different implant materials on osteogenesis is

3 5 7 9 11 13 15 17 19 21 23 25 27 291
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Figure 4: Contrast simulation results for osteogenesis using implant
materials with different degradation periods.

shown in [27]. The osteogenesis rate approaches zero when𝐸 = 0.002MPa and the osteogenic effects are reduced
compared with those of the stiffer material when 𝐸 =30MPa. During the same degradation period of 20 days,
the effects of the material with an elastic modulus of about
1000MPa are improved compared with those of materials
having either higher or lower elastic modulus values. Finally,
at the highest simulated elastic modulus of 3000MPa, the
rate of osteogenesis is reduced because the material degrades
more slowly and there is no space for new bone growth.

Because optimal osteogenesis occurred at an elastic mod-
ulus of 1000MPa,we used amaterial with this elasticmodulus
value to assess the effects of three degradation periods. The
osteogenesis simulation results using implantation materials
with different degradation periods at an elastic modulus of
1000MPa are shown in Figure 4. Interestingly, we observe
optimal osteogenesis when the degradation period is 20
days. When the degradation period is 10 days, degradation
is too rapid, and the biomaterial cannot achieve maximum
osteogenic effects. On the other hand, when the degradation
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Experiment image

Simulation image

t = 27t = 17t = 7

Figure 5: Micro-CT images from the animal experiments and simulation results showing the CSC degradation and new bone formation at𝑡 = 7, 17, and 27days.

period is 30 days, degradation is too slow, and there is no
space for new bone to form.

3.3. Comparison with Animal Experiments. The micro-CT
images of the animal experiments and the simulation images
showing the CSC degradation and new bone formation at 𝑡
= 7, 17, and 27 days are presented in Figure 5. At day 7 after
loading, the defect areas are 7.73 ± 0.41 and 8.21mm2 for
the control and the simulation, respectively. At day 17, the
refilled defect areas are reduced in both the control (6.31 ±
0.43mm2) and the simulation (6.70 mm2) and yet further
reduced on day 27 (3.99 ± 0.35 and 4.01mm2, respectively).
The simulation results are well fitted to the experimental data.

4. Conclusions

Based on the theories and methods of Beaupré et al. [15, 24],
we introduced amaterial degradation functionwhich allowed
us to develop methods that would numerically simulate and
optimize bone growth after biomaterial implantation. These
methods accurately described the bone density distribution

after bone material implantation over time, thereby permit-
ting us to propose theories and simulation techniques for
bones in abnormal states. In this study, we verified that the
implanted material may help defective bones to adapt to
external loading and then quantitatively demonstrated that
the bone adaptation to external loading had major effects on
bone growth and followed Wolff ’s law.

The computer simulation provided a quantitative analysis
method for resolving two basic but complementary problems
between an implant material and bone growth: (1) quanti-
fying the effects of the implant material and (2) finding a
suitable biodegradable material. Compared to using animal
experiments, we could reduce a 30-day study period to several
hours via the computer simulation. Although degradation
functions cannot precisely model how implant materials will
behave, the simulation process uses discretized data with
points chosen from journal references.

For simulation purposes, the degradation rate of the
implant material was assumed to be constant; this may be
achieved experimentally by using porousmaterials. However,
due to the use of composite materials and the irregular shape
of an implant, degradationwill not be uniform across the bulk
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of the implant material. As a result, the next step will be to
perform a prospective study based on the stimulation results,
considering properties such as the dimensions, proportions,
and structure of the material. Assuming that the material
is isotropic simplifies the quantitative analyses of material
degradation and bone growth; however, the anisotropic prop-
erties of the material will need to be considered later. Based
on these studies, a more accurate and reasonable degradation
analysis can be established by introducing more parameters
into the degradation distribution function which will better
fit the experimental results.

Application of the bone remodeling theory aided by com-
putationally iterated simulation allows for the calculation of
bone density, osteogenesis, and the development of defective
bones. This may be helpful for planning during surgery and
for the prediction of postoperative bone growth. Although
these bone remodeling simulations are still rudimentary,
bone remodeling theories are expected to become more
refined as our understanding of 3D modeling and complex
loading is improved. The applications of these data will
be broad, particularly after improvement of the numerical
simulation technology.
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The treatment of bone defects is challenging and controversial. As a new technology, periosteal distraction osteogenesis (PDO) uses
the osteogenicity of periosteum, which creates an artificial space between the bone surface and periosteum to generate new bone
by gradually expanding the periosteum with no need for corticotomy. Using the newly formed bone of PDO to treat bone defects
is effective, which can not only avoid the occurrence of immune-related complications, but also solve the problem of insufficient
donor.This review elucidates the availability of PDO in the aspects of mechanisms, devices, strategies, and measures. Moreover, we
also focus on the future prospects of PDO and hope that PDOwill be applied to the clinical treatment of bone defects in the future.

1. Introduction

Bone regeneration is a major challenge in the reconstructive
surgery field. The commonly used therapies for bone defects
are bone graft substitutes, guided bone regeneration (GBR),
and distraction osteogenesis (DO). Autologous bone graft,
the gold standard for the treatment of bone defects, although
it can avoid the immune-related complications, is limited
by donor, pain, morbidity, secondary trauma surgery, bone
resorption, and osteonecrosis [1, 2]. Other graft substitutes,
such as allogenic bone and biosynthetic materials, have the
problem of biocompatibility, which often lead to infection,
immune rejection, and implant displacement [3]. GBR is
a technique that uses a layer of high molecular biological
membrane as a barrier to cover bone defect; it can stop the
entry of irrelevant tissues or cells andmaintain the stability of
blood clots to let the coagula fill the defect gap [4]. DO, also
known as “the endogenous bone tissue engineering,” forms
new bone by gradually separating two bone segments on the
condition of osteotomy or corticotomy [5, 6]. This approach
can generate sufficient osseous mass, but it is invasive for
human body and has a long treatment cycle; it also easily

causes bone nonunion and fibrous ossification. Schmidt et
al. [7] were the first to confirm the histological formation of
new bone by periosteal distraction without corticotomy, and
the conception of periosteal distraction osteogenesis (PDO)
gradually arose from it.

PDO is a breakthrough after DO; it is the combination
of tissue expansion and GBR, which creates an artificial
space between bone surface and periosteumby expanding the
periosteum, muscle, and skin at the same time (Figure 1(a)).
It can avoid the occurrence of immune-related complications
and solve the problem of insufficient donor; it also does
not need corticotomy comparing with DO. A large number
of researchers have explored the feasibility and superiority
of PDO through many animal experiments (Table 1). This
review will discuss the effectiveness of PDO in the aspects of
mechanisms, devices, strategies, and measures.

2. Mechanisms of PDO

Periosteum plays a significant role both in DO and in PDO.
The osteogenicity of periosteum has already been proved in
DO. Kojimoto et al. [8] implanted an orthofix at tibiofibular
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Cortical bone
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(a)

Distraction rod

Fixation frame

Titanium mesh

(b)

Self-activated memory alloy

(c)

Distraction rod
Fixation screws
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Figure 1: The mechanism (a) and devices (b, c, d) of PDO. (a) PDO creates an artificial space between the bone surface and periosteum to
generate new bone by expanding the periosteum,muscle, and skin at the same time. (b) U-shaped distractor composes of three different parts:
fixation frame, distraction rod, and titaniummesh. Bilateral fixation legs can be fixed rigidly to the surface of cortical bone by titanium screws,
and then through the rotation of middle distraction rod, the titanium mesh can be lifted off the ground of bone and distract the periosteum
simultaneously. (c) SMA leaves out distraction screws. (d) Biodegradable PLLA/HAmesh instead of titaniummesh for distracting periosteum.

junction in rabbit and found that removing periosteum could
obviously affect callus formation, suggesting that periosteum
is important for DO, even more important than cortico-
tomy; another study also supported this finding [5]. Sun
and Herring [9] regarded that the periosteal injury would
inhibit the early period of mandibular DO site healing.
Besides, Takeuchi et al. [10] proved that there was more
newly formed bone in periosteum retention group compared
with that in the periosteum excision group by micro-CT,
and the preservation of periosteum could not only prevent
the resorption of external bone, but also maintain vertical
height of mandible during DO. Furthermore, Yin et al. [11]
also stressed the necessity of maintaining the integrity of
periosteum in the installation of dental implant distractor.

As we all know, the periosteum is composed of two
different parts. The outer layer is also called fibrous layer,
which is closely integrated by collagen fibers; it is rich in
blood vessels and nerves and has nutritional and sensory
function. The inner layer is also called cambium layer, which
is arranged in order by osteocytes; it is involved in the growth

and proliferation of bone and has the ability of osteogenicity
[12]. The periosteum is rich in bone progenitor cells which
can differentiate into osteoblasts in the process of periosteum
stretch [13]. An early study [14] demonstrated that the
mechanical strain can stimulate human periosteal cells to
increase the expression of Runt-Related Transcription Factor
2 (RUNX2) and upregulate some osteogenic and angiogenic
growth factors, such as transforming growth factor-𝛽 (TGF-
𝛽), basic fibroblast growth factor (b-FGF), vascular endothe-
lial growth factor (VEGF), and platelet derived growth factor
(PDGF). Thus it is theoretically possible to produce new
bone only by periosteum distraction without corticotomy,
namely, PDO. The slow and stable tension can activate
the mesenchymal stem cells (MSCs) to differentiate into
osteoblasts with high activity and even calcify tomature bone
tissue.

There is another theory that supports the feasibility of
PDO. Stevens et al. [16] took advantage of the osteogenicity of
rabbit tibial periosteum to acquire new bone and successfully
repaired the contralateral tibial defects. They called the
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artificial space between the periosteum and the tibia “in
vivo bioreactor,” which creates a space in the body and uses
the organism’s own potency to regenerate tissue for repair
[39]. The periosteum is equivalent to a physical barrier that
effectively prevents other soft tissues from invading and is
also conducive to the supplement of bone cells. Using this
method to construct tissues is similar to bone autograft;
it can be achieved by body’s own healing mechanism and
regenerative potency.

To sum up, the mechanism of PDO lies in the formation
of an “in vivo reactor” between the periosteum and cortical
bone. Using the osteogenicity of periosteum, it not only
releases osteogenic cells and factors during the distraction,
but also creates an independent space for bone regeneration.

3. The Designs and Materials of
Distraction Devices

In order to obtain a good result of osteogenesis, wemust carry
out a stable and sustained stretch for periosteum. Researchers
often used different designs and materials to analyze the
effect of PDO (Table 1). With the progress of science and
technology, the distraction devices are gradually evolving.

At first, Kostopoulos and Karring [15] implanted the
Teflon (PTFE) capsules at mandibular ramus of rats; the
capsules could avoid the interference of the surrounding soft
tissue, whereas they block the contact between the perios-
teum and the cortex unfortunately. They suggested that the
periosteal distraction devices should be perforated in order
to maintain the communication between the periosteum and
cortical bone.

Schmidt et al. [7] then used a U-shaped distractor
(Figure 1(b)) to stretch the periosteum of rabbit mandible
and acquired new bone height of average 2.86 ± 0.56mm,
and the U-shaped distractor has been improved later [18,
21, 26, 33, 36, 40]. The U-shaped device is usually made
of titanium alloy or stainless steel with advantages of high
strength and corrosion resistance. It often has three different
parts; they are fixation frame, distraction rod, and titanium
mesh. Bilateral fixation legs can be fixed rigidly to the surface
of cortical bone by titanium screws. Through the middle
distraction rod, the titaniummeshwill be lifted off the ground
of bone and distracts the periosteum simultaneously. The
speed and frequency ofU-shaped distractor can be controlled
manually, but it often causes damage to the soft tissues,
especially to the integrity of periosteum. Screw looseness and
mesh disengagement also occasionally occur; thus further
improvement is needed. Nowadays, the distraction devices
are continuously modifying; many researchers only used a
titanium mesh and few screws to achieve the same effect;
those distraction devices not only simplified the operation
process, but also reduced the damage to soft tissues [17, 19, 23–
25, 28–30, 41].

To overcome the manual operation problem, Abra-
hamsson et al. [22, 42, 43] put a self-inflatable osmotic
expander under the mandibular periosteum of rabbits and
then placed a preformed scaffold that was filled with auto-
genous bone graft or bone substitute; finally the distraction

device acquired newly formed bone after three months.
Yamauchi et al. [31, 32, 38] then designed a new type of
self-activated memory alloy (SMA) (Figure 1(c)); it does not
need distraction screws and thus solves the complications
with the minimal invasion. Nonetheless, the accuracy and
controllability of the above two kinds of expansion devices
were relatively poor. It is difficult to guarantee the accuracy
of quantitative distraction without damage to the osteogenic
potential of periosteum.

Besides the designs, the materials of distraction devices
are changing rapidly. In one study, biocompatible gel was
injected into the space between the periosteum and tibia
to distract the tibial periosteum [16]. The gel was com-
pletely degraded after 2 weeks, and there was no obvious
difference between the new bone and tibial cortex by the
time of 8 weeks. Yamauchi et al. [20, 44] implanted a
highly purified beta-tricalcium (𝛽-TCP) block on the lateral
surface of the beagle dog mandible. With the degradation
of material, the 𝛽-TCP block was gradually replaced by new
bone. In another experiment, the graft which was implanted
in the distracted area between the alveolar bone and 𝛽-
TCP block could stably exist [45]. Zakaria et al. [27] then
tried to use biodegradable poly-L-lactide/hydroxyapatite
(PLLA/HA) mesh (Figure 1(d)) to replace the titanium mesh
for distracting periosteum. Recently, Dziewiecki et al. [37]
compared nondegradable titanium to degradable devices
(poly-DL-lactide and polyglycolic acid) in PDO; they also
proved that degradable devices could produce new bone and
there were no significant differences in the amount of newly
formed bone between titanium and degradable materials.

Those above measures are similar to the in vivo bone
tissue engineering, yet not requiring seed cells and exogenous
growth factors. They solve the problem of second operation
for pulling the device out, but the choice of biodegradable
materials (biodegradability and toxicity) and the stability of
degradable materials need to be studied.

4. Effect of Distraction Strategies on the
Formation of New Bone

Similar to the traditional DO [46], the strategies of PDO
can be divided into three stages: latency period, distraction
period, and consolidation period (Figure 2). Different stages
of PDO will affect the effect of osteogenesis, but the optimal
parameters, including the distraction site, have not been
obtained.

4.1. Distraction Sites. PDO was initially applied to the dis-
traction of atrophic or edentulous mandible for increasing
the height and width of alveolar ridge and was used for
endosseous implant placement [47]. In the past, most of the
distraction devices were placed at the internal and external
sides of the mandible, but the alveolar gap was too narrow to
perform the operation, and the devices would fall off because
of animals’ chewing action. Later, tibial periosteum was used
to obtain new bone tissue [16]. Same as the mandibular bone,
this methodwas limited by the size and space of osteogenesis,
and the regenerated bone was insufficient to repair large bone
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Figure 2: Protocol of PDO applied in different studies. The latency
periods of PDO are different from 0 days to 14 days, the distraction
periods of PDO are different from 0 days to 32 days, and the speed is
0.2–1.0mm/d; the consolidation periods of PDO are different from
1 week to 3 months.

defects. In order to solve these problems, Kessler et al. [17]
implanted a titaniummesh and a screw on the forehead of pig
and distracted the calvarial periosteum through the dynamic
rotation of the screw. On the one hand, the skull bone was
flatter than other bones and the periosteum of skull was
thicker than other parts of the body; on the other hand, the
area was adequate and easy to separate. Using the calvarial
periosteum solves the problem of insufficient source of bone
tissues.

The choice of sites determines the effect of distraction.
Flat bone floor and tough periosteum will greatly improve
the effect of PDO. Besides, the distraction site should be keep
away from the incision place as far as possible to avoid the
incremental tension in the process of distraction; otherwise,
the wound will tend to have a dehiscence and result in the
failure of the experiment.

4.2. The Length of Latency Period. The latency period refers
to the intermission from the placement of device to the
distraction. The traditional DO has a latency period of 5–
7 days, while the latency periods of PDO are different from
0 days to 14 days (Figure 2) according to the difference
of materials [46, 48]. In order to evaluate the effect of
different latency periods on the PDO, 7-day latency period
and 1-day latency period were compared [26], and the result
showed that the average new bone masses were 2.62 cm2
and 3.26 cm2, respectively, but without significant difference,
suggesting that bone tissue can be made by PDO using
different latency periods. From another point of view, during
the latency period, animals are gradually adapted to the
device and the wound is also gradually healing, so it is
recommended to wait for at least one week to proceed to the
distraction.

4.3. The Speed and Frequency of Distraction. The distraction
period is to separate the periosteum from the bone surface by
a slow and persistent tension [46, 48]. According to Ilizarov’s
law of tension-stress, the speed of distraction for limb
lengthening should be 1mm every day [6]. Many researchers
tend to take the speed of 0.2–1.0mm/d in PDO (Figure 2). It is
because that cells and nutrition supply simultaneously come

from the two bone ends and the surrounding periosteum in
the process of DO, while in PDO, these can only come from
the basal bone and periosteum; thus the speed of 1mm/d is
relatively fast.

In a study [19] that used the speed of 0.25mm/d and
0.5mm/d to distract the periosteum, lower speed was found
to be more favorable for new bone formation. However,
Saulacic et al. [36] believed that the high speed of distraction
might be beneficial to periosteal osteogenesis, although it was
easy to cause the disruption of wound and exposure of the
device. Zakaria et al. [27, 28] designed a new type of device, by
means of the inclined structure; this device could be used to
study the effect of different distraction rates at the same time.
The result suggested that the optimal speed of distraction
should be lower than 0.33mm/d. Low distraction speed could
reduce the invasion of the surrounding soft tissues; what is
more, the newly formed bonewould contain relatively thicker
trabecular bone and less fat tissue.

As for the frequency of distraction, the frequency of once
a day, four times a day, and sixty times a day were used
to study the effect of different distraction speeds on limb
elongation [6], and the result showed that 1mm/d with four
steps once a day was the best for DO. However, researchers
often used the frequency of once a day or twice a day in the
process of PDO, though there was no relevant literature to
carry out a comparative study.

4.4. Dynamic Distraction versus Static Distraction. In the
process of PDO, scholars carried out a lot of comparative
works on the dynamic and static distraction. Static distraction
achieves the desired height all at once, while dynamic distrac-
tion adopts amore gentle way to distract separately. Kessler et
al. [17] found that the dynamic distractionwasmore favorable
for early bone formation, and the newly formed bone was
similar to the rows of micropillars in conventional DO, while
the immediate distraction could just produce the woven
bone. Lethaus et al. [24] put the distraction device under the
calvarial bone, the result showed that the cumulative bone
mass was about 66% in dynamic group and 67% in static
group, and there were no significant differences between the
two groups with regard to bone quality or quantity. Yamauchi
et al. [38] used a SMAmesh device and an absorbable thread
to conduct dynamic distraction; result showed that dynamic
distraction group had higher volume of newly formed bone
by comparing with simple SMA group.

Generally speaking, dynamic distraction might be more
moderate, which can avoid damage to the osteogenic poten-
tial of periosteum when the stretch is excessive.

5. Measures to Promote the Formation of
New Bone in PDO

Researchers conducted a lot of different explorations to
increase the quality and quantity of osteogenesis, such as
cortical bone perforation, MSCs administration, addition
of different cytokines, and so on (Table 1). These technical
improvements not only confirmed the feasibility of PDO, but
also provided valuable information for improving PDO.
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5.1. Cortical Bone Perforation. Cortical bone perforation is
a big step in GBR, and PDO takes advantages of it to
promote new bone formation. Exposure of cancellous bone
by perforating on bone surface facilitates the release of MSCs
from bone marrow or endosteum. Meanwhile, the increase
of bleeding allows the angioblast cells to enter the space
under periosteum, which is beneficial to the vascularization
of newly formed bone.

Sencimen et al. [18] compared PDO with conventional
DO in New Zealand male rabbits; they found that the newly
formed bone was 14.4mm2 in PDO group, compared with
25.4mm2 in DO group;moreover, the formation of new bone
in the DO group was more compact, while the formation
of new bone in PDO group was rich in adipose tissue. Oda
et al. [23] used a titanium mesh and a screw to distract the
periosteumofmandible in rabbits; the average area of the new
bone was 25.7 ± 5.1mm2 and 12.9 ± 3.2mm2 with or without
decortication at 8 weeks after distraction period. The new
bone could be seen under thewholemesh in the decortication
group, but in the control group, the new bone could only
be seen near the distraction screw; it might be because
the local environment around the screw was similar to the
experimental group, suggesting that cortical bone perforation
was beneficial to bone expansion in PDO. Yamauchi et al.
[32] united the technologies of bone perforation and SMA
to carry on PDO to a height of 2.9 ± 0.5mm and found that
the new bone mass in experimental group was higher than
that in the control group in each period. In the study of the
osteogenetic effect in PDO, Saulacic et al. [30] considered that
if the bone marrow cavity was not exposed, the new bone
mainly dependedon the periosteum; on the contrary, it would
depend on bone cortex. We can conclude that cortical bone
perforation influences the formation of new bone in PDO.

5.2. MSCs Administration. MSCs administration is actually
the same as cortical bone perforation that can overcome
the shortage of osteoblasts. MSCs not only participate in
osteogenesis, but also produce enough VEGF to promote
the formation of new blood vessels [49]. Sato et al. [25]
injected MSCs into the space under the periosteum during
PDO and the result showed that the volume, height, and
degree of mineralization of the new bone in experiment
group were higher than noninjected group, suggesting that
MSCs administration could induce osteogenesis at periosteal
distraction sites. However, it is necessary to explore the
optimal injection time and frequency in the future.

5.3. Cytokines. In DO, the application of cytokines has
obtained achievements, but in PDO, the study in this area
is far from enough. VEGF, as a vascular growth factor, not
only is conducive to the formation of blood vessels, but also
can promote osteogenesis during the process of distraction
[50, 51]; the injection of exogenous VEGF was proved to be
beneficial to bone formation in PDO [21]. Another study
[35] proved that the newly formed bone by PDO was more
mature after adding platelet-rich fibrin (PRF). In addition,
PDO could also induce the release of endogenous bone
morphogenetic protein-2 (BMP-2) [36]. We have reason

to believe that adding other biological factors which can
promote the osteogenesis of DO, such as TGF-𝛽, bFGF, and
PDGF, can also improve the osteogenesis of PDO.

5.4. Other Measures. In recent years, researchers are still
exploring other measures to improve PDO. One study found
the bone formation was delayed and the new bone min-
eralization was insufficient in the ovaries-resected rabbits,
but there was no significant histological difference com-
pared with the control group [40], which indicated that the
osteoporosis causing by decreased estrogen did not affect
the new bone formation in PDO. Hyperbaric oxygen (HPO)
was proved to be beneficial to PDO [33]. HPO therapy
could improve the oxygen partial pressure in the blood and
tissues, which could promote the synthesis of bone [52].
Kahraman et al. [34] made a local application of simvastatin
when implanted distraction device, but there was not enough
evidence to show that the use of lipid-lowering agents can
promote the formation of new bone in PDO.

6. Future Directions and Prospects

The choice of materials, devices, and strategies is all variables
in preclinical studies; for future preclinical work, those
variables should be tuned to further optimize outcomes. The
periosteum is a deeper implantation site and provides less
available volume for osteogenesis, so the implantation site is
very important; the periosteum should be thicker and enough
implantation area is also needed. PDO still has a long period;
it is necessary to promote the formation of new bone in
PDO. MSCs and growth factors are promising; cortical bone
perforation should be careful because it is hard to control and
thus easily cause damage to the bone.

The biodegradable distraction devices seem to have
advantages in PDO; nanomaterial is a potential candidate,
because it can deliver drugs, growth factors, and genes with
high efficiency [53, 54], which can be used for promoting cell
proliferation, survival, and differentiation in bone regener-
ation. Future research should focus on the biodegradability,
toxicity, and the stability of biodegradable materials. Besides,
three-dimensional (3D) printing is a new technique with
great potential in regeneration of tissues and organs [55, 56];
the distraction devices can be designed accurately by 3D
printing technique to form complex shapes; what is more,
3D printing can design different sizes of holes in distraction
devices to keep the communication between the periosteum
and the cortex.On thewhole, 3Dprinting technique designed
biodegradable materials can combine with stem cells, growth
factors, regenerative drugs, or other measures to produce
sufficient amount of bone tissue; this might have great
potential to achieve functional and aesthetic repair for bone
defects.

7. Conclusion

There are stillmanydisputes in the treatments of bone defects;
as outlined above, PDO undoubtedly has fine application
prospect. This review elucidates the advantages of PDO in
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the formation of new bone from the aspects of mechanisms,
devices, strategies, and measures. At present, the technology
of PDO has been used in the treatments of atrophic alveolar
ridge and cleft palate, but there exist rare clinical reports;
this might be attributed to device instability, soft tissues
injury, infection, and other complications. Theoretically,
newly formedbone byPDOcanbe applied to the bone defects
in all parts of the body caused by hyperparathyroidism,
calcium metabolism disorder, rickets, trauma, infection, and
congenital malformation or other pathological conditions.

Competing Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contributions

Danyang Zhao andYuWang contributed equally to this study
as co-first authors.

Acknowledgments

This reviewwas supported by theNatural Science Foundation
of China (NSFC; Project nos. 81272132, 81571944).

References

[1] J. T. Marino and B. H. Ziran, “Use of solid and cancellous
autologous bone graft for fractures and nonunions,”Orthopedic
Clinics of North America, vol. 41, no. 1, pp. 15–26, 2010.

[2] H. C. Pape, A. Evans, and P. Kobbe, “Autologous bone graft:
properties and techniques,” Journal of Orthopaedic Trauma, vol.
24, no. 1, pp. S36–S40, 2010.

[3] P. Patka, H. J. Haarman, and F. C. Bakker, “Bone transplantation
and bone replacement materials,” Nederlands Tijdschrift voor
Geneeskunde, vol. 142, no. 16, pp. 893–896, 1998.

[4] R. Dimitriou, G. I. Mataliotakis, G. M. Calori, and P. V.
Giannoudis, “The role of barrier membranes for guided bone
regeneration and restoration of large bone defects: current
experimental and clinical evidence,” BMC Medicine, vol. 10,
article 81, 2012.

[5] G. A. Ilizarov, “The tension-stress effect on the genesis and
growth of tissues. Part I. The influence of stability of fixation
and soft-tissue preservation,” Clinical Orthopaedics and Related
Research, no. 238, pp. 249–281, 1989.

[6] G. A. Ilizarov, “The tension-stress effect on the genesis and
growth of tissues. Part II.The influence of the rate and frequency
of distraction,” Clinical Orthopaedics and Related Research, no.
239, pp. 263–285, 1989.

[7] B. L. Schmidt, L. Kung, C. Jones, and N. Casap, “Induced
osteogenesis by periosteal distraction,” Journal of Oral and
Maxillofacial Surgery, vol. 60, no. 10, pp. 1170–1175, 2002.

[8] H. Kojimoto, N. Yasui, T. Goto, S. Matsuda, and Y. Shimomura,
“Bone lengthening in rabbits by callus distraction. The role
of periosteum and endosteum,” Journal of Bone and Joint
Surgery—B, vol. 70, no. 4, pp. 543–549, 1988.

[9] Z. Sun and S. W. Herring, “The effect of periosteal injury and
masticatory micromovement on the healing of a mandibular

distraction osteogenesis site,” Archives of Oral Biology, vol. 54,
no. 3, pp. 205–215, 2009.

[10] S. Takeuchi, A. Matsuo, and H. Chiba, “Beneficial role of
periosteum in distraction osteogenesis of mandible: its preser-
vation prevents the external bone resorption,”Tohoku Journal of
Experimental Medicine, vol. 220, no. 1, pp. 67–75, 2010.

[11] X. Yin, C. Zhang, E. P. Hze-Khoong, Y.Wang, and L. Xu, “Influ-
ence of periosteal coverage on distraction osteogenesis with
dental implant distractors,” Journal of Oral and Maxillofacial
Surgery, vol. 72, no. 10, pp. 1921–1927, 2014.

[12] G. Augustin, A. Antabak, and S. Davila, “The periosteum. Part
1: anatomy, histology andmolecular biology,” Injury, vol. 38, no.
10, pp. 1115–1130, 2007.

[13] C. A. L. Bassett and T. P. Ruedi, “Transformation of fibrous
tissue to bone in vivo,” Nature, vol. 209, no. 5027, pp. 988–989,
1966.

[14] T. Kanno, T. Takahashi,W. Ariyoshi, T. Tsujisawa, M. Haga, and
T. Nishihara, “Tensile mechanical strain up-regulates Runx2
and osteogenic factor expression in human periosteal cells:
implications for distraction osteogenesis,” Journal of Oral and
Maxillofacial Surgery, vol. 63, no. 4, pp. 499–504, 2005.

[15] L. Kostopoulos and T. Karring, “Role of periosteum in the
formation of jaw bone. An experiment in the rat,” Journal of
Clinical Periodontology, vol. 22, no. 3, pp. 247–254, 1995.

[16] M. M. Stevens, R. P. Marini, D. Schaefer, J. Aronson, R. Langer,
and V. P. Shastri, “In vivo engineering of organs: the bone
bioreactor,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 102, no. 32, pp. 11450–11455,
2005.

[17] P. Kessler, L. Bumiller, A. Schlegel, T. Birkholz, F. W. Neukam,
and J. Wiltfang, “Dynamic periosteal elevation,” British Journal
of Oral and Maxillofacial Surgery, vol. 45, no. 4, pp. 284–287,
2007.

[18] M. Sencimen, Y. S. Aydintug, K. Ortakoglu, Y. Karslioglu, O.
Gunhan, and Y. Gunaydin, “Histomorphometrical analysis of
new bone obtained by distraction osteogenesis and osteogenesis
by periosteal distraction in rabbits,” International Journal ofOral
and Maxillofacial Surgery, vol. 36, no. 3, pp. 235–242, 2007.

[19] J. I. C. Estrada, N. Saulacic, L. Vazquez, T. Lombardi, J. U. C.
Ramirez, and J. P. Bernard, “Periosteal distraction osteogenesis:
preliminary experimental evaluation in rabbits and dogs,”
British Journal of Oral and Maxillofacial Surgery, vol. 45, no. 5,
pp. 402–405, 2007.

[20] K. Yamauchi, T. Takahashi, K. Funaki, and Y. Yamashita,
“Periosteal expansion osteogenesis using highly purified beta-
tricalcium phosphate blocks: a pilot study in dogs,” Journal of
Periodontology, vol. 79, no. 6, pp. 999–1005, 2008.

[21] N. Casap, N. B. Venezia, A. Wilensky, and Y. Samuni,
“VEGF facilitates periosteal distraction-induced osteogenesis
in rabbits: a micro-computerized tomography study,” Tissue
Engineering—Part A., vol. 14, no. 2, pp. 247–253, 2008.

[22] P. Abrahamsson, S. Isaksson, M. Gordh, and G. Andersson,
“Periosteal expansion of rabbit mandible with an osmotic
self-inflatable expander,” Scandinavian Journal of Plastic and
Reconstructive Surgery and Hand Surgery, vol. 43, no. 3, pp. 121–
125, 2009.

[23] T. Oda, K. Kinoshita, and M. Ueda, “Effects of cortical bone
perforation on periosteal distraction: an experimental study in
the rabbit mandible,” Journal of Oral and Maxillofacial Surgery,
vol. 67, no. 7, pp. 1478–1485, 2009.

[24] B. Lethaus, C. Tudor, L. Bumiller, T. Birkholz, J. Wiltfang, and P.
Kessler, “Guided bone regeneration: dynamic procedures versus



BioMed Research International 9

static shielding in an animal model,” Journal of Biomedical
Materials Research Part B: Applied Biomaterials, vol. 95, no. 1,
pp. 126–130, 2010.

[25] K. Sato, N. Haruyama, Y. Shimizu, J. Hara, and H. Kawamura,
“Osteogenesis by gradually expanding the interface between
bone surface and periosteum enhanced by bone marrow stem
cell administration in rabbits,”Oral Surgery, OralMedicine, Oral
Pathology, Oral Radiology and Endodontology, vol. 110, no. 1, pp.
32–40, 2010.
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