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The treatment of large bone defect still remains a major
clinical challenge worldwide. Bone tissue engineering (BTE)
strategies have been developed and demonstrated great
potential to address this ever-pressing clinical need. The
success of BTE strategies requires the synergetic efforts from
multidisciplinary research fields including stem cell, bioma-
terial scaffold, and bioactive growth factor. Furthermore, in
order to ensure their clinical efficacy, it is essential to promote
rapid vascularization and osteogenesis for higher implant
survival rate and to apply favorable mechanical stimulation
for better bone tissue remodeling.

Reflecting the enormous interest of both our readership
and authors in this promising field, we are pleased to present
this special issue. This special issue presents a total of 9
papers including research papers and reviews that provide a
better understanding of the effects of seed cells, biomaterial
scaffolds, bioactive growth factors, mechanical stimulation,
and vascularization strategies for the tissue engineered bone
(TEB).

Osteogenesis is the basic property and the main pur-
pose of the TEB. And the osteogenesis can be achieved by
many methods including seed cells, bioactive growth factors,
mechanical stimulation, and bioactive composites. In this
special issue, V. V. Meretoja et al. report they enhance the
osteogenicity of bioactive composites with biomimetic treat-
ment; Y. Chen et al. report the effects of parathyroid hormone
on calcium ions in rat bone marrow mesenchymal stem
cells and discover the cellular and molecular mechanism of

the parathyroid hormone; Y. X. Qin et al. give a review on the
mechanotransduction in musculoskeletal tissue regeneration
including the effects of fluid flow, loading, and cellular-
molecular pathways and provide a better understanding
of the mechanical stimulation for bone tissue remodeling.
The early osteogenesis in the TEB is mainly the process of
endochondral ossification; Y. Yao et al. report the evaluation
of insulin medium or chondrogenic medium on proliferation
and chondrogenesis of ATDC5 cells to find the better culture
medium for the seed cells.

Based on the important roles of blood supply and inner-
vations on the nutrition, regulation, and metabolism of the
human organs and tissues, G. Pei et al. have given the concept
of constructing the highly vascularized andneurotized tissue-
engineered bone simultaneously for repairing large bone
defects according to the theory of biomimetics in the year
of 2000 and firstly prove the scientificity of this concept
by successfully constructing the vascularized and neurotized
tissue-engineered bone in large animal models such as the
goat and rhesus. In this special issue, G. Pei et al. review recent
microsurgical techniques used to construct the vascularized
and neurotized tissue-engineered bone and also introduce
their relevant work. S. Fu et al. report the neuropeptide
substance P can improve the osteoblastic and angiogenic dif-
ferentiation of bonemarrow stem cells in vitro, and this result
also shows the possible relationship between the nerve system
and the bone. J. Xiu et al. report the different angiogenic
abilities of self-setting calcium phosphate cement scaffolds
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consisting of different proportions of fibrin glue and optimize
the proportion of fibrin glue to get the best vascularization.

The ligament-bone junction of TEB is essential to recover
the motor function of the bone defect area when using the
TEB for patients. And the silk fibroin is a promising ligament
scaffold to achieve this proposal. L. Sun et al. report a novel
tissue-engineered ligament-bone junction using the immo-
bilized lentivirus vector bonded on chondroitin sulfate-
hyaluronate acid-silk fibroin hybrid scaffold and show the
great potentials in future clinical applications. H. Li et al.
compare the effect of different thickness ofHA-coating onmi-
croporous silk scaffolds using alternate soaking technology to
determine the best thickness of HA coating to silk scaffolds.
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While mechanotransductive signal is proven essential for tissue regeneration, it is critical to determine specific cellular responses to
suchmechanical signals and the underlyingmechanism.Dynamic fluid flow induced bymechanical loading has been shown to have
the potential to regulate bone adaptation andmitigate bone loss.Mechanotransduction pathways are of great interests in elucidating
howmechanical signals produce such observed effects, including reduced bone loss, increased bone formation, and osteogenic cell
differentiation.The objective of this review is to develop amolecular understanding of themechanotransduction processes in tissue
regeneration, which may provide new insights into bone physiology. We discussed the potential for mechanical loading to induce
dynamic bone fluid flow, regulation of bone adaptation, and optimization of stimulation parameters in various loading regimens.
The potential for mechanical loading to regulate microcirculation is also discussed. Particularly, attention is allotted to the potential
cellular and molecular pathways in response to loading, including osteocytes associated with Wnt signaling, elevation of marrow
stem cells, and suppression of adipotic cells, as well as the roles of LRP5 and microRNA. These data and discussions highlight the
complex yet highly coordinated process of mechanotransduction in bone tissue regeneration.

1. Introduction

High physical activity level has been associated with high
bone mass and low fracture risk and is therefore recom-
mended to reduce fractures [1–3]. The ability of muscu-
loskeletal tissue to respond to changes in its functional
milieu is one of the most intriguing aspects of such living
tissue and certainly contributes to its success as a structure.
Bone and muscle rapidly accommodate changes in their
functional environment to ensure that sufficient skeletal
mass is appropriately placed to withstand the regions of
functional activity, an attribute described as Wolff ’s Law
[4, 5]. This adaptive capability of musculoskeletal tissues
suggests that biophysical stimulimay be able to provide a site-
specific, exogenous treatment to control both bone mass and
morphology. The premise of mechanical influence on bone
morphology has become a basic tenet of bone physiology
[6–8]. Absence of functional loading results in loss of bone
mass [9–12], while exercise or increased activity results in
increased bone mass [13–15]. Similarly, increasing exercise
of musculoskeletal tissue can significantly increase blood

flow, oxygen, and the exchange of fluid in muscle. During
muscle contraction, several mechanisms regulate blood flow
to ensure a close coupling between muscle oxygen delivery
and metabolic demand [16–21]. Based on the muscle pump
theory, vascular arteries and veins within skeletal muscles are
compressed upon muscle contraction, therefore increasing
the arteriovenous pressure gradient and promoting capillary
filtration [22–24]. To define the formal relationship between
mechanicalmilieu and the adaptive response, the relationship
between muscle pump and interstitial fluid flow will prove
instrumental in devising a mechanical intervention for mus-
culoskeletal disorders such as osteoporosis, muscle fatigue,
and atrophy, designing biomechanical means to accelerate
fracture healing, and promoting bony ingrowth.

To adapt to the changing demands of mechanics, bone
mass and bonemorphology can be regulated via bone remod-
eling at specific sites.This crucial process of structural remod-
eling of the bone involves bone resorption and the subsequent
bone formation. However, difficulties to determine specific
mechanical components will hamper our understanding of
bone remodeling related diseases, as well as limiting our
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judgments on bone fractures and healing capacity.Therefore,
continuous studies of the bone remodeling process, for exam-
ple, to determine the mechanical model of this remodeling
process, can ultimately benefit the intervention on prevention
and treatment of musculoskeletal disorders.

1.1. Bone Adaptation to Mechanical Loading. In the past few
decades, researchers have suggested that the strain and stress
are the main regulation parameters of bone cell response
to mechanical signals. For instance, some researchers have
proposed “invariant” parameter whose strength does not
depend on a reference system, which is similar to “strain
energy density” [25, 26] that is capable of modulating bone
cell response to mechanical signals. This theory is consistent
with the idea of bone self-regulation [27, 28]. There are
many theories regarding bone self-regulation, including the
degree of strain regulation on bone modeling process, time-
dependent bone modeling, and remodeling processes [27].
A regulatory model with a variety of influential factors,
including the magnitude of strain/stress, number of loading
cycles, number of loading occurrences, tensor of strain, and
the strain energy density, can result in bone self-regulation. It
is still difficult to distinguish the independent effects of these
factors and to determine the specific factors that regulate
bone remodeling. To explore these mechanical hypotheses,
it must be determined whether bone cells are directly or
indirectly regulated by these mechanical parameters. By
far, there is little evidence in the relationship between the
maximal strain, stress, and bone morphology [9]. Specific
mechanical parameters to initiate or discontinue mechanical
response of bone cells remain to be further determined.

1.2. The Role of Dynamic and Temporal Mechanical Signals.
A recent discovery mainly uses the temporal portion of the
stimulus signal, such as the number of strain cycles, loading
frequency, and strain gradient, to explain the mechanism
of bone response to mechanical stimuli at the cellular level.
Under stimuli with the same strain magnitude, higher strain
cycle will cause a more significant adaptive response [29, 30].
Similarly, signals at 15 to 60Hz, in comparison to signals
at about 1Hz, can stimulate more bone growth [31, 32]
(Figure 1). Maintenance of the existing bone mass requires
different frequencies (1 to 60Hz) of stimuli with continuous
sinusoidal signal (10minutes/day) to achieve different loading
magnitude “threshold value.” Experiments have shown that
stimulation at 1Hz requires 700 𝜇𝜀 of longitudinal strain to
maintain the existing cortical bonemass, while stimulation at
30Hz only requires 400𝜇𝜀. If 60Hz of the stimulation signal
is used, only 270𝜇𝜀 of strain signal is sufficient to maintain
the amount of cortical bone. A strong link has been found
between this frequency-sensitive cortical bone remodeling
process and the magnitude of bone fluid flow, in which the
flow is directly regulated by the frequency (𝑅 = 0.8) [33].
Turner et al. have found that increased loading rate with a
constant loading strain on the adult rat tibia can significantly
improve bone formation [34]. Meanwhile, the amount of
new bone formation is directly proportional to the strain
loading rate. If we associate the external mechanical loading

parameters with bone remodeling, then we will most likely
be able to predict the periosteal new bone formation based
on the strain gradient [9, 35, 36]. Many in vivo and in vitro
experimental evidences have pointed out that bone adapts to
dynamic mechanical loads rather than a static load [34, 37,
38]. All these show that dynamic and temporal mechanical
signals, alongwith the potential load-induced fluid dynamics,
are necessary for promoting the bone adaptation.

1.3. Mechanotransduction and Interstitial Bone Fluid Flow.
Tensile strain is closely related to interstitial bone fluid flow
caused by bone matrix deformation. Mechanical loading can
cause variations of bone matrix deformation and interstitial
fluid pathways within bone, thereby generating hydraulic
pressure gradient within the capillary bed, leading to inter-
stitial bone fluid flow [39]. Fluid flow-induced shear stress
within bone has been considered as the source of how bone
cells sense mechanical stimulation [40–44]. Bone interstitial
fluid is filling a variety of voids and channels within the bone
matrix, including lacunae-canaliculi, bone tubules,Haversian
canal and Volkmann canal, and osteon [45]. Mechanical
loading-induced interstitial bone fluid flowmay play a role in
mechanical sensing, bone cells response, signal transmission,
transfer of nutrients, and so forth. This interstitial fluid flow
within cortical bone is thought to be a critical regulator for
bone mass and morphology [46–48]. We believe that this is
a key mechanism of how bone, at certain loading frequency,
strain, strain cycle, and strain gradient, leads to load-induced
bone modeling, remodeling, and maintenance.

1.4. The Use of Noninvasive Dynamic Flow Stimulation to Pre-
vent Bone Loss. Experiments on dogs during development
have shown that increased venous pressure can promote new
bone formation in the periosteum [49]. The data indicated
that increased venous pressure will increase blood supply
from the capillaries to the bone tissue, whichmay lead to new
bone formation in the periosteum. In a rat tail suspension
experiment, suturing tibial vein increased tibial marrow cav-
ity pressure (ImP) (27.8mmHg versus 16.4mmHg, 𝑃 < 0.05)
in the experimental group compared to the control, which
suggested that the pore fluid flow pressure reinforced by the
suture is inversely proportional to the bone cross section. In
the experimental group of vein suture, bone mineral content
and trabecular bone density were significantly higher within
19 days [50]. These results indicated that bone fluid flow may
not solely rely on themechanical loads to cause bone adaptive
response. Moreover, intravenous fluid pressure is directly
related to hydraulic ImP, which implies that the adaptive
response can be altered by intravenous bone muscle pump
hydraulic effect that prevents bone loss noninvasively.

1.5. Marrow Pressure and Bone Strain Generated by Mechan-
ical Loading. Recent studies have revealed that induced
marrow fluid pressure and bone strain by mechanical stim-
ulation were dependent on dynamic loading parameters and
optimized at certain loading frequencies [33]. A previous
study has evaluated oscillatory electrical muscle stimulation-
(MS-) induced ImPandbone strain as function of stimulation
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Figure 1: Maintaining bone mass as a function of daily loading cycle number requires a certain strain threshold (microstrain). A curve fitting
to the data shows daily loading cycle numbers from less than one cycle to greater than 100,000 cycles. The necessary strain to maintain bone
mass is reduced as the daily loading cycle number increases.

frequency. MS generated femoral ImP and bone strain were
measured with frequencies of 1–100Hz in rats. A maximum
ImP of 45 ± 9mmHg at 20Hz and a maximummatrix strain
of 128 ± 19 𝜇𝜀 at 10Hz were generated by oscillatory MS.
These results suggest that muscle force alone, if applied at a
low rate, such as resistant weight lifting with high intensity,
would not be able to generate sufficient strain and fluid
pressure in bone. MS with a relatively high rate and a small
magnitude, however, can trigger significant fluid pressure in
the skeleton. To identify induced ImP dynamics and bone
strain factors in vivo using a noninvasive method, a more
recent study used dynamic hydraulic stimulation (DHS) and
evaluated its immediate effects on local and distant ImP and
bone strain in response to a range of loading frequencies of
1Hz to 10Hz [51–54]. DHS-induced ImP in the stimulated
tibia was in a nonlinear fashion over the range of loading
frequencies, where they peaked at 2Hz with a maximum
ImP of 14.48 ± 3.10mmHg. Maximal bone strain was less
than 8𝜇𝜀, measured at all loading frequencies. No detectable
induction of ImP or bone strain was observed in the distant
site away from the stimulation. Oscillatory DHSmay regulate
local fluid dynamics with minimal mechanical matrix strain,
which is highly frequency dependent.

1.6. Mechanical Loading-Induced Bone Loss Attenuation and
Fracture Healing. An in vivo study used a rat functional
disuse model to evaluate the mitigation potential of MS in
disused trabecular bone and investigated the importance of
the optimized stimulation frequency (1, 20, 50, and 100Hz)
in the loading regimen [52]. Analyzed by microCT and
histomorphometry, MS for 10min/day with a total of 4
weeks showed improvements inmetaphyseal trabecular bone
quantity and structure at midfrequency (20Hz and 50Hz),
in which 50Hz of stimulation demonstrated the greatest
preventive effect on the skeleton against functional disuse
(up to +147% in bone volume fraction, +38% in trabecular
number, and −36% in trabecular separation compared to
HLS control). These data imply that MS, applied at a high
frequency with a low magnitude for a short duration, is
able to mitigate bone loss induced by the functional disuse

(Figure 2). In addition, another study used DHS that elevates
in vivo oscillatory BFF via ImP, to evaluate the effects of DHS
onmitigation of trabecular bone loss and structural alteration
in a rat disuse model [53–56]. DHS of 2Hz for 20min/day, 5
days/week, and a total of 4-week experiment improved the
bone quantity and microarchitecture (+83% in bone volume
fraction, +25% in trabecular number, and −26% in trabecular
separation compared to HLS control). The data demonstrate
DHS’s potentials to mitigate bone loss induced by functional
disuse (Figure 3).

Taking into account that MS can increase blood flow
and ImP in the muscle and marrow cavity [33, 57] and that
blood flow has a close relationship with fracture healing, it
is likely that applying MS may result in an enhancement of
fracture healing. Using a rabbit model with a 3mm tibial
transverse osteotomy, Park and Silva have shown that fracture
treated withMS showed 31% higher mineral content and 27%
larger callus area than control osteotomies at eight weeks. In
addition, the maximum torque, torsional stiffness, angular
displacement at maximum torque, and energy required for
failure of specimens in the study group were 62%, 29%,
34.6%, and 124%higher, respectively, compared to the control
at eight weeks [58]. The results suggested that the use of
MS can enhance callus mineralization and biomechanical
strength in the callus region. This may, at least partially,
be the result of MS enhanced blood circulation. Using a
bone chamber, Winet and his group observed that muscle
contractions directly increased bone blood flow rates by 130%
but uncoupled from mechanical loading, while heart rates
and blood pressure did not significantly increase due to the
MS treatment [59]. Thus, enhanced fluid flow by MS may
directly involve increasing fluid flow in callus and trigger
anabolic response under such acute conditions, for example,
fracture healing.

2. Potential Cellular and Molecular Pathways
of Mechanotransduction

Bone remodeling involves all related cell types, that
is, osteoblast, osteoclast, osteocyte, T-cells, B-cells,
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Figure 2: Representative 3D 𝜇CT images of trabecular bone in distal femur. Graphs showmean± SD values for bone volume fraction (BV/TV,
%), connectivity density (Conn.D, 1/mm3), trabecular number (Tb.N, 1/mm), and separation (Tb.Sp,mm).MS at 50Hz produced a significant
change in all indices, compared to HLS. #𝑃 < 0.001 versus baseline; +𝑃 < 0.001 versus age-matched; ∗𝑃 < 0.05 versus HLS and 1Hz MS;
∗∗
𝑃 < 0.01 versus HLS and 1Hz MS; ∗∗∗𝑃 < 0.001 versus HLS and 1Hz MS.

megakaryocyte, and lining cells. Thus, all these cells are
potentially mechanosensitive and even interrelated. These
cells respond to mechanical loading with expression of
specific molecular pathways. This section will discuss several
potential pathways involved in mechanical stimulation
induced adaptation.

2.1. Basic Multicellular Units (BMU). To explore the interre-
lation among overall bone cells, a cluster of bone forming
and bone resorption cells among dynamic and temporal
adaptation structures are known as “basicmulticellular units”
(BMUs) [60, 61]. Bone adaptation occurs constantly and each
cycle may take over several weeks. Such processes are per-
formed with combination of resorption and formation. Each
phase can involve targeted molecular and gene activations.
An active BMU consists of a leading front of bone-resorbing
osteoclasts. Reversal cells, of unclear phenotype, follow the
osteoclasts, covering the newly exposed bone surface, and
prepare them for deposition of replacement bone, following
a deposition of an unmineralized bone matrix known as

osteoid. Related molecular and genetic factors are repre-
sented in this temporal sequence (Figure 4).

In response to mechanical loading, the first stage of
remodeling reflects the detection of initiating triggering
signals such as fluid flow and/or any other physical stimu-
lation, for example, pressure, electrical, and acoustic waves.
Prior to activation, the resting bone surface is covered with
bone-lining cells, including preosteoblasts intercalated with
osteomacs. B-cells are present in the bonemarrow and secrete
osteoprotegerin (OPG) that suppresses osteoclastogenesis.
During the activation phase, the endocrine bone remodel-
ing signal parathyroid hormone (PTH) binds to the PTH
receptor on preosteoblasts. Damage to the mineralized bone
matrix results in localized osteocyte apoptosis, reducing the
local transforming growth factor 𝛽 (TGF-𝛽) concentration
and its inhibition of osteoclastogenesis. In the resorption
phase, in response to PTH signaling, MCP-1 is released from
osteoblasts and recruits preosteoclasts to the bone surface.
Additionally, osteoblastic expression of OPG is decreased,
and production of CSF-1 and RANKL is increased to pro-
mote proliferation of osteoclast precursors anddifferentiation
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Figure 3: Representative 3D 𝜇CT images of trabecular bone in distal femur. Graphs showmean± SD values for bone volume fraction (BV/TV,
%), connectivity density (Conn.D, 1/mm3), trabecular number (Tb.N, 1/mm), and separation (Tb.Sp,mm).DHS at 2Hz produced a significant
change in all indices, compared to HLS. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001.

of mature osteoclasts. Mature osteoclasts anchor to RGD-
binding sites, creating a localized microenvironment (sealed
zone) that facilitates degradation of the mineralized bone
matrix. In the reversal phase, reversal cells engulf and remove
demineralized undigested collagen from the bone surface.
Transition signals are generated that halt bone resorption
and stimulate the bone formation process. During the for-
mation phase, formation signals and molecules arise from
the degraded bonematrix,mature osteoclasts, and potentially
reversal cells. PTH and mechanical activation of osteocytes
reduce sclerostin expression, allowing forWnt-directed bone
formation to occur. Finally, in the termination phase, scle-
rostin expression likely returns, and bone formation ceases.
The newly deposited osteoid ismineralized; the bone surfaces
return to a resting state with bone-lining cells intercalated

with osteomacs, and the remodeling cycle ends. Mechanical
stimulation is likely involved in each of these phases and
eventually regulates related molecular and genetic factors.
This unique spatial and temporal arrangement of cells within
the BMU is critical to bone remodeling, ensuring coordi-
nation of the distinct and sequential phases of this process:
activation, resorption, reversal, formation, and termination.

2.2. Osteocyte and Its Response to Mechanical Signals Coupled
with Wnt Signaling. Osteocytes, cells embedded within the
mineralized matrix of bone, are becoming the target of
intensive investigation [61–64]. Osteoblasts are defined as
cells that make bone matrix and are thought to translate
mechanical loading into biochemical signals that affect bone
modeling and remodeling. The interrelationship between
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osteoblasts and osteocytes would be expected to have the
same lineage, yet these cells also have distinct differences,
particularly in their responses to mechanical loading and
utilization of the various biochemical pathways to accomplish
their respective functions. Among many factors, Wnt/𝛽-
catenin signaling pathwaymay be recognized as an important
regulator of bone mass and bone cell functions [61, 64].
While osteocytes are embedded within the mineral matrix,
Wnt/𝛽-catenin signaling pathway may serve as a transmitter
to transfer mechanical signals sensed by osteocytes to the
surface of bone. Further, new data suggest that the Wnt/𝛽-
catenin pathway in osteocytes may be triggered by crosstalk
with the prostaglandin pathway in response to loading which
then leads to a decrease in expression of negative regulators
of the pathway such as sclerostin (Sost) and Dickkopf-
related protein 1 (Dkk-1) [64, 65]. Figure 5 indicates potential
pathway in response to mechanical loading.

It has been shown that the Wnt pathway is closely
involved in bone cell differentiation, proliferation, and apop-
tosis [64, 66]. Regulation of the Wnt/𝛽-catenin signaling
pathway is vested largely in proteins that either act as com-
petitive binders of Wnts, notably the secreted frizzled-related
proteins (sFRP) family, or act at the level of low-density

lipoprotein receptor-related protein 5 (LRP5), including the
osteocyte specific protein, sclerostin (the Sost gene product),
and the Dkk proteins, particularly Dkk-1 and Dkk-2 [64,
66–69]. Sclerostin has been shown to be made by mature
osteocytes and inhibits Wnt/𝛽-catenin signaling by binding
to LRP5 and preventing the binding of Wnt. Dkk-1 is highly
expressed in osteocytes [67–69]. Clinical trial studies using
antibodies to sclerostin have also been shown to result in
increased bone mass, suggesting that targeting of these neg-
ative regulators of Wnt/𝛽-catenin signaling pathway might
be anabolic treatments for diseases such as osteoporosis
[67]. Finally, mechanical loading has been shown to reduce
sclerostin levels in bone [67], suggesting that one of the
targets of the pathways, activated by the early events after
mechanical loading, is the genes encoding these negative
modulators of the Wnt/𝛽-catenin signaling pathway.

2.3. Mechanical Signal Triggered Bone Marrow Cells Alter-
ation. The data from disuse osteopenia and clinical osteo-
porosis have shown significant reduction of bone density
and structural integrity, culminating in an elevated risk of
skeletal fracture. Concurrently, a marked reduction in the
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available bone-marrow-derived population of mesenchymal
stem cells (MSCs) [70] jeopardizes the regenerative potential
that is critical to the recovery from bone loss, musculoskele-
tal injury, and diseases. A potential way to combat the
deterioration involves harnessing the sensitivity of bone to
mechanical signals, which is crucial in defining, maintaining,
and recovering bone mass. As discussed above, bone cells,
that is, osteoblast, osteoclast, and osteocyte, may sense
external mechanical loading directly and perform balance
of formation and resorption in the remodeling process;
specific mechanotransductive signals may also bias MSC
differentiation towards osteoblastogenesis and away from
adipogenesis.Mechanical targeting of the bonemarrow stem-
cell pool might, therefore, represent a novel, drug-free means
of slowing the age-related decline of the musculoskeletal
system.

Exercise is important in stemming both osteoporosis and
obesity, with the fact that MSCs are progenitors of both
osteoblasts and adipocytes (fat cells), as well as the anabolic
response of the skeletal system to mechanical loadings. It was
then hypothesized that mechanical signals anabolic to bone
would invariably cause a parallel decrease in fat production.
In an in vivo setting, seven-week-oldC57BL/6Jmice on a nor-
mal chow diet were randomized to undergo low magnitude

high frequency loading (90Hz at 0.2 g for 15minutes per day)
or placebo treatment [71]. At 15 weeks, with no differences in
food consumption between groups, in vivo CT scans showed
that the abdominal fat volume of mice subjected to loading
was 27% lower than that of the controls (𝑃 < 0.01) [72,
73]. Wet weights of visceral and subcutaneous fat deposits
in loading mice were correspondingly lower. Confirmed by
fluorescent labeling and flow cytometry studies [72, 73], these
data indicated that the influence of mechanical signals is
not only on the resident bone cell (osteoblast/osteocyte)
population but also on their progenitors, biasing MSC differ-
entiation towards bone (osteoblastogenesis) and away from
fat (adipogenesis). In a follow-up test of this hypothesis,
mice fed with a high fat diet were subjected to low mag-
nitude loading or placebo treatment [72, 73]. Suppression
of adiposity by the mechanical signals was accompanied
by a “mechanistic response” at the molecular level, which
shows that loading significantly influenced MSC commit-
ment to either osteogenic runt-related transcription factor 2
(Runx2), a transcription factor central to osteoblastogenesis,
or adipogenic (peroxisome proliferator-activated receptor
[PPAR]𝛾, a transcription factor central to adipogenesis).
Runx2 expression was greater and PPAR𝛾 expression was
decreased in the mice that underwent LMMs compared with
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controls. The PPAR𝛾 transcription factor, when absent or
present as a single copy, facilitates osteogenesis at least partly
through enhanced canonical Wnt signaling [74, 75], a path-
way critically important to MSC entry into the osteogenic
lineage and expansion of the osteoprogenitor pool. Notably,
low magnitude mechanical loading treatment also resulted
in a 46% increase in the size of the MSC pool (𝑃 < 0.05)
[72, 73]. These experiments, although not obviating a role
for the osteoblast/osteocyte syncytium, provide evidence that
bone marrow stem cells are capable of sensing exogenous
mechanical signals and responding with an alteration in the
cell fate that ultimately influences both the bone and fat phe-
notypes. Importantly, the inverse correlation of bone and fat
phenotypes has increasing support in the clinical literature.
Although controversial, and despite the presumption that
conditions such as obesity will inherently protect the skeleton
owing to increased loading events, data in humans evaluating
bone-fat interactions indicate that an ever-increasing adipose
burden comes at the cost of bone structure and increased risk
of fracture [76].

2.4. The Role of LRP5 in Bone Responding to Mechanical
Loading. LRP5 has been shown to have important functions
in the mammalian skeleton. Experimental evidences have
pointed LRP5 as a critical factor in translating mechani-
cal signals into the proper skeletal response. For example,
loss-of-function mutations in LRP5 have been reported to
cause the autosomal recessive human disease osteoporosis-
pseudoglioma syndrome (OPPG), which leads to significant
reduction of BMDs, and are more susceptible to skeletal
fracture and deformity [77–79]. Moreover, the mechanical
importance of LRP5 has been demonstrated in LRP5−/−
mice, which were found with an almost complete abla-
tion in ulnar loading-induced bone formation compared
to wild-type controls [79, 80]. Multiple single nucleotide
polymorphisms (SNPs), located in exons 18 and 10, have been
reported, which can significantly affect the interconnection
between physical activity and bonemass [79, 81]. A high bone
mass (HBM) phenotype in humanswas reported to be caused
by certain missense mutations near the N-terminus of LRP5
[82, 83]. An LRP5 overexpression mutation is, on the other
hand, associated with high bonemass and induced osteoblast
proliferation [82]. Increased sensitivity to load due to a lower
threshold for initiating bone formation was also reported
with this mouse [83]. A recent study done by Zhong et al.
showed that in vitro tension on MC3T3-E1 cells increased
LRP5 gene expression at 1, 3, and 5 hours of loading [84].

2.5. MicroRNA and Its Role in Mechanotransduction in Tis-
sue. The newly discovered microRNAs (miRNAs) are short
noncodingRNAs,which can be complementary tomessenger
RNA (mRNA) sequences to silent gene expression by either
degradation or inhibitory translation of target transcripts
[85, 86]. Regulation of Runx2, bone morphogenic protein
(BMP), and Wnt signaling pathways is by far the most well-
studied miRNA related osteoblast function. Positive and
negative regulations of miRNAs on Runx2 expression have

been shown to affect skeletal morphogenesis and osteoblas-
togenesis [87]. Inhibition of osteoblastogenesis can result
from miRNA-135 and miRNA-26a regulated BMP-2/Smad
signaling pathway [88]. Activation of Wnt signaling through
miRNA-29a-targeted Wnt inhibitors is upregulated during
osteoblast differentiation [89]. In addition, studies have been
done to investigate the miRNA function on self-renewal
and lineage determination for tissue regeneration via human
stromal stem cells [90, 91]. Moreover, extensive studies have
also been done to assess the effects of miRNAs on osteogenic
functions in committed cell lines including osteoprogenitors,
osteoblasts, and osteocytic cell lines. In general, actions of
miRNA may affect bone cell differentiation in either positive
or negative ways [85, 91].

Recent research has gained interests in studying the
transcription andmicroRNA regulation to better understand
gene expression regulation in a mechanical loading model.
Transcription factors can bind to motifs in the promoter
of genes and directly affect their expression; therefore,
mechanotransduction in bone may result in transcription
factors alteration for regulation. Using a predictive bioin-
formatics algorithm, a recent study investigated the time-
dependent regulatorymechanisms that governedmechanical
loading-induced gene expression in bone. Axial loading
was performed on the right forelimb in rodents. A linear
model of gene expression was created and 44 transcription
factor binding motifs and 29 microRNA binding sites were
identified to predict the regulated gene expression across the
time course. It may be important in controlling the loading-
induced bone formation process via the time-dependent
regulatory mechanisms.

2.6.Mechanotransductive Implication in BoneTissue Engineer-
ing. Development of artificial scaffold for musculoskeletal
applications could take advantage of the mechanotransduc-
tion phenomena to achieve its integrity and function, which
can lead to tissue healing. Mechanical signals delivered to
bone cells may be interfered by the scaffold deformation
and should be taken into account. Fortunately, mechan-
otransduction could be used to control the proliferation
and differentiation of bone cells [55, 56, 92–94]. Fluid
flow has been proposed as an important mechanical aspect
to be considered when developing bone scaffolds [53–56,
94]. Studies using bioreactors have helped us understand
the phenomena of mechanotransduction used in scaffold
design [92]. For example, rotating bioreactors, flow perfusion
bioreactors, and other mechanical stimuli such as strain
have been designed to increase mass transfer by inducing
dynamic flow conditions in culture, to create osteoinductive
factors on mesenchymal stem cells by the generated fluid
shear stress [95], and to induce the osteogenic differentiation
of mesenchymal stem cells [96], respectively. Among all,
mimicking the natural bone strain to favor osteogenesis is one
of the most rational aims for scaffold development. Matching
of the strain histograms of a scaffold and the actual bone
can be performed using microCT measurements and finite
element method [55, 97, 98].
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3. Summary

Functional tissue regeneration has been shown to be signifi-
cantly influenced by mechanical loading and mechanotrans-
duction under both in vitro and in vivo conditions. There
are close interrelationships among bone, muscle, cellular,
molecular pathways, and biomaterial remodeling by such
physiological stimulation. The effects of mechanobiology
may be harnessed in such a way that dynamic fluid flow stim-
ulation can act as a mechanobiological mediator in scaffold
to regulate cellular and tissue regeneration and proliferation.
Such signals must be performed and conducted in a dynamic
manner and potentially served as a noninvasive approach.
The increase of physiological stimulation may ultimately
enhance interstitial fluid flow and mechanotransduction in
tissue and engineered constructs. Furthermore, dynamic
stimulation, if applied at an optimal frequency, has shown the
potential to attenuate osteopenia in disuse while promoting
formation in osteogenesis, which may potentially serve as
a biomechanical intervention for treating osteoporosis and
muscle atrophy.
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Hydroxyapatite (HA) can be coated on variousmaterials surface and has the function of osteogenicity.Microporous silk scaffold has
excellent biocompatibility. In this study, alternate soaking technology was used to coat HA onmicroporous silk scaffolds. However,
the cell proliferation was found to decrease with the increasing thickness (cycles of soaking) of HA-coating. This study aims to
determine the best thickness (cycles of soaking) of HA-coating on microporous silk scaffolds. The SEM observation showed that
group with one cycle of alternate soaking (1C-HA) has themost optimal porosity like non-HA-modifiedmicroporous silk scaffolds.
The proliferation of osteoblasts has no significant difference between noncoated HA (N-HA) and 1C-HA groups, which are both
significantly higher than those in two cycles of soaking (2C-HA) and three cycles of soaking (3C-HA) groups. The transcription
levels of specific genes (runx2 and osteonectin) in osteoblasts of 1C-HA group were significantly higher than those of N-HA group.
Moreover, the levels showed no significant difference among 1C-HA, 2C-HA, and 3C-HA groups. In conclusion, microporous silk
scaffold with 1 cycle of HA-coating can combine the biocompatibility of silk and osteogenicity of HA.

1. Introduction

Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is one of the most
disquisitive biomaterial.Their composition and crystal struc-
ture are similar to inorganic phase of bone. So HA has
exceptional biocompatibility [1]. HA also possess excellent
osteoinductivity and osteoconductivity [2–4]. Bone (65%)
and tooth structure (97%) contain apatite mineral commonly
known as HA [5]. HA-coating technology was widely used
in the fabrication of tissue-engineered scaffolds. Alternate
soaking technology is one of the most common methods to
coat HA on materials. This method is especially suitable for
modification of silk scaffolds [6].

Silk proteins are biosynthesized by epithelial cells and
secreted into the specialized glands of silk worms. The silk
proteins were stored in the silk glands until spun into fibers
[7]. Bombyx mori silk is the most popular silkworm silk. It
consists of two fibroin threads adhered together with sericin

gum.A single thread is about 10–25 𝜇mindiameter [7, 8]. Silk
fibroin (SF) fibers from B. mori have outstanding mechanical
properties and little catalytic and molecular recognition. So
they have been used as biomedical suture material for a
long time [7]. SF has a lot of unique properties including
excellent biocompatibility, favorable oxygen permeability,
and outstanding biodegradability, and the degradation prod-
uct can be readily absorbed with minimal inflammatory
reactions [9, 10]. SF and microporous silk scaffolds have
been used in various biomedical research fields including
osteoblast, fibroblast, or bone marrow stem cell supported
matrix and ligament tissue engineering [6, 11]. Moreover, it
is very promising that biomimetic self-assembly process can
be applied in tissue replacement materials of SF [12–14]. Silk
modified with HA-coating can combine the biocompatibility
of silk and osteogenicity of HA. In our pilot study, too
thick HA-coating was found to have negative effects on cell
proliferation and differentiation. This study was designed to
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find out an appropriate thickness of HA-coating which was
beneficial for both cell proliferation and osteogenicity.

2. Material and Method

2.1. Fabrication of Microporous Silk Scaffold. The knitted silk
scaffolds (2 × 4 cm in dimension) were fabricated using raw
silk fibers (Suzhou Silk Factory, China)with knittingmachine
(Silver-reed SK270, Suzhou, China). The knitted scaffolds
were degummed in a solution of 0.25% (w/v)NaCO

3
between

98 and 100∘C for 90min to remove the sericin coated on the
silk fibroin.The solution should be refreshed after 45min.The
degummed silk scaffolds were then rinsedwith distilledwater
for 1 h to remove any residual degumming solution and then
air-dried.

Degummed silk fibers were used to prepare silk fibroin
solution. They were dissolved in 9.3M LiBr solution with a
ratio of 1 : 4 (1 g/4mL) at 60∘C for 4 hwith continuous stirring
[15]. The resulting silk solution was dialyzed against distilled
water for a period of 48 h with SnakeSkin (Thermo Scientific
Co., 3500 MWCO, USA). The concentration (w/v) of the
dialyzed solution was determined by measuring the weight
of silk fibroin obtained by freeze-drying.

The degummed silk scaffold was immersed in the 2% w/v
silk solution and freeze-dried for 24 h to allow formation of
microporous silk sponges. The sponge-coated hybrid scaf-
folds were treated with 90/10 (v/v) methanol/water solution
for 10min to induce an amorphous to silk II conformational
change in the microporous sponges to prevent resolubiliza-
tion in cell culture medium. Finally, the hybrid scaffolds were
dried overnight in a fume hood. Thereafter, the scaffold was
cut into round disc (diameter: 15mm) to fit for the well size
of 24-well culture plate.

2.2. Hydroxyapatite- (HA-) Coating on Hybrid Silk Scaffold.
Thehybrid silk scaffold was coated with hydroxyapatite using
an alternate soaking technology [6]. Briefly, the silk scaffold
was immersed in 200mM calcium chloride (CaCl

2
) solution

in a Petri dish placed at 37∘C for 1 h. The scaffold was then
blotted on a filter paper to remove excess moisture and
then immersed in a 120mM disodium hydrogen phosphate
(Na
2
HPO
4
) solution under the same conditions for 1 h.

The scaffolds were divided into three groups, in which the
soaking process was conducted for one, two, and three
cycles, respectively. After soaking process, the HA-coated
silk scaffolds were washed in distilled water and air-dried
at room temperature for 24 h (Figure 1). There were four
groups assessed in present study and they were noncoating
HA group (N-HA), one-cycle HA-coating group (1C-HA),
two-cycle HA-coating group (2C-HA), and three-cycle HA-
coating group (3C-HA).

2.3. Cell Isolation and Expansion. Osteoblasts were isolated
via sequential collagenase digestion of neonatal rabbit cal-
varia according to established protocol [16]. They were
cultured at 37∘C in a humidified atmosphere of 5% CO

2
,

in 50 cm2 flasks containing 5mL Dulbecco’s modified Eagle
medium (Gibco) and 10% fetal bovine serum (Gibco). The
medium was changed every third day. For subculture the

cell monolayer was incubated with trypsin-EDTA solution
(0.25% trypsin, 1mM EDTA; Gibco) for 10min at 37∘C to
detach the cells. Then, the cells were washed twice by cen-
trifugation and suspended in complete medium for seeding
and growing in new culture flasks. Osteoblasts at population
numbers 2 (passage 2) were used in experiments.

2.4. Cell Proliferation and Collagen Production on Scaffolds.
Cell proliferation of each group was studied by Alamar Blue
colorimetric assay (Sigma, U.S.A.) and DNA content assay.
The osteoblasts were seeded on scaffolds at a cell density of 2.0
× 105 cells/cm2. Cell viability and proliferation on scaffolds
were studied at 2, 7, 14, and 21 days after seeding using the
Alamar Blue colorimetric assay. The scaffolds (𝑛 = 5) of each
group were incubated in 1mL of HG-DMEM supplemented
with 10% FBS and 10% (v/v) Alamar Blue dye for 3 h. The
absorbance of the culturemedia at 570/630 nmwasmeasured
in triplicates using a 96-well plate microplate reader. Using
culture medium supplemented with 10% Alamar Blue dye as
a reagent blank, the percentage of Alamar Blue reduction was
calculated according to the formula provided by vendor. The
DNAamountwas quantifiedwithHoechstDye 33258. Briefly,
the cells were harvested from scaffolds (𝑛 = 5) of each group
by incubating with 0.05% trypsin and lysed in cell lysis buffer
after 2 weeks postculturing. Cell lysates were diluted 10 times
and incubated with equal volume of 0.1mg/mL Hoechest
33258 (Invitrogen, US) solution for 10min at room temper-
ature in 96-well black plates. Fluorescence was determined
using a FLUOstar Optima fluorescent plate reader (BMG
Labtech, Offenburg, Germany).The relative fluorescence unit
value obtained from samples was extrapolated against a DNA
standard curve to determine the DNA amount. The collagen
production on scaffolds was quantified using Sircol collagen
dye binding assay Kit (Biocolor Ltd., Newtown, Ireland).
Briefly, scaffolds were digested with 500 𝜇L of pepsin solution
(0.25mg/mL) at 2 weeks postseeding. The suspension was
shaken at room temperature for 2 h.Then 1mL of dye reagent
was added to 300 𝜇L of digested solution and mixed for
30min at room temperature. The pellet of dyed collagen was
precipitated by centrifugation at >10 000 g for 10min and
then dissolved by 1mL of releasing reagent.The absorbance of
redissolved dye was measured in 96-well plates at absorbance
wavelength of 540 nm. Then collagen amount was extrapo-
lated from standard curve. The collagen in each sample was
presented as an amount normalized to the DNA content.

2.5. Cell Viability Study by Fluorescence Staining. FDA/PI
double stain can distinguish live and dead cells. The fluo-
rescein diacetate (FDA) solution (10 g/L) was prepared by
dissolving FDA (Sigma) in acetone with the aid of a vortex
mixer. The FDA solution was stored at −20∘C until use. FDA
solution (11 𝜇L) was added into 1 well of 24-well culture plate
containing cells/scaffolds and 1mL of culture medium.Thus,
the final concentration of FDAwas 100mg/L.The PI solution
(1 g/L) was prepared by dissolving propidium iodide (PI)
(Sigma) into Milli-Q water and stored at 4∘C until use. The
PI solution (22𝜇L) was added into 1 well of 24-well culture
plate as mentioned above. Thus, the final concentration of PI
was 20mg/L. It was stained for 5minutes under the condition
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Figure 1: Schematic outline of scaffold fabrication procedure and experimental process.

of dark. The culture medium was discarded and the scaffolds
were washed twice using PBS solution gently. The living
and dead cells were observed with confocal laser scanning
(Olympus fluo viem FV1000).

2.6. Morphology of Cells/Scaffolds. The cell morphology
of osteoblasts was observed by HITACHI S-4800 (Japan)
scanning electron microscopy (SEM). After three weeks of
culture, the cells/scaffolds were washed with PBS and fixed
in 2.5% (v/v) formaldehyde for 24 h followed by dehydration
using graded ethanol. Then the dried cells/scaffolds were
coated with gold using a Sputter Coater for 60 s at a current
of 30mA. Their morphology was observed with SEM at a
voltage of 10 kV.

2.7. Quantitative RT-PCR Analysis of the Gene Expression.
After three weeks of culture, gene expression analysis was
performed to investigate the effects ofHA-coating on the gene
level of osteoblasts. Total RNA was extracted from each
scaffold (𝑛 = 3) using Qiagen RNeasy Kit (Qiagen,
Valencia, CA, USA). Thereafter, the purity and concentra-
tion of RNA were determined by UV-spectrophotometry

(S2100 Diode Array Spectrophotometer, Biochrom, Cam-
bridge, USA). cDNA synthesis was carried out using 80 ng
of total RNA and reverse transcriptase (iScript, Bio-Rad
Laboratories, CA, USA) with oligo (dT) primers. Quanti-
tative reverse transcriptase-mediated-PCR (Q-RT-PCR) was
performed using SYBR-Green chemistry (iQ SYBR Green
Supermix, Bio-Rad) in an iCycler iQ detection system (Bio-
Rad), with glyceraldehyde three-phosphate dehydrogenase
(GAPDH) as reference genes. Gene expression of different
gene markers was analyzed. Osteoblasts related gene markers
involved Runt-related transcription factor 2 (runx2) and
osteonectin (ON).The primer sequences of selected genes for
real-time PCR were obtained from the published literature
[13] (Table 1). The amplification was performed in triplicate
and data were analyzed for relative expression using the
ΔΔCTmethod.The results were normalized toGAPDH gene
expression levels.

2.8. Statistical Analysis. All sample values were expressed as
the mean ± standard deviation (SD) and the data were ana-
lyzed using SPSS 10.0 software. Statistically significant values
were defined as 𝑃 < 0.05 based on one-way analysis of
variance (ANOVA).



4 BioMed Research International

Table 1: Primer sequences for the real-time RT-PCR.

Primer Sequences

GAPDH F: GAC ATC AAG AAG GTG GTG AAG C
R: CTT CAC AAA GTG GTC ATT GAG G

Runx2 F: CCT TCC ACT CTC AGT AAG AAG A
R: TAA GTA AAG GTG GCT GGA TAG T

Osteonectin (ON) F: GAA GTT GAG GAA ACC GAA GA
R: GGC AGG AGG AGT CGA AG

3. Result

3.1. Cell Proliferation and Collagen Production. The prolifer-
ation and metabolism of osteoblasts in the four experimental
groups were compared using Alamar Blue assay. In the first
two weeks, the value of Alamar Blue reduction increased
rapidly. After 2 weeks, it approximately doubled in both N-
HA and 1C-HA groups with 40.2 ± 2.4% and 41.5 ± 1.9%,
respectively. In contrast, the values increased more slowly in
2C-HA and 3C-HA groups with 28.7 ± 2.7% and 23.3 ± 2.1%,
respectively. Then, the values increased continuously but at
a slower rate. There was no significant difference in N-HA
and 1C-HA group. But the values of N-HA and 1C-HA groups
were both significantly higher than those of 2C-HA and 3C-
HA groups after 2 weeks. Furthermore, the value of 2C-HA
group was significantly higher than that of the 3C-HA group
after 2 weeks (Figure 2(a)).

The DNA contents of osteoblasts on scaffolds of N-HA
and 1C-HA groups were significantly higher than those of
2C-HA and 3C-HA groups (𝑃 < 0.05) with 50.2 ± 6.2 𝜇g
and 48.2 ± 7.2 𝜇g after 2 weeks, respectively. The contents
were 24.2 ± 3.6 𝜇g and 20.4 ± 7.0 𝜇g in 2C-HA and 3C-HA
groups per scaffold after 2 weeks, respectively (Figure 2(b)).
The amount of deposited collagen on scaffoldwas determined
as an indication of extracellular matrix (ECM) formation.
After 2 weeks of culture, collagen amounts on scaffolds of N-
HA and 1C-HA groups were significantly higher (𝑃 < 0.05)
than those of 2C-HA and 3C-HA groups, with 833.3±66.6 𝜇g
and 1008.3 ± 138.4 𝜇g, respectively. The collagen amount
was 480.0 ± 48.4 𝜇g in 2C-HA group and 363.3 ± 49.3 𝜇g in
3C-HA group (Figure 2(c)). After being normalized against
DNA content, the collagen amounts were 16.3 ± 3.2 𝜇g/𝜇g,
21.3±5.2 𝜇g/𝜇g, 20.1±5.6 𝜇g/𝜇g, and 18±4.4 𝜇g/𝜇g inN-HA,
1C-HA, 2C-HA, and 3C-HA groups, respectively.The value of
each group showed no significant difference (Figure 2(d)).

3.2. Morphology Observation of the Scaffolds. Gross observa-
tion (Figures 3(a)–3(d)) showed that the thickness of HA-
coating increased with the soaking cycles. The macroscopic
view of 1C-HA group (Figure 3(b)) was similar to that of N-
HA (Figure 3(a)) group. The thickness of coating in 2C-HA
(Figure 3(c)) and 3C-HA (Figure 3(d)) groups significantly
increased compared with those of 1C-HA and N-HA groups.
SEM images (Figures 3(e)–3(h)) demonstrated an intercon-
nected microporous silk sponge formed and spread over the
surface of the knitted scaffold in N-HA (Figure 3(e)) and 1C-
HA (Figure 3(f)) groups.The pore sizes of silk sponge ranged
from 60 to 200𝜇m. The average pore size of the hybrid silk

scaffold was 101.5 ± 32.1 𝜇m. Nanoscale HA particles were
successfully deposited and distributed on the surface of silk
sponge as observed by SEM. The micropores had been filled
up withHA in 2C-HA (Figure 3(g)) and 3C-HA (Figure 3(h))
groups. Especially in 3C-HAgroup, the surface of scaffoldwas
covered with a significantly thick lay of HA.

3.3. Cell Morphology and Survival. After equivalent amount
of osteoblasts was cultured on scaffolds in groups for three
weeks, the cell number of 2C-HA (Figure 4(c)) and 3C-
HA (Figure 4(d)) groups was much fewer than those of
N-HA (Figure 4(a)) and 1C-HA (Figure 4(b)) groups. The
cell morphology on scaffolds showed morphology alteration
of osteoblasts in N-HA group (Figure 4(e)) compared with
that in HA-coated groups (Figures 4(f)–4(h)). Osteoblast
cultured in N-HA group had a more spread-out phenotype.
The morphology became more longer with increasing HA-
coating cycles.

Confocal microscopy observation showed robust cell
proliferation and good cell viability (cells with bright green
fluorescence dyed by FDA) inN-HA (Figure 4(i)) and 1C-HA
groups (Figure 4(j)). The cells were distributed throughout
scaffolds and there was no significant cell death (cells with
small round bright red fluorescence dyed by PI) in N-HA and
1C-HA groups. But there were a lot of dead cells on scaffolds
of 2C-HA (Figure 4(k)) and 3C-HA (Figure 4(l)) groups,
especially on the scaffolds of 3C-HA group. The scaffolds
possessed autofluorescence, especially red fluorescence. The
fluorescence of scaffold was strip or multihole shapes, while
that of dead cell was small round shape.

3.4. Gene Expression Analyses. Expression of specific genes
was analyzed to evaluate the effects of HA modification
on the gene expression of osteoblasts. Compared with
N-HA group, 1C-HA, 2C-HA and 3C-HA groups showed
upregulation of both runx2 and osteonectin. But there was
no significant difference among 1C-HA, 2C-HA, and 3C-HA
groups (Figure 5).

4. Discussion

Alternate soaking technology is a frequently used method to
modify the scaffoldswith hydroxyapatite.However, denseHA
has some obstacles such as non- or poor-osteoinductivity and
low rate of biodegradation and porosity [14, 17]. In our pilot
study, dense HA-coating was found to inhibit cell prolifera-
tion and vitality. In this study, we optimized the thickness
of HA-coating. It could benefit both cell proliferation and
specific genes expression.

It is well known that the pore size and interconnectivity
of scaffolds are highly relevant to proper cell migration and
proliferation as well as tissue vascularization and diffusion of
nutrients and oxygen, which is necessary for bone formation.
Previous studies also demonstrated that pore size between
100 and 350 𝜇m is optimum for bone regeneration [18]. If the
pore size is too large, cells may leak out from pores. If pore
size is too small, cells may be unable to stretch out. Both too
large and too small pore sizes may be not conducive to pro-
liferation and differentiation of cells. Interconnected porosity
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Figure 2: (a) Cell proliferation rate of N-HA, 1C-HA, 2C-HA, and 3C-HA groups during a 3-week culture period. (b) DNA content of
osteoblasts on scaffolds of each group after 2 weeks postculturing. (c) Quantification of collagen production on scaffolds of each group after
2 weeks postculturing. (d) Quantification of collagen normalized by DNA amount on scaffolds of each group after 2 weeks postculturing.
(∗𝑃< 0.05, ANOVA).

can maximize bone in growth, lead to osteointegration, and
strengthen graft fixation due to larger surface area and more
directional in growth of bone. A number of techniques are
in practice for the fabrication of porous HA, such as addition
of organic porogens [19], polymer foam impregnation [20],
dual-phase mixing [21], gel casting [22], and freeze casting
[23]. The silk scaffold has a very good microporous structure
(Figure 3(e)). Alternate soaking technology with 1 cycle can
result in a thin HA layer on scaffold and less destroy the
porous structure of scaffold (Figure 3(f)). However, the HA-
coating was too thick and the pores were almost filled in 2C-
HA and 3C-HA groups. It is not good for cell proliferation
and metabolism on scaffolds. Because the interconnectivity
of micropores in scaffold was not broken in 1C-HA group,
the cell proliferation of 1C-HA group had no significant
difference compared with that of N-HA group (Figure 2(a))
according to results of Alamar Blue assay. However, the

value of 1C-HA group was significantly higher than that of
2C-HA and 3C-HA groups with much thicker HA-coating
(Figure 2(a)).The results of total content ofDNAand collagen
also showed that cell proliferation of 1C-HA group was
obviously higher than those of 2C-HA and 3C-HA groups
(Figures 2(b) and 2(c)) after 2 weeks of culture.

Scaffolds modified with HA may not only overcome
the poor mechanical properties of HA but also improve
the osteogenicity of scaffold. For HA-coating, a variety of
methods have been reported: plasma spraying [24], ion beam
assisted deposition [25], magnetron sputtering [26], sol-gel
processes [27], composite glass coating [28], electrochemical
deposition [29–32], and alkaline treatment [33]. Some nature
polymers, such as collagen [34, 35], chitosan [36], chitin [37],
alginate [38], and silk [39], are employed for combination
with HA to apply in bone tissue engineering. In this study,
we found that the expression of osteoblasts-related genes



6 BioMed Research International

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 3: (a)–(d) Macroscopic view of scaffolds in N-HA, 1C-HA, 2C-HA, and 3C-HA groups. (e)–(h) SEM observation of the surface of
scaffolds in N-HA, 1C-HA, 2C-HA, and 3C-HA groups.
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Figure 4: (a)–(d) Morphology and proliferation of cells in four groups observed by SEM after 3-week culture. (e)–(h) Magnified view of
rectangle area in (a)–(d). (i)–(l) Cell survival and proliferation observed by confocal laser scanning.
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Figure 5: Expression of osteoblast related gene markers after three
weeks of culture (∗𝑃 < 0.05, ANOVA).

in 1C-HA group was dramatically higher than that of N-
HA group (Figure 5). This indicated that HA in extracellular
matrix could stimulate the osteogenicity of osteoblasts, sup-
port the osteoblasts growth, and maintain the properties of
mature. However, there was no significant difference in genes
expression (Figure 5) of osteoblasts and collagen production
(Figure 2(d)) among 1C-HA, 2C-HA, and 3C-HA groups.
This indicated that the capability of osteoinduction had no
significant difference among groups. It was not correlated
with the thickness of HA-coating.

5. Conclusion

HA-coating with 1 cycle of alternate soaking can modify
the scaffold with appropriate thickness of coating. It could
enhance not only the proliferation of osteoblasts but also
osteogenicity of scaffolds. The HA-coated silk scaffold might
have great potentials in clinical applications.
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Our previous work showed that implanting a sensory nerve or vascular bundle when constructing vascularized and neurotized
bone could promote bone osteogenesis in tissue engineering. This phenomenon could be explained by the regulatory function of
neuropeptides. Neuropeptide substance P (SP) has been demonstrated to contribute to bone growth by stimulating the proliferation
and differentiation of bone marrow stem cells (BMSCs). However, there have been no prior studies on the association betweenWnt
signaling and the mechanism of SP in the context of BMSC differentiation. Our results have shown that SP could enhance the
differentiation of BMSCs by activating gene and protein expression via theWnt pathway and by translocating 𝛽-catenin, which can
be inhibited by Wnt signaling blocker treatment or by the NK-1 antagonist. SP could also increase the growth factor level of bone
morphogenetic protein-2 (BMP-2). Additionally, SP could enhance the migration ability of BMSCs, and the promotion of vascular
endothelial growth factor (VEGF) expression by SP has been studied. In conclusion, SP could induce osteoblastic differentiation
via theWnt pathway and promote the angiogenic ability of BMSCs.These results indicate that a vascularized and neurotized tissue-
engineered construct could be feasible for use in bone tissue engineering strategies.

1. Introduction

Bone grafting, typically autologous bone grafting, is com-
monly utilized to repair skeletal defects in the reconstruction
of bone integrity [1]. Although it is regarded as the gold
standard [2, 3], autologous bone grafting can cause complica-
tions such as morbidity and infection; moreover, only limited
amounts of autograftmaterial are available and the harvesting
process involves additional trauma [1, 4], producing an
unsatisfactory outcome [5]. Bone tissue engineering has
been successfully developed and has successfully provided
bone substitute in reconstructive orthopedics [5]. However,
improving bone tissue-engineered growth and angiogenesis
remains a challenge [6]. Thus, there is an ongoing need for
information on the regulatory mechanisms of osteoblastic
differentiation and angiogenesis.

Previous studies have shown that the implantation of
a sensory nerve or vascular bundle when constructing
engineered vascularized and neurotized bone tissue could
promote osteogenesis [7, 8]. Several studies have since
investigated the effect and underlying mechanism of sen-
sory nerves. The neurotized bone tissues showed a higher
degree of osteoblastic differentiation and angiogenesis than
in vivo engineered bone tissue grafts alone, indicating that
nerve fibers are directly involved in bone growth. The effect
on the neurotized bone was similar to the effect of neu-
ropeptide action on vascularized bone implantation [7]. The
early expression of neuropeptide receptors was also signifi-
cantly improved by implanting vascular bundles. Similarly,
the neuropeptides (such as calcitonin gene-related peptide
(CGRP) and substance P (SP)) released by the sensory nerve
have been found to contribute to bone formation by acting on
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bone marrow stem cells (BMSCs) in vitro [9, 10]. These data
indicate that neurotization treatment could stimulate bone
generation via neuropeptides, which play important roles in
bone tissue formation. However, the mechanism of this stim-
ulation remains unknown. The functioning of engineered
bone tissue has depended on the osteogenic differentiation
and vascularization of the seeding cells (BMSCs) [11]. Further
data are needed to understand how neuropeptide SP affects
the osteoblastic differentiation and angiogenesis of BMSCs.

The osteoblastic differentiation of BMSCs in engineered
bone tissue involves several cellular processes including
osteoblastic gene expression. Bone morphogenetic protein-
2 (BMP-2) has been found to be the major regulating factor
in inducing bone formation in engineered bone tissue [12–
14] and is preferred for the growth factor delivery system
[15]. Additionally, the expression of osteoblastic genes and
proteins is vital to bone generation [16], and Wnt signaling
is an important regulatory factor in bone metabolism [17–
19]. SP has been confirmed to exert a promoting effect on the
proliferation and differentiation of BMSCs [20–24]. However,
the effect of SP on BMP-2 expression is currently unclear.
Additionally, the relationship between SP and canonical Wnt
signaling in the context of osteogenic processes has not been
clarified. The effects of SP on the Wnt pathway and the
expression of BMP-2 were investigated in this study.

Angiogenesis in engineered bone tissue is closely related
to osteogenesis and always precedes bone formation [25,
26]. Vascular endothelial growth factor (VEGF) plays a
fundamental role in promoting angiogenesis [27] and is also
the first choice for use in growth factor delivery systems.
Stable vessels in vivo were achieved through the continuous
release of VEGF from the scaffold [28]. VEGF functions as
a potent angiogenic peptide, but the migration of BMSCs is
also required for the formation of new vessels [29, 30]. The
migration of cells to the site of injury is the foundation of the
angiogenesis process. The VEGF expression and migration
ability were both viewed as the critical promoting factor in
angiogenesis process and the representation of angiogenic
capacity of BMSCs. However, there have been no prior
studies on the effects of SP on the migration and VEGF
expression of BMSCs. Therefore, the angiogenic capacity of
BMSCs (including migration ability and VEGF expression,
influenced by SP) was also evaluated in this study.

2. Materials and Methods

2.1. Preparation of BMSCs. Rat BMSCs were isolated from
the bone marrow of femoral and tibial medullary cavities of
80–100 g rats and were flushed using ice-cold L-Dulbecco’s
Modified Eagle’s Medium (L-DMEM) (Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS, Gibco, Australia).
The suspension of flushedmarrow cells was passed repeatedly
through a 22-gauge needle and filtered through a 100𝜇m cell
strainer before culturing. The marrow cells were grown in
25 cm2 tissue culture flasks with an appropriate number of 1×
10
6–1 × 107 cells/mL. The cultures were incubated at 37∘C in

a humidified incubator containing 5%CO
2
.Themediumwas

L-DMEM supplemented with 10% FBS, 100 IU/mL penicillin,

100 𝜇g/mL streptomycin, and 1 𝜇g/mL amphotericin and was
changed every 2 days.When the cell confluence reached 80%,
the BMSCs were passaged with 0.02% trypsin (Gibco, USA)
and transferred to new culture flasks at a ratio of 1 : 2.The cells
were cultured in 24-well culture plates at 37∘C in a humidified
atmosphere containing 5% CO

2
.

2.2. BMSCs Identification and Differentiation. After three
passages, the culturemediumwas changed to a differentiation
medium (L-DMEM containing 10mM 𝛽-glycerophosphate,
100 nm dexamethasone, and 50 𝜇g/mL ascorbic acid) to
induce osteogenic differentiation [31]. The expression of
CD29, CD34, CD44 andCD45were analyzed via flow cytom-
etry for detecting the purity of BMSCs (Figure 1) [32, 33].
Approximately 5.0 × 104 purified BMSCs were stained with
20mL phycoerythrin (PE)-conjugated anti-CD29, CD34,
CD44, and CD45 for 30min at 4∘C. PE-labeled antibody to
rat IgG1 was used as a control. The cells were washed twice
with ice-cold phosphate-buffered saline (PBS), fixed in 1.0%
paraformaldehyde and analyzed via flow cytometry within
24 h. Fluorescencewas analyzedwith aCoulter Elite-ESP flow
cytometer (Beckman-Coulter Electronics, Hialeah, FL) using
Elite software.

2.3. Groups. For detection of the effects of SP on the differ-
entiation of BMSCs, the concentration of SP (10−12mol/L)
and treatment duration (7 days and 14 days) were based on
previous research [24]. To further clarify the relationship
between the Wnt pathway and SP during BMSC differenti-
ation, four groups were created: Group A was the control
group, and the same amount of PBS was added; in Group
B, the culture was incubated with SP (the concentration
to be determined by the results of step one); in Group C,
the culture was incubated with a mixture of SP and NK1
antagonist (1𝜇M Sigma CP-96345 USA) [23, 34]; and in
Group D, the culture was incubated with a mixture of SP and
0.2 𝜇g/mL DKK1 (0.2 𝜇g/mL Peprotech recombinant Human
DKK-1 (Dickkopf-related protein-1), USA) [35]. To identify
the first changes in the expression of BMP-2 and VEGF,
observations were made on 1 day, 3 days, 5 days, and 7 days;
these intervals were also employed to determine the effects
of SP on the migration of the BMSCs. The concentration of
SP (10−8mol/L) was chosen for the possible maximum effect
[20].

2.4. Immunocytochemical Staining. The cells positive for
nuclear BMP-2, VEGF, and 𝛽-catenin were detected via
immunocytochemical staining. After treatment, the BMSCs
were seeded on the coverslip and were allowed to attach
overnight. After being fixed in 4% paraformaldehyde in PBS
for 15min at room temperature and then permeabilized in
0.25%TritonX-100 in PBS for 15min, the cells were incubated
in 1% BSA in PBST for 30min to avoid nonspecific binding
of the antibody or in goat serum for 10min, washed three
times in PBS and incubated overnight with primary anti-
𝛽-catenin antibody (Santa Cruz Biotechnology, Inc.). The
cells were then diluted 1 : 100 in PBST or in anti-BMP-
2 antibody anti-VEGF antibody (Abcam) diluted 1 : 150 in
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Figure 1: Identify of BMSCs.The BMSCs were identified with CD29 (91.2% ± 1.3%), CD44 (88.4% ± 2.7%), CD34 (4.1% ± 1.9%), and CD45
(6.1% ± 2.5%).

PBST. After three washes, the cells were incubated for 1 h with
FITC-linked secondary antibodies diluted in 1 : 100 USCN.
The cells were washed three times in PBS and then with DAPI
to identify nuclei and detect the translocation of 𝛽-catenin.
Alternatively, after the secondary antibodies had incubated,
the BMSCs were stained with DAB and counterstained with
hematoxylin, dehydrated in graded methanol, cleared in
xylene, and finally mounted. The slides were examined using
fluorescent microscopy at ×40 magnification, and the images
were acquired using the Image Manager software.

2.5. Quantitative Polymerase Chain Reaction (qPCR). To
validate the gene expression of the BMSCs in all groups,
the total RNA was isolated from the cell lines, and cDNA
synthesis was performed using TRIzol and Oligo-dT (Invit-
rogen, USA). The qPCR assay was performed using SYBR
Green assays (Applied Biosystems, USA). The amplification
conditions were as follows: 95∘C for 3min followed by 40
cycles alternating between 95∘C for 15 s and 60∘C for 30 s.
Thermal cycling and fluorescence detection were performed
using the StepOnePlus Real-Time PCR System (Applied
Biosystems, USA).The alkaline phosphatasemRNA, collagen
type I mRNA, osteocalcin mRNA, Runx2 mRNA, C-myc
mRNA, Lef1, Tcf7, and 𝛽-catenin mRNA expression levels
were compared with the GAPDH expression levels using the

ΔCt method. All primers for qRT-PCR were designed using
the Primer Express software (ABI). The primer sequences
used in this study are listed in Table 1. The reported data
represent the mean expression from 3 experiments.

2.6. Western Blot Analysis. The cells were treated with the
lysis buffer (Cell Signaling Technology), and the protein
extracts were dissolved in a sample buffer containing 50mM
Tris-HCl, 2% SDS, 10% glycerol, and 100mM dithiothreitol
(pH = 6.80). Proteins were separated using SDS-PAGE in
10% polyacrylamide gel and transferred to a nitrocellulose
membrane. Blots were performed with anti-BMP-2 antibody,
anti-VEGF antibody, anti-ALP antibody (Abcam), anti-𝛽-
catenin antibodies, anti-GSK-3𝛽 antibodies, and anti-C-myc
antibodies (Santa Cruz Biotechnology, CA). The bands were
captured and documented using a CCD system (Image
Station 2000MM, Kodak, Rochester, NY, USA). The blots
were stripped and reprobed with anti-actin antibodies to
demonstrate equal loading and to enable between-group
protein content normalization. Densitometry of the bands
was performed using Molecular Imaging Software Version
4.0 (Kodak).

2.7. Scratch Recovery Assay. BMSCs at the logarithmic phase
of growth were plated into six-well culture dishes at a density
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Table 1

Gene Sequence Predicted
length (bp)

NK1 F: GGCCTTCGACAGATACATGG 140
R: TCTCTGTGGTGGAGTAGTAG

ALP F: CCTTGAAAAATGCCCTGAAA 191
R: CTTGGAGAGAGCCACAAAGG

Osteocalcin F: CATGAGGACCCTCTCTCTGC 153
R: AGGTAGCGCCGGAGTCTATT

Col1a1 F: TGGTCCTCAAGGTTTCCAAG 123
R: TTACCAGCTTCCCCATCATC

Runx2 F: GAGCTACGAAATGCCTCTGC 173
R: GGACCGTCCACTGTCACTTT

CCND1 F: GCGTACCCTGACACCAATCT 180
R: CTCTTCGCACTTCTGCTCCT

c-myc F: GCTCCTCGCGTTATTTGAAG 152
R: TTCTCTTCCTCGTCGCAGAT

𝛽-Catenin F: CTCCCCTGACAGAGTTGCTC 187
R: ATGTCCAGTCCGAGATCAGC

Tcf7 F: GCACGGGATAACTACGGAAA 99
R: AAAGCGAGCACGACATTTCT

Lef1 F: TAACAAGGGCCCCTCCTACT 198
R: CCTGGAGAAAAGTGCTCGTC

of 106 cells. After incubation for 24 h, the cells were synchro-
nized with 2% FBS. A straight line was then introduced to
each well via scratching with a sterile 200 𝜇L pipette tip once
the cells had reached 80% confluency.The detached cells were
removed by gently washing the well three times with 100mM
PBS (pH 7.4) at 37∘C.The cells were then allowed to grow for
an additional 24 h in culture medium supplemented with 2%
FBS and 100 𝜇mol/L temozolomide or DMSO. Cell migration
was photographed at ×100magnification under a microscope
(Olympus, Tokyo, Japan) 1 day later, 3 days later, 5 days later,
and 7 days later. The rate of cell migration was accounted
according to the established method: the area of migration
cells (A) and the cell-free area (B) were calculated and the
results were represented as A/A+B.

2.8. Transwell Migration Assays. The cell migration assay was
performed in a 24-well transwell migration chamber (BD
Biosciences, San Jose, CA, USA) with polycarbonate filters
(diameter 6.525mm; pore size 8.25mm). The upper well
contained BMSCs cultured in medium 199 supplemented
with 0.5% BSA. The lower well contained media with SP as a
chemoattractant. After a 72 h migration at 37∘C, all cells that
had migrated were fixed in 4% paraformaldehyde/PBS and
stained with hematoxylin. The number of stained cells was
counted in Image-Pro Plus 4.5 (Media CyberNetics, Silver
Spring, Maryland, USA). Each counting was repeated with
three holes in themiddle and surrounded five horizons under
the microscope camera, and the results were expressed in
percentage.The cells that did not migrate were removed from
the upper surface by scraping with a cotton swab.

2.9. Statistical Analysis. Statistical analyses were performed
using SPSS software (version 13.0). We performed a one-way
ANOVA analysis to compare the means. The comparisons
between groups were performed using Dunnett’s (2-tailed 𝑡)
post hoc test. Significance was declared if 𝑃 < 0.05. The
presented error bars show the standard error of the mean
(SEM).

3. Results

3.1. SP Enhanced the Expression of BMP-2 and the Gene and
Protein Expression in BMSCDifferentiation. Theimmunohis-
tochemistry results in Figure 2(a) show that a positive DAB
stain with BMP-2 (the obvious brown area) was observed
on the cytoplast and cell nucleus (×400) in SP treatment
(10−8mol/L) at 5 days and 7 days; the same result was
observed after 7 days in the control group. The rates of the
BMP-2-positive cells were increased after SP treatment, and
the expression of protein BMP-2 also improved (0.1413 ±
0.0071 compared with 0.0073 ± 0.0025 on 5 days; 0.18 ±
0.004 compared with 0.043 ± 0.003 on 7 days, Figure 2(b)).
SP did not affect the rates of the BMP-2-positive cells or
BMP-2 expression between day 1 and day 3. The osteoblastic
genes (ALP, collagen type 1, osteocalcin, and RUNX2) and
protein (ALP) selected to represent the osteoblastic degree
were all increased by SP (0.628 ± 0.00225 compared with
0.1027 ± 0.0075 on 7 days; 0.572 ± 0.005 compared with
0.115±0.007 on 14 days, Figures 2(c) and 2(d)). Interestingly,
the NK1 receptor antagonist and Wnt pathway antagonist
DKK blocked the promotion effect of gene expression
(Figure 3(d)). The expression of the Wnt genes (such as C-
myc, Tcf7, and Lef1) and Wnt proteins such as 𝛽-catenin and
c-myc was promoted by SP, which could be inhibited via
NK1 receptor antagonist treatment. For ALP and osteocalcin
mRNAexpression, these phenomenaweremore obvious after
14 days than after 7 days. For collagen type 1 and RUNX2
mRNA expression, the phenomenon was more obvious after
7 days of treatment than after 14 days. The blocking effects
were significant but not complete (Figure 2(d)).

3.2. SP Induced Osteoblastic Differentiation by RegulatingWnt
Signaling in BMSCs. TheWnt pathway inhibitor DKK treat-
ment blocked the osteoblastic gene expression promoting
effect of SP (Figure 2(d)), indicating the possible involvement
of Wnt signaling. The results in Figure 2 confirmed the
increased expression of genes and proteins in the Wnt
pathway due to SP treatment; the DKK and NK1 receptor
antagonist inhibited the activation of the Wnt pathway. As
shown in Figure 3(a), the increased expression of the Wnt
genes (such as C-myc, Tcf7, and Lef1) via SP treatment and
the blocking effect of the NK1 antagonist and DKK were
apparent; however, the mRNA of 𝛽-catenin expression was
not. The western blot results revealed that SP activated the
expression ofWnt signaling proteins such as𝛽-catenin (1.76±
0.31 and 3.12±0.07 fold change compared with control group
on 7 days and 14 days), C-myc (1.34 ± 0.50 and 2.29 ± 0.14
fold change compared with control group on 7 days and 14
days), and p-GSK-3𝛽 (2.45 ± 0.11 and 2.12 ± 0.18 fold change
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Figure 2: Expression of BMP-2, ALP protein, and genes in BMSCdifferentiation. SP increased the rates of BMP-2 positive cells (a) and protein
BMP-2 expression (b) from day 5 to day 7. SP improved the synthesis of ALP protein (c) and of osteoblastic genes such as ALP, collagen type
1, osteocalcin, and RUNX2 (d). The expression of osteoblastic genes could be inhibited by DKK or NK1 antagonist.

compared with control group on 7 days and 14 days), which
was revealed in Figure 3(b). This effect was more obvious
after 14 days of treatment than after 7 days. The nuclear
translocation of 𝛽-catenin was the critical event in Wnt
signaling activation; it precipitated the obvious activation of
nuclear transfer after SP treatment. It was clear after 15min
that this effect was inhibited by the NK1 antagonist and DKK
treatment, which proved that SP treatment could activate
the Wnt pathway. As shown in Figure 3(d), the nuclear
translocation of 𝛽-catenin did not occur after SP treatment

combined with NK1 antagonist treatment; the nucleus was
relatively dark compared with the cytoplasm.

3.3. SP Stimulated the Migration and VEGF Expression
of BMSCs. The scratch recovery assay illustrated that the
total distance and speed of the BMSCs were significantly
increased by 10−8mol/L SP (Figure 4(a)), especially at 7 days
and 9 days after treatment, which was consistent with the
VEGF expression results. After SP was applied, the transwell
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Figure 3: SP activated the expression of Wnt signaling genes and proteins and the translocation of 𝛽-catenin to the nucleus. SP increased the
expressions of the Wnt genes C-myc, Tcf7, and Lef1. When the NK1 receptor was blocked, this effect was significantly decreased compared
with the SP group (a). Increases in the Wnt signaling proteins 𝛽-catenin, C-myc, and p-GSK-3𝛽 were observed under SP treatment on day 7
and day 14 (b). The nuclear translocation of 𝛽-catenin occurred after 15min of SP treatment, (c) which could be blocked by NK1 antagonist
or DKK treatment (d).
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Figure 4: SP increased the cell migration and VEGF expression of BMSCs. SP clearly increased the migration ability of BMSCs as of day 7
and day 9 (a); VEGF was also elevated by SP treatment on day 7 and day 9 ((c), (d)). The transwell migration assays confirmed that the rate
of cell migration in the SP group was higher (4.78 ± 1.77) than in the control group (1.11 ± 0.49, (b)).

migration assays also demonstrated increased numbers of
migration cells (4.78 ± 1.77 in the 10−8mol/L SP group
compared with 1.11 ± 0.49 in the control group, Figure 4(b)).
The VEGF staining and western blot analysis showed the
increased expression of VEGF due to SP (0.2563 ± 0.0095
compared with 0.049 ± 0.004 on 5 days; 0.0347 ± 0.0035
compared with 0 ± 0 on 7 days, Figures 4(c) and 4(d)). The
experimental results revealed that after SP treatment, the
number of VEGF-positive cells was increased at 7 days and
9 days after treatment, which corresponds to the trend of
protein VEGF expression.

4. Discussion

Tissue-engineered bone has become a new potential clinical
alternative to conventional bone grafts [36]. Though signifi-
cant advances have been made, a challenge to classical bone
tissue engineering strategies has been the lack of vascular-
ization [12]. The implantation of vascular bundles or sensory
nerves has been studied as a strategy to overcome this prob-
lem. Besides, previous works have shown that the implanta-
tion of sensory nerves could promote bone metabolism via

neuropeptide action [7–9]. In this experiment, we found that
neuropeptide SP could promote osteoblastic differentiation
via Wnt signaling and could improve the angiogenic capacity
of BMSCs, suggesting that the application of vascular and
neurotized bone tissue engineering is theoretically feasible.

SP was observed to stimulate the expression of BMP-
2, which is widely used in bone TE construction [12–14].
The experimental results revealed that the SP group and
control group showed differences in the expression of BMP-2,
indicating that BMP-2 involvement in the bone regeneration
process is promoted by SP treatment. The increased BMP-2-
positive cells observed in the SP group matched the trend
of BMP-2 expression. The local activating effect generated
by SP was sustained from 5 days to 7 days during BMSC
differentiation. The Wnt/𝛽-catenin signaling pathway was
suggested to be an upstream activator of BMP2 expression in
osteoblasts [37], indicating that the regulating effects exerted
by SP on BMP2may be related to theWnt signaling activated
by SP. The promotion of bone regeneration by SP may be
related to the rise of the local BMP-2 expression level in vitro.

Consistent with the present studies demonstrating the
osteogenic effect exerted by SP on BMSCs [21, 23, 38, 39],



8 BioMed Research International

this effect was observed to be related to the activation by
SP of the Wnt/𝛽-catenin signaling response in this study.
Osteoblastic differentiation in vitro is directed by Runx2,
the master transcription factor regulating bone formation,
and BMSCs can differentiate towards the osteoblastic lineage,
which is accompanied by the production of type I collagen
and osteocalcin and increased alkaline phosphatase activity
[16]. When SP was combined with NK1 receptor antago-
nist or DKK1, the differentiating effect on the BMSCs was
inhibited, suggesting that SP binds to NK1 receptors and
activates the Wnt/𝛽-catenin signaling pathway in BMSCs.
The NK1 receptor that SP acted on in BMSCs and the
proliferation mediated by it was revealed and confirmed
previously. Consistent with the concentration dependent
manner that SP exerted, low concentrations (10−12M) of SP
stimulated alkaline phosphatase and osteocalcin expression
and upregulated Runx2 protein levels; our results also reflect
the phenomena. However, the direct effect on osteoblastic
differentiation of SP could be illustrated by ALP staining
and mineralization or some detection, which needs further
studies in the future.

The activation of the Wnt pathway can be briefly sum-
marized as 𝛽-catenin accumulation in the cytoplasm, while
translocation into the nucleus is also vital; the subsequent
transcription of Wnt-related genes including C-myc then
begins [40]. We found that SP significantly increased the
expressions of the genes and proteins in the Wnt pathway as
well as the nuclear translocation of 𝛽-catenin. NK1 receptor
antagonist or DKK1 could inhibit these effects of SP. The
translocation of 𝛽-catenin was observable after 15min and
obvious after 30min. GSK-3𝛽 worked as critical regulator
of 𝛽-catenin. P-GSK-3𝛽 increased due to SP, suggesting that
the decreased negative effect of GSK-3𝛽 was influenced by
SP. However, we found that the 𝛽-catenin mRNAs were
unaffected in all groups.Thus, we speculate that the accumu-
lative process of 𝛽-catenin is not primarily mediated by 𝛽-
catenin mRNA but instead by the state of 𝛽-catenin, such as
phosphorylation or dephosphorylation.The role of Tcf7/Lef1
as either a repressor or activator inWnt/𝛽-catenin signaling is
controversial [41, 42]. We found that the treatment of BMSCs
with SP led to an increased expression of Lef1 and Tcf7, which
appeared to exert a positive effect on the activation of SP-
induced Wnt/𝛽-catenin signaling.

The migration of BMSCs to the lesion formed blood
vessels that supplied oxygen and nutrients, a necessary role
in bone repair [31, 32]. VEGF always acted as the primary
chemokine in inducing the formation of angiogenesis [43].
We found that SP increased the migration and VEGF expres-
sion abilities of BMSCs, which would indicate increased
angiogenic capacity. VEGF was always viewed as the primary
factor in inducing BMSCmigration; the activeWnt signaling
contributed to themigration [44], which could partly explain
the effect of SP. Considering the contribution of blood supply
to bone formation, the angiogenic capacity of BMSCs was
leveled up by SP and thus could promote the angiogenesis
and then improve osteoblastic differentiation of BMSCs.
However, the direct evidence of vessels forming and whether
the effect of SP on angiogenesis was mediated by Wnt
signaling were not revealed in this study. We have detected

the change of VEGF level and active Wnt pathway by SP
treatment and it seemed that perhaps the increased formation
of new blood vessel was reasonable. Thus, further studies
should focus on effect of SP on the vessels formation andmore
evidence of the related Wnt signaling.

In conclusion, the present study demonstrates that the
canonical Wnt signaling may contribute to SP stimulation of
the osteogenic differentiation of BMSCs; SP also improved
VEGF expression and migration ability. Further in vivo
experiments will elucidate the effect of SP on bone tissue
engineering construction as well as the relationship between
SP and Wnt/𝛽-catenin signaling, thus furthering our under-
standing of the role of vessels and nerves in bone tissue
engineering.
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The present study was conducted in order to explore the mechanisms whereby parathyroid hormone (PTH) maintains in vitro
proliferation of bone marrow mesenchymal stem cells (BMSCs). Bone marrow was isolated from Sprague Dawley (SD) rat femurs,
cultured in vitro, and passaged using a cell adherent culture method.The BMSC proliferation was evaluated by the methyl thiazolyl
tetrazolium (MTT) assay and the fluorescence intensity of calcium ions in BMSCs was analyzed by laser scanning confocal
microscopy (LSCM). Our results show that BMSC proliferation in the experimental group treated with PTH was more significant
than controls.The calcium ion fluorescence intensity in BMSCs was significantly higher for the experimental group as compared to
the control group. For each group, there was significant difference in the fluorescence intensity of calcium ions in BMSCs between
7 d and 14 d. In conclusion, parathyroid hormone increased the fluorescence intensity of calcium ions in BMSCs, which might
represent a key mechanism whereby BMSC proliferation is maintained.

1. Introduction

Bone marrow mesenchymal stem cells (BMSCs) are found
in the bone marrow and belong to stem cells that display
a potential for multilineage differentiation. BMSCs have
been a key focus in stem cell research. The frequency of
BMSCs is relatively low in the bone marrow and accounts
for approximately 0.001%–0.1% of the total nucleated cells [1–
3]. Hence, it is crucial to maintain BMSC cell proliferation
in vitro. Recent studies have shown that intermittent PTH
administration could increase the BMSCs differentiation into
the osteoblast and improve its activity [4, 5]. Simultaneously
some investigators have suggested that PTH treatment may
affect the number of hematopoietic stem cells in the bone
marrow and their mobilization into the bloodstream. Cells
with classical features of mesenchymal stem cells/progenitors
have been shown to express receptors for PTH, increase in
number, and undergo redistribution in the adult bone mar-
row upon PTH treatment [6]. Furthermore, Di Bernardo et al.

also indicated that PTH could strengthen the proliferation
rate of MSCs with a diminution of senescence and apoptosis
[7]. However, the regulation mechanisms of parathyroid
hormone (PTH) in maintaining in vitro proliferation of bone
marrow mesenchymal stem cells (BMSCs) are still not clear
at present. Calcium ions (Ca2+) are appreciated as the second
most important messengers in cells and play a unique role in
the maintenance of normal physiological activities [8]. The
content of Ca2+ in cells changes and can directly affect cell
proliferation, differentiation, and signal transduction [8].

Parathyroid hormone (PTH) is a polypeptide hormone
synthesized and secreted by chief cells of the parathyroid
gland. PTH is also a G protein-coupled receptor signaling
protein with catabolic and anabolic functions. PTH can
also regulate physiological calcium balance by activating a
series of physiological and biochemical reactions by a specific
receptor that is displayed on the surface of its target organ
[9, 10].
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In this study, we investigated the effects of PTH on Ca2+
fluorescence intensity of BMSCs following in vitro culture
at different culture times using laser scanning confocal
microscopy (LSCM) and Fluo-3/AM specific fluorescent
staining. Using these technological approaches, we explored
related mechanisms and provided valuable information for
studies on the application of BMSCs in tissue engineering.

2. Materials and Methods

2.1. SD Rats. Ten one-week-old SD rats (male and female)
were provided by the Animal Experiment Center of Guang-
dong Academy of Medical Sciences, China (animal license
number: SCXK Guangdong 2008-0002).

2.2. BMSC Isolation, Culture, and Identification. SD rats were
euthanized and then immediately immersed in povidone-
iodine for 10mins. Rat femurswere isolated from the demised
SD rats under a sterile biological Class II-B safety cabinet
(Altai Laboratory Equipment Co., Ltd.). The soft tissue
surrounding the femurs was removed; following that, they
were rinsed in phosphate buffered saline (PBS, Institute of
Biomedical Engineering, The Chinese Academy of Medical
Sciences, China) containing penicillin and streptomycin
for a total of three washes. After the epiphyseal region
was dissected away, the marrow cavity was exposed and
repeatedly washed with 1mL syringes filled with L-DMEM
(Gibco, USA) medium containing 15% fetal bovine serum
(FBS, Hyclone). The whole volume of the flushing fluid was
added to the single cell suspension, incubated in 25 cm2
plastic culture flasks, supplemented with 3mL L-DMEM
medium containing 15% FBS, and cultured in an incubator
(Thermo, USA) at 37∘C and 5% CO

2
in air and saturated

humidity. The culture medium was changed every 2-3 d. The
culture was ended when 80% of the cells completed trypsin
digestion and passage.The study complied with the Guidance
of Experimental Animals Treatment [11]. BMSCs of passage
four were collected and prepared as cell suspensions. The
CD44 (LifeSpan Biosciences, St. Louis, USA) expression in
suspensions was detected by flow cytometry, cultured in
osteoblast-inducing conditionedmedia, and then analyzed by
the alkaline phosphatase staining method [12].

2.3. Methyl Thiazolyl Tetrazolium (MTT) Assay of BMSC
Proliferation. Passage 4 BMSCs were collected and prepared
as cell suspensions (2 × 104/mL). The suspensions (100 𝜇L)
were added to each well of a 96-well plate. The wells were
randomly divided into three groups. One group (the experi-
mental group)was added in L-DMEMcontaining 10 nMPTH
(1–34) (Biovision, USA), the other group (the suppression
group) was added in L-DMEM containing 10 nM PTHrP
(7–34) (Biovision, USA), and the third group (the control
group) was added in L-DMEM without PTH. During the
incubation, the culture medium was replaced every three
days. On the day of assay, each well was added with 10 uL
of MTT (5mg/mL) (Sigma) and incubated at 37∘C. After
4 hrs, the supernatant was discarded and each well was
exposed to 150 uL of dimethyl sulfoxide (DMSO) to solubilize

the formazan product. After 10min oscillation, the optical
density of each sample was determined at a wavelength of
490 nm (A

490
) by microtiter plate spectrophotometry. The

growth curves of BMSCs in each group (A
490

versus time (d))
were then plotted.

2.4. LSCM Method Detecting Ca2+ Fluorescent Intensity in
BMSCs. BMSCs at passage 4 were collected and prepared
as single cell suspensions (1 × 104/mL). Cell suspensions
(1mL) were inoculated onto four confocal dishes (NEST
Biological TechnologyCo., Ltd., Shanghai, China).The dishes
were randomly divided into two groups. One group (the
experimental group) was cultured in L-DMEM containing
10 nM PTH, and the other group (the control group) was
cultured with L-DMEM in the absence of PTH. During the
incubation the culture medium was replaced every three
days. At 7 d and 14 d after culture, the intensity of the
calcium fluorescence was assayed and cell morphology was
determined.

BMSC specimens were washed in calcium- and
magnesium-free PBS buffer (pH7.2) three times and
labeled with 10 𝜇mol/L Fluo-3/AM (Biorad, USA) at 37∘C.
After 30min, BMSC specimens were washed in PBS three
times to remove BMSC extracellular fluorescent dye. Then,
each dish was incubated with 1mL H-DMEM medium
(Gibco). After equilibration, Ca2+ fluorescence intensity
and BMSC cell morphology in each dish were detected by
LSCM (Carl Zeiss, Germany) with an excitation wavelength
of 488 nm and an emission wavelength of 526 nm at 30∘C.

3. Statistical Analysis

All data are expressed as mean ± standard deviation (SD).
SPASS version 16.0 (SPSS Inc., Chicago, IL, USA) was used
to perform analysis of variance (for repeated measures) for
all inter- or intragroup comparisons. For all analyses, a
probability less than an alpha value of 0.001 (𝑃 < 0.001) was
considered statistically significant.

4. Results

4.1. BMSCs Growth. In 48 hrs after BMSCs were cultured
onto 96-well plates, spindle-shaped or polygonal adherent
cells were found. On the third day, the number of adherent
cells increased. Cells had polygonal protuberances and grew
in a fibroblast-like colony. On the tenth day, cell fusion
reached 90%, and cells were tightly packed in swirling- or
radial-like shapes, indicating that cell passages were possible.
Cell passages were performed every 5–7 days. BMSCs were
obtained with higher purity for each passage. The BMSCs
of passage 4 were of the highest purity (Figure 1). After
passaging, adherent cells grew rapidly.

4.2. BMSCs Identification. Flow cytometric analysis revealed
that CD44 expression in BMSCs at passage 4 was highly
expressed with a positive rate of 97.36% (Figure 2). After
osteoblast-induced BMSCs at passage 4 were stained with
alkaline phosphatase, brownish red particles were found
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Figure 1: Bone marrow mesenchymal stem cells at passage number
four (×100 magnification).
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Figure 2: Expression of cell surface markers in cultured BMSCs as
detected by flow cytometry.The surfacemarker CD44was positively
expressed by 93.76% of the cells.

in the cytoplasm, and alkaline phosphatase was positively
expressed (Figure 3).

4.3. BMSCs Proliferation. BMSC proliferation was analyzed
by cell growth curve determination (Figure 4). After 1-2 days
of culture, cell growth in the experimental, suppression, and
control groups was slow. However, after 2-3 days of culture,
cells grew rapidly. After 7-8 days, cell growth reached peak
activity. On the tenth day, cell proliferation started to decrease
and this decrease in cell proliferation was more significant
in both the suppression group and the control group than
in the experimental groups (𝑃 < 0.001), whereas the cell
proliferation in the suppression group and the control group
was not of a statistically significant difference (𝑃 > 0.001).

4.4. Ca2+ Fluorescence Intensity in BMSCs. On the seventh
day following culture, high Ca2+ fluorescence intensity was
found inBMSCs of both the experimental and control groups.
On the 14th day, Ca2+ fluorescence intensity of BMSCs was
significantly (𝑃 < 0.001) decreased in both groups. At each
culture time, the Ca2+ fluorescence intensity of BMSCs was

100𝜇m

Figure 3: Osteogenic differentiations of BMSCs (×100 magnifi-
cation). Dark brown particles represent positive results and were
observed after osteogenic-induced BMSCs were stained with the
alkaline phosphatase procedure.
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Figure 4: The growth curve of BMSCs in the experimental,
suppression, and control groups (Δ𝑃 < 0.001 between experimental
group versus suppression group and control group; ∗𝑃 > 0.001
between suppression group and control group).

significantly (𝑃 < 0.001) higher in the experimental group
than that found in the control group. The Ca2+ fluorescence
intensity of BMSCs in the experimental group on the 14th
day of culture was not significantly (𝑃 > 0.001) different
from that in the control group on the 7th day (see Table 1 and
Figure 5). Cell morphology was significantly more intact in
the experimental group than that found in the control group
(Figure 6).

5. Discussion

BMSCs are found in a variety of organs and tissues but are
most abundant in the bone marrow. Hence, BMSCs from the
bone marrow are widely studied [13]. The content of bone
marrowBMSCs is low (about one BMSC in 100,000 nucleated
cells), and it diminishes with increasing age [1, 14]. In our
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(a) (b)

(c) (d)

Figure 5: Two-dimensional intracellular calcium fluorescence spectra. (a) The experimental group (on the 7th day); (b) the experimental
group (on the 14th day); (c) the control group (on the 7th day); (d) the control group (on the 14th day).

Table 1: Calcium ion fluorescence intensity of BMSCs in the
experimental and control group.

Group 𝑛
Calcium ion fluorescence intensity

7 d 14 d
Experimental group 6 7.91 ± 2.34∗ 5.15 ± 1.58∗∗

Control group 6 5.37 ± 2.55∗∗ 2.71 ± 0.89∗
∗∗
𝑃 < 0.001 between two sampling times, or between groups.
∗
𝑃 > 0.001 between experimental group on the 14th day and control group

on the 7th day.

in vitro environments, only a small proportion of BMSCs
proliferated. Therefore, to find methods that isolate, purify,
and amplify BMSCs in vitro is necessary to maintain BMSC
proliferation and forms a basis for further BMSC study. In
recent years, methods used to isolate and purify BMSCs are
mostly dependent on enriching whole bone marrow cells
by a plastic substrate adherent method, density gradient
centrifugation techniques, flow cytometric separation tools,
and immunomagnetic bead cell separation technology. The
density gradient centrifugation technique, flow cytometric
separation, and immunomagnetic bead cell separation tech-
nology can efficiently screen BMSC with a high degree of
purity but can also change the external microenvironment of
BMSCs, which can affect cell viability and cause cell loss [15–
17].

The whole bone marrow cell adherent method isolates
cells from nonadherent cells and other impurities based on
characteristics of BMSC adhesion to the plastic substrate
of the culture flasks. It is a relatively simple, robust, and

reliable method and can produce a higher purity of BMSCs
by changing the culture medium and cell passage [1]. This
study used thewhole bonemarrow cell culturemethod for the
separation and purification of BMSCs. We obtained BMSCs
with the highest purity possible when cells were passaged to
the fourth generation. Meanwhile, cells were in spindle or
polygonal shape and grew in good condition.

BMSCs are able to differentiate into pluripotent stem cells
such as muscle cells, fat cells, chondrocytes, and osteoblasts
and can express different cell surface markers [1, 18]. Addi-
tionally, BMSCs can be regulated by PTH and are widely used
in tissue engineering [1, 18]. With the development of tissue
engineering, the demand for seed BMSCs is growing. Thus,
how to maintain BMSC proliferation has become an impor-
tant clinical research consideration. It was reported that
PTH significantly increases the proliferation rate of BMSCs,
reduces their senescence and apoptosis, and maintains the
integrity of its genome [7, 19–21]. However, it is unclear how
themechanisms of PTHpromote the proliferation of BMSCs.

Intracellular Ca2+ is one of the most important second
messengers and is essential for life activity. Changes in the
concentration of Ca2+ cations in cells can directly affect
cell proliferation, differentiation, and signal transduction [8].
Therefore, it is meaningful to monitor changes in Ca2+ in
cells.

In recent years, confocal microscopic technology in
conjunction with a new generation of fluorescent dyes has
been widely used for dynamic changes analysis of calcium
ions in living cells. The fluorescent indicator Fluo-3/AM is
fat-soluble and can enter cells across the plasma membrane.
After hydrolysis by nonspecific esterases in living cells,
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Figure 6: Fluorescence spectra of BMSCs on day 7 (a) and day 14 (b) in the experimental group, as compared to day 7 (c) and day 14 (d) in the
control group. (a) BMSCs were polygonal with strong green fluorescence in the cytoplasm. (b) Polygonal BMSCs had decreased in number
and cytoplasmic green fluorescence was dampened in the experimental group by day 14 as compared to day 7. (c) BMSCs became spherical
or elliptical, and the cytoplasmic green fluorescence was markedly weaker in the control group than in the experimental group on day 7. (d)
There were no obvious polygonal BMSCs, and the cytoplasmic green fluorescence was the weakest among the groups.

Fluo-3/AM can highly specifically combine with intracellular
free calcium and generate fluorescence if excited by light of a
certain wavelength. Fluo-3/AM is a laser probe with a single
wavelength, and its fluorescence intensity is proportional to
the density of Ca2+ cations, and hence it can accurately reflect
changes in calcium concentration [22].

In this study, the fluorescent indicator Fluo-3/AM was
used to monitor calcium fluorescence intensity in cultured
BMSCs, and the results showed that calcium fluorescence
intensity of BMSCs that were treated with PTH in the
experimental group was comparably and significantly higher
than that in the control group.

Under normal circumstances, intracellular free Ca2+ con-
centrationsmay change, and cyclical changes reflect the phys-
iological functions or stresses of cells. When stimulated by
external factors, the concentration of intracellular Ca2+ cor-
respondingly changes.The fluorescence intensity of Ca2+ can

indirectly reflect the response ofCa2+ to stimuli and its related
biological effects.Thus, monitoring the fluorescence intensity
of Ca2+ can be used to explore molecular mechanisms of
biological effects caused by external stimuli or danger signals
[23]. The effects of calcium in cells stimulated by media are
regulated by extracellular calcium-sensing receptors (CaSRs),
which are G protein-coupled receptors. The receptors can be
expressed in a variety of tissues and can activate the protein
kinase-signaling cascade.Therefore, CaSR can activate extra-
cellular signal-regulated kinase phosphorylation via protein
kinase signaling pathways and maintain cell proliferation for
a prolonged period [24, 25]. Parathyroid hormone is also a G
protein-coupled receptor signaling protein and can regulate
calcium balance by activating a series of physiological and
biochemical reactions by specific receptors that are expressed
on the surface of target organs and results in calcium effects
[9, 10]. This study found that calcium fluorescence intensity
in BMSCs was significantly higher in the experimental group
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(PTH treatment) than that found in the control group at the
same culture times.

Meanwhile, themorphology of BMSCs in the experimen-
tal group was much improved as compared with that in the
control group. The effects of PTH on BMSCs were weakened
in accord with increasing culture time. However, BMSCs in
the experimental group retained good cell morphology. The
Ca2+ fluorescence intensity of BMSCs in the experimental
group on the 14th day of culture was not significantly (𝑃 >
0.001) different from that in the control group on the 7th day
of culture. The cell growth curves also revealed that BMSC
proliferation was significantly higher in the experimental
group following PTH treatment as compared to the control
group. This observation indicated that PTH may lead to
calcium effects, at least in some way, which may represent a
formal mechanism, whereby PTH is capable of maintaining
BMSC proliferation.
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The lack of a fibrocartilage layer between graft and bone remains the leading cause of graft failure after anterior cruciate ligament
(ACL) reconstruction. The objective of this study was to develop a gene-modified silk cable-reinforced chondroitin sulfate-
hyaluronate acid-silk fibroin (CHS) hybrid scaffold for reconstructing the fibrocartilage layer. The scaffold was fabricated by
lyophilizing the CHS mixture with braided silk cables. The scanning electronic microscopy (SEM) showed that microporous CHS
sponges were formed around silk cables. Each end of scaffold was modified with lentiviral-mediated transforming growth factor-
𝛽3 (TGF-𝛽3) gene. The cells on scaffold were transfected by bonded lentivirus. In vitro culture demonstrated that mesenchymal
stem cells (MSCs) on scaffolds proliferated vigorously and produced abundant collagen.The transcription levels of cartilage-specific
genes also increased with culture time. After 2 weeks, theMSCswere distributed uniformly throughout scaffold. Deposited collagen
was also found to increase. The chondral differentiation of MSCs was verified by expressions of collagen II and TGF-𝛽3 genes in
mRNA and protein level. Histology also confirmed the production of cartilage extracellular matrix (ECM) components.The results
demonstrated that gene-modified silk cable-reinforced CHS scaffold was capable of supporting cell proliferation and differentiation
to reconstruct the cartilage layer of interface.

1. Introduction

The rupture of the anterior cruciate ligament (ACL) is one
of the most common injuries of the knee with an incidence
of 1 in 3000 [1], which can result in severe limitations in
mobility, pain, and inability to participate in sports and
exercise. Due to the limited capacity to regenerate, ACL heals
poorly in response to the repair by suturing the injured tissue
back together. So the grafts are required for ACL recon-
struction [2]. Currently, there are approximately 125,000
ACL reconstruction surgeries performed worldwide each
year, most using biological grafts (autografts and allografts).
However, there are still drawbacks including the risk of
disease transmission, lack of appropriate donors, immune
response, and high costs [3, 4]. Recently tissue engineering

has emerged as a promising strategy for the regeneration of
injured ligamentwith similar biomechanical and biochemical
properties [4, 5]. The scaffold plays an important role in
constructing the tissue-engineered ligament by providing
appropriate mechanical integrity and biochemical stimula-
tion.

The integration between soft graft and hard bone-tunnel
is particularly critical for biological fixation. The native
structure of ACL-bone insertion has four distinct yet contin-
uous regions of ligament, noncalcified fibrocartilage, calcified
fibrocartilage, and bone. Interface tissue engineering is a new
strategy aiming at regeneration of interface and ultimately
enabling the biological fixation of soft grafts in bone-tunnel
[6]. The intricate multitissue organization of insertion indi-
cates that interface scaffold design must consider the need to
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regenerate more than one type of tissue, as well as exercising
spatial control over the respective cell populations indigenous
to different interface regions. Initial attempts to improve
ligament graft to bone fixation focused on augmenting the
surgical graft with a material that could encourage bone
tissue ingrowth. In previous studies, the scaffold modified
by calcium phosphate or tricalcium phosphate cement was
found to enhance healing and promote integration [7–9].
Additional approaches to improve osteointegration included
the addition of periosteum grafts to the region of graft that
interacted with the bone and growth factors such as rhBMP-
2 [10–14]. Although these methods have improved osteoin-
tegration between graft and bone-tunnel, the efforts do not
result in regeneration of fibrocartilage layer of interface.
Moreover, single-phase scaffold does not fully mimic the
complexity of natural interface.The ideal biomimetic scaffold
should be designed to recapitulate the inherent complexity of
multilayered ligament-to-bone interface. It might direct the
growth of the multitissue and overcome shortcomings men-
tioned above. This multilayer interface scaffold was reported
to be loaded with different cells (fibroblast, chondrocyte, and
osteoblast) for reconstructing insertion. But it is difficult to
conduct due to complicated process.

In recent years, silk has been increasingly studied as
the scaffold for ligament tissue engineering due to its bio-
compatibility, slow degradability, and remarkablemechanical
capability [15, 16]. In our previous work, the knitted scaffold
was demonstrated to possess good mechanical strength and
internal connections. It could facilitate nutrients’ transmis-
sion, tissue infiltration, and matrix deposition. After implan-
tation the scaffold could successfully regenerate ACL in
small and large animal models. However, the typical four
layers of insertion were not observed, which might decrease
the stability of graft [17]. Growth factors have long been
delivered to cells to promote cell growth, proliferation, and
differentiation. Transforming growth factor-𝛽3 (TGF-𝛽3)
was substantiated to help to maintain a round or polygonal
shape of chondrocytes and stimulate total collagen synthesis,
which is crucial in maintaining the cartilage functions [18,
19]. Recombinant TGF-𝛽3 protein has also been delivered to
mesenchymal stem cells (MSCs) for in vitro chondrogenesis.
In our previous work, the immobilized TGF-𝛽3 on scaffold
efficiently induced the chondrogenic differentiation of MSCs
[20]. In this study, the bone-tunnel part of scaffold was mod-
ified with lentivirus carrying TGF-𝛽3 gene. We hypothesize
that MSCs transfected by lentivirus can regenerate cartilage-
like tissue between ligament and bone-tunnel to resemble
cartilage layer of native insertion.

In order to prove this hypothesis, the study was designed
(1) to prepare a silk cable-reinforced chondroitin sulfate-
hyaluronate acid-silk fibroin (CHS) scaffold modified with
lentiviral-mediated TGF-𝛽3 gene, (2) to observe cell prolif-
eration and collagen production in modified area of scaffold,
and (3) to examine expressions of cartilage related genes in
mRNA and protein level with real-time quantitative RT-PCR,
western bolt, and histological stains. The purpose of current
study is to find whether the cartilage layer of ligament-bone
junction can be reconstructed in vitro using gene-modified
scaffold and MSCs.

2. Materials and Methods

2.1. Scaffold Fabrication. Four sericin-free silk fibers were
braided into one bundle and then two bundles were braided
into one cable. Twelve cables placed in parallel were fixed
across a customized polypropylene cylinder mold (diameter:
6 millimeters; length: 60 millimeters).The raw BombyxMori
silk fibers were immersed in 0.02M NaHCO

3
solution at

90∘C for 1 hour to remove sericin. The fibers were rinsed for
20 minutes 3 times, squeezed out excess water, and allowed
to dry overnight. To prepare silk fibroin (SF) solution, the
sericin-free silk fibers were added to 9.3M lithium bromide
(BrLi) solution on top of silk fibers and incubated at 60∘C for
4 hours [21]. After dialysis with SnakeSkin (Thermo Scientific
Co., 3500 MWCO, USA), the final concentration of SF was
2.0 wt%. The 0.1 g of chondroitin sulfate sodium (Sigma Co.,
St. Louis) was mixed with 5mg of hyaluronate (C. P. Freda
Pharmacy Co., Shandong, China) and 12mL of 2.0 wt% SF
solution and then poured into the cylinder mold containing
the 12 silk cables. Before lyophilization the cylinder mold
was kept at −80∘C for 1 hour and then put into lyophilizer
(Christ Alpha 1-2 LD, Germany) for 24 hours. The freeze-
dried scaffold was immersed in 90% methanol solution
for 30 minutes to induce 𝛽-sheet structural transition and
then washed several times to remove the residual chemicals.
Thereafter, the end of scaffold (length 20 millimeters) was
immersed in phosphatidylserine (PS) chloroform solutions
for 5 minutes. Finally, the scaffold was dried overnight in
hood. The process was schematically depicted in Figure 1.

2.2. Scaffold Characterization. The structures and mechan-
ical properties of scaffold were characterized. Mercury
porosimetry (Pascal 140, GA) was used to assess the pore
size, porosity, and total surface area of scaffold (𝑛 = 4).
Scanning electronic microscopy (SEM) (HITACHI S-4800,
Japan) was used to observe the morphology of micropores.
To measure hydrophilicity, the dried scaffolds (𝑛 = 6)
were hydrated in phosphate buffered saline (PBS) after being
weighed. Then the swollen scaffolds were weighed again
and the degree of swelling was calculated as the ratio of
the weight of PBS absorbed by scaffolds normalized to
the initial dry weight [22]. Mechanical test was performed
using Shimadzu mechanical testing system (AGS-10kNG,
Shimadzu Inc., Japan) with a maximum loading capacity of
500N. After being hydrated in PBS, the 12 cable-reinforced
CHS hybrid scaffolds (𝑛 = 6) were performed with a gauge
length of 20 millimeters at a loading speed of 2mm/min.
The maximum tensile load (max-load), maximum tensile
distance (max-disp), break tensile load (break-load), and
break tensile distance (break-disp) were determined.

2.3. Isolation and Expansion of MSCs. MSCs were generated
from bone marrow aspirates of rabbits (12 weeks old, 2.5–
3.0 kg). According to previous methods [20], mononuclear
cells were separated by centrifugation in a Ficoll-Paque
gradient (Sigma Co., St. Louis) and suspended in 20mL of
Dulbecco’s modified eagle medium (DMEM) supplemented
with 15% fetal bovine serum (FBS) (HyClone Logan, Utah).
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Figure 1: Schematic outline of scaffold fabrication procedure.

Cultures were incubated at 37∘C and 5% carbon dioxide
for 72 hours; then the nonadherent cells were removed
by changing medium. When reaching 70–80% confluence,
adherent cells were detached from the flask using 0.25%
trypsin and subcultured. A homogenous MSCs’ population
was obtained after 2 weeks of culture and cells of passage 3
were harvested for further use. The adipogenic, osteogenic,
and chondrogenic differentiations of cells were tested to
ensure the multilineage potential.

2.4. Cell Adhesion, Metabolism, Viability, and Transfection.
Cell adhesion to scaffold was examined as reported [23].
The hybrid scaffolds were sliced into circular disc (diameter:
6mm; length: 4mm), sterilized by brief treatment with 75%
ethanol. The lentivirus vector (1 × 108 copies/mL) with
a promoter encoding both TGF-𝛽3 and enhanced green
fluorescent protein (eGFP) was prepared by GeneCopoeia
Co.

Then the scaffold was incubated with transfection
medium (40 × 106 of virus in 1mL of DMEM) at 37∘C and
5% CO

2
4 hours for immobilization of lentivirus vector. The

scaffold was placed into a polypropylene tube (length: 25
millimeters; inner diameter: 6.0 millimeters), loaded with
1 × 106 MSCs (passage 3), and incubated. At different time
points (i.e., 0, 0.5, 1, 2, 4, and 8 hours) the MSCs/scaffolds
(𝑛 = 6 for each time point) were gently rinsed with PBS. The
detached cells collected from rinsing solution and medium
were counted using light microscopy.

The metabolism of MSCs on scaffold was evaluated at 1,
3, 5, 7, 9, 11, 13, and 15 days by alamar blue assay following
the vendor’s instructions (ABD Serotec, Oxford, USA). The
alamar blue assay is a useful method for cell monitoring on
3Dporous scaffold [17]. A brief descriptionwas as follows: the
MSCs/scaffold (𝑛 = 6 for each culture period) was incubated
in culture medium supplemented with 10% (v/v) alamar blue
fluorescent dye for 2 hours. Then 100𝜇L of medium was
extracted from each sample and measured at 570/600 nm in
a microplate reader (Sunnyvale, CA). The culture medium
supplemented with 10% alamar blue was used as a negative
control.

The viability of MSCs seeded on scaffolds (𝑛 = 4)
was examined at culture periods of 1 and 2 weeks using
live/dead cells assay.The assay was based on the combination
of the fluorescein diacetate (FDA), which stains living cells
green, and propidium iodide (PI), which stains dead cells
red. Briefly, the MSCs/scaffolds were thoroughly rinsed with
PBS in a six-well plate. Then 2mL of PBS supplemented with
2 𝜇L of PI (2mg/mL) and 6𝜇L of FDA (5mg/mL) was added
into each well. The system was allowed to incubate at room
temperature for 10 minutes. Then, each sample was washed
with PBS twice and observed with confocal microscopy
(Olympus Fluo View FV-1000, Japan).

The transfection of MSCs was examined after 1 and
2 weeks using fluorescence microscope (Leica DMI6000B
Inverted Microscope, Germany). The MSCs/scaffolds (𝑛 = 4
for each time point) were gently rinsed with 1mL of PBS,
added to 3mL of trypsin-EDTA solution (Beyotime Co.,
China), and shaken for 20 minutes. The detached cells were
collected, resuspended in DMEM, and transferred into flask
for cells adhesion. After 4 hours of culture, the transfected
cells which expressed the enhanced green fluorescent protein
(eGFP) were observed with fluorescence microscope.

2.5. Collagen Production. One million MSCs were loaded
onto scaffold and cultured in vitro for periods of 1 and 2
weeks.The collagen deposited on scaffoldwas then quantified
using sircol collagen dye binding assay kit (Biocolor Ltd.,
Newtownabbey, Ireland). The dye reagent specifically binds
to the [Gly-X-Y]n helical structure of collagen but not to
unwound triple helix or random chains of gelatin. Briefly,
the samples (𝑛 = 6) were incubated with 500𝜇L of pepsin
solution (0.25mg/mL) and shaken for 2 hours. Then 1mL
of dye reagent was added to 300 𝜇L of soluble collagen and
mixed for 30minutes at room temperature.The pellet of dyed
collagen was precipitated by centrifugation for 5 minutes and
then dissolved with 1mL of releasing reagent.The absorbance
was measured at 540 nm. The standard curve was set up on
the basis of collagen standard provided by the vendor. The
collagen produced was presented as amount of collagen per
scaffold.
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Figure 2: (a) Customized polypropylene cylinder mold containing 12 silk cables. (b) Gross morphology of scaffold and the zone encoded E
was coated with PS. (c) SEM image of microporous structure of scaffold (×85) and hybrid microsponge around silk cable. (d) The scaffold
displayed a highly porous microstructure with a high degree of interconnectivity (SEM × 150).

2.6. Histological Assessment. MSCs seeded on the scaffolds
(𝑛 = 6) were cultured and harvested at the end of 1
and 2 weeks. The samples were washed with PBS and
fixed in 10% neutral buffered formalin. Thereafter, they
were dehydrated through a series of graded alcohols and
embedded in paraffin. Sections of 5𝜇m thickness were cut
and collected on slides. For immunohistochemistry stains,
the slides were incubated with collagen II (Sigma Co.)
and TGF-𝛽3 (Sigma Co.) antibodies. Then detection was
applied using streptavidin-biotin immunoenzymatic antigen
detection system (UltraVision Detection System, LabVision,
USA). The results were assessed by three individuals who
were blinded to the treatment.

2.7. Real-Time Quantitative RT-PCR Analysis. Total RNA
was extracted from MSCs/scaffold (𝑛 = 6) constructs
at the end of 1 and 2 weeks using the RNeasy mini kit
(Qiagen, Valencia, CA). RNA concentration was determined
by using NanoDrop (NanoDrop Technologies, Wilmington,
DE) and 200 ng of RNA was used to synthesize cDNA with
Iscript cDNA synthesis kit (Biorad Laboratories, Hercules,
CA). Quantitative real-time PCR measurement was carried
out using the Stratagene Mx3000P system (Stratagene, La
Jolla, CA, USA). QuantiTect SYBR Green PCR kit (Qiagen,
Valencia, CA, USA) was used to quantify the transcription
level of collagen II and TGF-𝛽3. Sequences of all the primers
for real-time PCRwere as follows (5–3): TGF-𝛽3, TGGCTG

TTG AGA AGA GAG TCC, TGC TTC AGG GTT CAG
AGT GTT; collagen II, AAC ACT GCC AAC GTC CAG AT,
CTG CAG CAC GGT ATA GGT GA. cDNA of 1mL from
each sample wasmixedwith 10 𝜇L ofQuantiTect SYBRGreen
PCR master mix, 0.25 𝜇L of primer, and 8.5 𝜇L of RNase-free
water. The total reaction volume was 20𝜇L. Real-time PCR
reactions were performed at 95∘C for 15 minutes, followed
by 40 cycles of amplification consisting of denaturation step
at 95∘C for 15 seconds and extension step at 60∘C for 1
minute. The transcription level normalized to GAPDH was
then calculated using the 2ΔCt formula with reference to the
undifferentiated MSCs.

2.8. Western Blot Analysis. Proteins were extracted from
MSCs/scaffold (𝑛 = 4) at the end of 1 and 2 weeks with pepsin
(200𝜇g/mL in 0.08M acetic acid, Sigma) for 72 hours at 4∘C.
Thepepsinwas subsequently inactivatedwith 1MNaOH.The
extract was concentrated using aNanosep 30 centrifugal filter
(30,000Mw cutoff, Pall Life Sciences, USA). Samples were
then separated by electrophoresis in NuPAGE Novex Tris-
acetate mini gels (Invitrogen, USA) and electrophoretically
transferred to a supported nitrocellulose membrane (Biorad
Laboratories). The membranes were tested using western
blot kit (Invitrogen, USA) according to the manufacturer’s
instructions. A brief description was as follows: the mem-
branes were blocked with buffer for 1 hour and incubated
overnight at 4∘Cwithmonoclonal antibodies against collagen
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Figure 3: Mechanical properties of regenerated ligaments. (a) The scaffold was firmly fixed on machine to perform mechanical test. (b) The
scaffold broke in the midsubstance during mechanical test. (c) The load-deformation curves of scaffold.

II and TGF-𝛽3 diluted to 1 : 500 in blocking buffer. The
membranes were then washed five times with washing buffer
and incubated for 30 minutes with secondary antibodies
diluted to 1 : 200 in blocking buffer. The membranes were
rinsed with washing buffer again and incubated with ECL
working solution for 5minutes.The signal was detected using
VersaDoc Imaging System (Biorad Laboratories) and relative
intensities of positive bands were compared between groups.

2.9. Statistical Analysis. The mean and standard deviation
were used to describe the data. The data analysis was per-
formed using SPSS Statistics 20.0 statistical software package.
A statistical analysis of quantitative results was carried out
with the unpaired Student’s t-test and one-way analysis of
variance (ANOVA). The statistical significance level was set
at 0.05.

3. Results

3.1. Characterization of Scaffold. Twelve cables placed in par-
allel were fixed across a customized polypropylene cylinder
mold (Figure 2(a)).The cable-reinforced CHS hybrid scaffold
exhibited an elastic texture and porousmorphology. Each end
of scaffold (length 20millimeters) in the E areas (Figure 2(b))
was immersed in PS chloroform solutions. The porosity of

the microporous sponge was found to be 63.4 ± 4.2% and the
average pore diameter was 172.3 ± 52.6 𝜇m.The surface area
of the hybrid scaffold was 2.1 ± 0.3m2/g. The SEM images
also indicated that the pore size ranged from 80 to 230𝜇m
(Figures 2(c) and 2(d)). The swelling ratio of the scaffold was
measured to be 635.7± 48.3%. Figure 3 showed the summary
of mechanical properties of the scaffold. The max-load was
151.9±11.7N and themax-disp was 7.1±0.6mm.The break-
load was 51.3 ± 1.0N and the break-disp was 8.0 ± 0.6mm.

3.2. Cell Adhesion, Metabolism, Viability, and Transfection.
The results indicated that the number of nonadherent cells
decreased proportionately with increasing culture time. The
number of nonadherent cells at the 4 h group was 7.7 ± 1.4 ×
10
4. This was significantly lower than cell number of 0 h

group (𝑃 < 0.05). Although the cell number continued to
decrease after 4 hours, there was no significant difference
between 4 h and 8 h groups. Therefore, 4 h incubation was
deemed sufficient for MSCs to attach onto hybrid scaffold
(Figure 4(e)).

The metabolism of MSCs seeded on the hybrid scaffold
increased rapidly with culture time at early stage. The value
of alamar blue test increased from 9.9 ± 1.6% to 70.8 ± 5.1%
after 5 days of culture. Subsequently it increased gradually
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Figure 4: (a, b) The viability of MSCs seeded on scaffold evaluated by confocal microscope at 1-week (a) and 2-week (b) culture period
(FDA/PI staining; green represents live cells; red represents dead cells). (c, d)The transfection of MSCs observed by fluorescence microscope
at 1-week (c) and 2-week (d) culture period (×40). (e) Nonadherent cells count at 0, 0.5, 1, 2, 4, and 8 h time points after cell seeding (mean ±
SD, 𝑛 = 6, ∗𝑃 < 0.05). (f) The value of alamar blue assay on days 1, 3, 5, 7, 9, 11, 13, and 15 after cell seeding (mean ± SD, 𝑛 = 6).

and reached a plateau. The value after 15 days was 85.7 ±
3.4% (Figure 4(f)). Viability of MSCs seeded on scaffold was
evaluated by confocal microscope. Based on live/dead assay,
no significant cell death was observed (Figures 4(a) and
4(b)).The transfected cells expressing eGFPwere observed in
the interconnective pores with fluorescence microscope. The
number of transfected cells at 2-week time points significantly
increased compared to that of 1-week ones (Figures 4(c) and
4(d)).

3.3. Collagen Production. Collagen deposition on hybrid
scaffold was found to increase proportionately with culture

time. The MSCs produced an average of 79.2 ± 4.5 and
112.1 ± 6.3 𝜇g collagen after culture periods of 1 and 2 weeks,
respectively. The difference between these two groups was
found to be significant (𝑃 < 0.05) (Figure 5).

3.4. Histological Analysis. Histological examination revealed
that microporous structure of the hybrid scaffold was well
preserved and few micropore walls collapsed. Thus, the
exchange of nutrients between scaffold and environment
was ensured. The MSCs proliferated robustly along the wall
of micropores and exhibited fibroblast morphology with
elongated nucleus. The 2-week group showed higher cell
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Figure 5: Amount of collagen produced by MSCs seeded on hybrid
scaffold at 1-week and 2-week culture periods (mean ± SD, 𝑛 = 6,
∗
𝑃 < 0.05).

density and more ECM production when compared with 1-
week group. Immunohistochemistry staining for collagen II
and TGF-𝛽3 was found to be positive after 1 week. ECM
formation was observed to increase with culture time. The
staining of collagen II and TGF-𝛽3 was more intense at 2
weeks when compared with that at 1 week (Figure 6).

3.5. Transcription Level of Cartilage-Specific Genes. MSCs
cultured on hybrid scaffold were harvested to assess their
gene transcription level using real-time quantitative RT-PCR.
The transcription levels of collagen II gene were 0.290 ±
0.046-fold and 0.462 ± 0.053-fold at 1 and 2 weeks (𝑃 <
0.05), respectively. The results showed that TGF-𝛽3 gene
transcription was 0.048 ± 0.005-fold and 0.086 ± 0.006-fold
at at 1-week and 2-week time points. The difference at these
two time points was found to be significant (𝑃 < 0.05)
(Figures 7(a) and 7(b)). The results suggested that the hybrid
scaffold could support the differentiation of MSCs towards
chondrocytes.

3.6. Western Blot Analysis. The protein expressions of TGF-
𝛽3 and collagen II were compared between groups after
1 week and 2 weeks of culture. Collagen II and TGF-
𝛽3 were expressed more prominently in 2-week groups in
comparison with 1-week groups. The relative intensities of
positive staining band for collagen II were 54.2 ± 4.4% and
76.2 ± 8.6% after 1 week and 2 weeks, respectively. There was
a significant difference (𝑃 < 0.05). The relative intensities
of positive staining band for TGF-𝛽3 were 46.5 ± 7.4% and
75.9 ± 6.8% after 1 week and 2 weeks, respectively. There was
a significant difference (𝑃 < 0.05) (Figures 7(c) and 7(d)).

4. Discussion

This study demonstrated that the lentivirus vector could
be immobilized by PS on scaffold, which transfected MSCs
continuously. The transfected cells could differentiate into
chondrocyte-like cell. This tissue-engineered cartilage layer
mimicked the chondral part of natural ligament-bone junc-
tion. It might reduce the stress concentration between hard

bone and elastic ligament. The results provide potential
application of gene-modified scaffold for constructing the
cartilage-zone of ligament-bone junction.

The adherence between vector and material was achieved
by the binding between lentivirus and PS coating, a com-
ponent of the plasma membrane. Shin et al. reported that
PS could be incorporated into PLG microspheres, which
was subsequently combined with scaffold. Large numbers
of transduced cells and increased gene expression were
observed on the gene-modified scaffold [24]. In this study,
lentiviral vector was immobilized on scaffold by incorpora-
tion with PS.

The integration of gene therapy into tissue engineering
to control differentiation and direct tissue formation is not
a new concept; however, successful delivery of nucleic acids
into primary cells, progenitor cells, and stem cells has proven
exceptionally challenging.The gene deliverymethods include
viral and nonviral methods. The usually used physical, non-
viral methods aremicroinjection, ballistic gene delivery, elec-
troporation, sonoporation, laser irradiation, magnetofection,
and electric field-induced molecular vibration. However, the
clinical application of nonviral methods is still restricted
by some limitations including low transfection efficiency
and poor transgene expression. Viral vectors are generally
highly effective at delivering nucleic acids to a variety of
cell populations. The commonly used vectors mainly include
adenovirus, adeno-associated virus (AAV), and retroviruses.
Adenovirus and AAV are hardly integrated into target cell
genome. Lentivirus belongs to a genus of retrovirus; it can
effectively integrate exogenous gene into the host chromo-
some, so as to achieve the persistence [25]. It is very important
that the lentivirus transfection system does not produce cell
damage and immune response [26].

A significant role of PS is to increase the amount of virus
that associates with the material. Thus a higher dosage of
vector can be delivered locally. For scaffold modification, we
once demonstrated an increase in lentivirus activity when
compared with virus alone (unpublished data). In this study,
we found very high transduction efficiency of MSCs with
an MOI (multiplicity of infection) of 40 on the scaffold
immobilized by PS. At this MOI, over 90% of the cells
were identified to be transfected by fluorescence microscope.
Despite these high transfection efficiencies, there was no
evidence of cell death at this MOI. Lentiviral vectors can
transfect both replicating and nonreplicating cells. It can
be incorporated into the host genome, thereby theoretically
offering prolonged protein production. Although long-term
protein production may enhance cartilage repair, there are
also concerns about the formation of potential oncogenic
effects on surrounding cells.

Several methods have been used to immobilize virus
on scaffold. Although these approaches have been effective,
vector biotinylation can influence its activity [27, 28]. PS
has a specific interaction with the VSV-G protein, which
is influenced in part by electrostatic interactions. PS is
a relatively low molecular weight lipid that is soluble in
organic solvents, which is relatively easy compared with the
immobilization of antibodies or avidin for virus binding.
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Figure 6: Histological evaluation of MSCs on hybrid scaffold at 1-week (a, b) (×200) and 2-week (c, d) (×100) culture period by
immunohistochemistry staining specific for TFG-𝛽3 (a, c) and collagen II (b, d). The MSCs proliferated robustly and produced abundant
extracellular matrix. The thick arrow indicates silk cable and the thin arrow indicates the hybrid scaffold CHS microsponges.

In general, a scaffold with a minimal pore size of 150𝜇m
is suggested for bone tissue engineering. For soft tissue
engineering, the pore size of the scaffold usually ranges from
150 to 250𝜇m.The newly formed ECM on the surface would
further prevent the cells from infiltrating into the scaffold
[29]. It has been estimated that the ligament typically bears
peak loads of about 169N during normal ambulation, with
a threefold increase from 400N to 500N during strenuous
athletic activity [30]. In this study the average pore size
of the hybrid scaffold was 172.3 ± 52.6 𝜇m, which was
suitable for ligament tissue engineering. The enlarged pores
and high porosity of scaffold facilitated tissue ingrowth, as
demonstrated by histology examination. The hybrid scaffold
has a microporous structure with interconnecting pores,
consequentially enlarging the surface area for better cell
adhesion. However, microporous structure can result in poor
mechanical properties. To overcome this drawback, braided
silk cables were introduced to increase tensile strength. In this
study, the hybrid scaffold was designed to have an average
max-load of 151.9 ± 11.7N.This would meet the mechanical
requirement of ACL for activities of daily living. Because
the max-load transmittable through the hybrid scaffold is
proportional to the number of silk cables, the tensile strength
of scaffold can be easily adjusted by changing the number of
supporting silk cables.

An important aspect of ECM is its ability to store water,
which is necessary to support various cell activities and

nutrients exchange. The weight swelling ratio of silk cable-
reinforced CHS scaffold was 635.7±48.3%.This is about four
times higher than that of sericin-free silk fiber (137 ± 12%)
[31]. The discrepancy may be due to different composition
ratio and fabricatingmethod used [32].The excellent swelling
property of scaffold facilitated cell seeding and cell adhesion.
The number of detached cells in the rinsing solution and
medium dropped steeply from 96.0 ± 1.9 × 104 to 49.5 ±
2.4 × 10

3 within 2 hours. Then it continued to decrease
with culture time. Therefore, the scaffold had both excellent
biomechanical properties and enlarged surface area for cells
adhesion, tissue ingrowths, and nutrients supply [33].

The ligament-bone junction plays a key role in ACL
reconstruction. The lack of biological fixation remains the
primary cause of graft failure. Due to the complicated
structure and various cells, the ligament-bone junction is
difficult to successfully reconstruct. In our previous work,
the structure of interface was not successfully reconstructed
with knitted silk scaffold and MSCs in bone-tunnel. In this
study the gene-modified scaffold was used to regenerate the
ligament-bone junction.

MSC is known to possess the ability of self-renewal
and differentiation into various lineages [34]. In this study
MSCs seeded on the hybrid scaffold proliferated robustly and
showed good viability. The expression of cartilage-specific
markers (collagen II) was upregulated at high levels with
the increase of TGF-b3. This is correlated with other reports
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Figure 7: The transcription levels of collagen type II gene (a) and TGF-𝛽3 gene (b) in RT-PCR assay at 1-week and 2-week time points;
the relative intensities of positive staining band for collagen II (c) and TGF-𝛽3 (d) in western blot assay at 1-week and 2-week time points
(∗𝑃 < 0.05).

[35].The collagen production was also found to increase with
culture time.

5. Conclusions

This study has successfully developed a gene-modified silk
cable-reinforced CHS hybrid scaffold with potential applica-
tion in reconstructing the cartilage layer of ligament-bone
junction. Lentivirus vector was imported by PS coating on
scaffold. TGF-𝛽3 released by transfected MSCs could induce
the chondral differentiation of MSCs. The reinforced silk
cables significantly increased the tensile strength of scaffold
to meet the mechanical requirements. Future study will focus
on introducing multivectors into the hybrid scaffold in order
to reconstruct the structure of ligament-bone junction.
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To investigate the different angiogenic abilities of the self-setting calcium phosphate cement (CPC) consisting of different
proportions of fibrin glue (FG), the CPC powder and the FG solution weremixed at the powder/liquid (P/L) ratios of 1 : 0.5, 1 : 1, and
1 : 2 (g/mL), respectively, and pure CPC was used as a control. After being implanted into the lumbar dorsal fascia of the rabbit, the
angiogenic process was evaluated by histological examination and CD31 immunohistochemistry to detect the new blood vessels.
The result of the new blood vessel showed that the P/L ratio of 1 : 1 group indicated the largest quantity of new blood vessel at 4
weeks, 8 weeks, and 12 weeks after implantation, respectively.The histological evaluation also showed the best vascular morphology
in the 1 : 1 group at 4 weeks, 8 weeks, and 12 weeks after the operation, respectively. Our study indicated that the CPC-FG composite
scaffold at the P/L ratio of 1 : 1 (g/mL) stimulated angiopoiesis better than any other P/L ratios and has significant potential as the
bioactive material for the treatment of bone defects.

1. Introduction

In the recent few decades, bone tissue engineering has
developed very fast and gives us the hope to repair the
large bone defect. But there are still many problems with the
clinical application of tissue engineered bone. Bone tissue is a
highly vascularized tissue and the bone cells need sufficient
blood supply to maintain their nutrition [1]. Before the
vascularization completed, the implanted bone graft gets
nutrition mainly through the osmosis of interstitium fluid
and only the bone graft surface can get nutrition [2]. The
osteogenesis is influenced by the process of vascularization
and this limits the clinical application of tissue engineered
bone [3–6]. Therefore, to get a better reparative effect, the
bone scaffolds should support angiogenesis and neovascular-
ization to generate a capillary network with the capacity to
deliver nutrients [7–9].

Calcium phosphate cement has been proved to be a
suitable scaffold and has been widely used as bone tissue

engineering scaffold to repair the bone defect [10, 11].The self-
setting calcium phosphate cement has also successfully been
prepared with a good plasticity [12]. However, self-setting
calcium phosphate cement also has the intrinsic disadvan-
tages such as the brittleness and low strength which limits
its use in the large weight-bearing bone defect [13]. More
recently, coating fibrin glues into on the scaffold surface is an
effective approach to improving the mechanical property of
calciumphosphate cement [14, 15]. Fibrin glues are composed
of fibrinogen and thrombin and widely used in surgery [16].
Some publications have reported that they can be used in
the bone tissue regeneration with their osteoinductive and
angiogenic properties [17, 18]. The combining of calcium
phosphate cement and fibrin glues has been proven to
enhance the proliferation and differentiation ofmesenchymal
stem cells and to induce bone tissue formation [19, 20].
And the composite scaffolds also have new biomechanical
properties and can be used to repair the bone defects in
in vivo studies [21, 22]. However, the angiogenic abilities of
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this composite scaffolds consisting of different proportions of
fibrin glue have not been studied.

The aim of our study was to investigate the different
angiogenic abilities of the self-setting calcium phosphate
cement scaffolds consisting of different proportions of fibrin
glue and to find the optimal proportion of the fibrin glue.

2. Materials and Methods

2.1. Preparation of Composite Scaffold. Preparation of the
composite scaffold was done according to our previous
studies [23, 24]. A commercially available SFDA-approved
CPC powder (Shanghai Rebone Biomaterials Co., Shanghai,
China) and FG (Bioseal Biotech Co, Guangzhou, China)
were used. The CPC powder and FG solution were mixed
at three different powder/liquid mass ratios (P/L) (g/mL):
1 : 0.5, 1 : 2, and 1 : 4 in sterile syringe. Each CPC-FG mixture
was immediately injected into a cylindrical mold of 5 mm
diameter and 10 mm length to make cylindrical scaffolds.
Each specimen was set in a humidor with 100% relative
humidity at 37∘C for 4 h and then immersed in distilled water
37∘C for 20 h. The pure CPC scaffold was made without the
FG and also fabricated to serve as a control.

2.2. Animals and Surgical Procedure. 32 adult male New
ZealandWhite rabbits (provided by theExperimentalAnimal
Center of the Fourth Military Medical University, Xi’an,
China), weighing from 2.8 kg to 3.5 kg, were used in the
study and randomly divided into four groups. The animal
experiments were performed according to the protocols
approved by the Institutional Animal Care Committee of the
Fourth Military Medical University. General anesthesia was
induced by intramuscular injection of 35mg/kg ketamine.
After shaving and disinfecting the dorsal area, the longitudi-
nal incision of 6-7 cm lengthwas performed in the dorsal skin
of each animal. The subcutaneous tissues were dissociated to
show the lumbodorsal fascia and the fascia was cut open deep
into the muscular layer. And two composite scaffolds were
implanted into the cavity and wrapped by the lumbodorsal
fascia in each rabbit. After implantation, the wound was
rinsed with saline and the incision was closed in layers. The
rabbits were treated with penicillin (240,000UI) for 3 days
postoperatively. Two animals from each groupwere sacrificed
using an overdose of sodium pentobarbital at 2, 4, 8, and
12 weeks after the operation. The material and surrounding
muscular tissue of each animal were harvested and immerged
in the neutral buffered formalin solution.

2.3. Histology. For the histology observation under the light
microscopy, formalin-fixed specimens of the material scaf-
fold and the surrounding muscular tissue were decalcified
and embedded in paraffin.Then theywere cut into 10 sections
with 4 𝜇m thickness, and 5 sections of each specimen were
stained with hematoxylin and eosin according to standard
procedures.

2.4. Immunohistochemistry. The other 5 sections of each
specimen were used for immunostaining of CD31. Incuba-
tion of the sections with 3% H

2
O
2
for 10min blocked the

nonspecific binding. The antigen was repaired by heat. The
sections were incubated with 10% normal goat serum in PBS
for 20 minutes to increase the penetration of the antibodies.
The sectionswere then incubated in the primary antibodies of
anti-CD31 (1 : 100, Boster Wuhai Biological Technology Ltd.,
China) for 2 h and incubated in second antibodies for 20min
at room temperature.Then they were further processed using
SABC immunostaining kit (Boster Wuhai Biological Tech-
nology Ltd) according to the manufacturer’s instruction. Five
images of each section were obtained randomly. Quantitative
image analysis of CD31 was performed to determine the
number of new blood vessels in the composite scaffold and
the mean number of these new vessels stained by CD31 was
calculated from all sections of each sample in each group. To
limit counting bias, the total number of vessels was recorded
with Image-Pro Plus software. A vascular section was defined
as a vessel with a recognizable lumen. Any single endothelial
cell or cluster of endothelial cells clearly separated from
adjacent vessels was considered as one countable vessel. Areas
of bleeding and fibrous were also disregarded.The evaluation
was performed by three individuals blinded to the groups.

2.5. Statistical Analysis. All data were analyzed using SPSS
software. The data were expressed as mean ± standard
deviation (SD) and levels were compared by a one-way
analysis of variance and Student’s 𝑡-test. 𝑃 values less than
0.05 were considered significant.

3. Results

3.1. Gross Observation. The incisions of the animals were
well healed and there was no infection or death. At 2 weeks,
the scaffolds were combined with the surrounding tissues
loosely and could be stripped easily. At 4 weeks, the CPC-FGs
scaffolds were combined with the surrounding tissues more
tightly and there were blood vessels between the scaffold and
the surrounding tissues. But the CPC scaffold was combined
with the host tissue loosely. At 8 weeks, the surfaces of the
CPC-FGs scaffolds became coarse, but CPC scaffolds did not
change. At 12 weeks, all the scaffolds were compressed and the
sizes were decreased.

3.2. Histological Assessment. According to the results of HE
staining, there was no obvious inflammation in the host
tissues and the implanted scaffold of all groups at different
times.

At 2 weeks, the scaffold was surrounded by the surround-
ing fibrous tissues and rare and naive blood capillary with
a few erythrocytes in the blood lumen was shown in the
interface between the scaffold and host tissues in all groups.
The densities of the blood capillary in there CPC-FG groups
were similar and all of them were higher than the pure CPC
group (Figure 1).

At 4 weeks, the scaffold was surrounded by more fibrous
tissues and more blood capillary grew into the inside of
scaffold. The blood capillary in the peripheral scaffold was
more mature and the density was higher than in the internal
scaffold in all groups. The densities of the blood capillary in
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Figure 1: Histological morphologies after implantation at 2 weeks (HE∗200). (a)The 1 : 1 P/L ratio of CPC-FG; (b) 1 : 0.5 P/L ratio of CPC-FG;
(c) 1 : 2 P/L ratio of CPC-FG; (d) pure CPC.The yellow star was represented as the materials and the blue star was surrounding muscle tissue.
The black arrow was the new blood vessel.

these three CPC-FG groups were higher than the pure CPC
group and were highest in the ratio 1 : 1 group (Figure 2).

At 8 weeks, the fibrous tissues around the scaffold were
increased, but the density of blood capillarywas not obviously
increased compared with 4 weeks. The structure of the blood
capillary was more mature and the blood lumen was bigger
than 4 weeks (Figure 3).

At 12 weeks, the scaffold was contracted and the size was
decreased compared with 8 weeks. The surrounding fibrous
tissues and the density of blood capillary were not obviously
changed compared with 8 weeks. But the structure of the
blood capillary was completely mature (Figure 4).

3.3. Immunohistochemistry Assessment. The positive imm-
unohistochemistry staining for CD31 was found in all groups
at week 2 postoperatively with more intensive positive stain-
ing in all CPC-FG groups than CPC group (Figure 5). The
intensity of positive CD31 staining increased with time and
peaked at week 4. In CPC group, the intensity of positive
CD31 staining still increased with time (Figure 6). At weeks
8 and 12, the intensity of positive CD31 staining remained
steady in all CPC-FG groups and continued to increase with
time in CPC group. However, the positive staining of CD31
in CPC group remained less intensive than those of CPC-FG
groups at different time points (Figures 7 and 8).

3.4. Quantification of Vascular Regeneration. The amounts of
blood capillary in CPC group were increased with the time.
In three CPC-FG groups, the amounts of blood capillary
were rapidly increased to the peak at 4 weeks and then did
not significantly change at 8 and 12 weeks (Figure 9). The
amounts of blood capillary in three CPC-FG groups were
all significantly higher than in CPC groups at 2, 4, 8, and
12 weeks (𝑃 < 0.05). At 2 weeks, there was no significant
differences among three CPC-FG groups (𝑃 > 0.05). At 4,
8, and 12 weeks, the amounts of blood capillary in 1 : 1 group
were significantly higher than in the other two groups (𝑃 <
0.05), but there were no significantly differences between the
1 : 2 group and the 2 : 1 group (𝑃 > 0.05).

4. Discussion

Angiogenesis is essential for delivery of oxygen, nutrients,
soluble factors, and numerous cell types required for repar-
ative processes of bone defect, and the process of vascular-
ization is very important for the osteogenesis and degrada-
tion of the bone scaffolds [3–6]. Therefore, an ideal bone
scaffolds should support angiogenesis andneovascularization
to generate a capillary network with the capacity [7–9]. The
CD31 antigen was widely distributed in the surface of blood
endothelial cell and can be used to detect the process of
angiogenesis [25].
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Figure 2: Histological morphologies after implantation at 4 weeks (HE∗200). (a)The 1 : 1 P/L ratio of CPC-FG; (b) 1 : 0.5 P/L ratio of CPC-FG;
(c) 1 : 2 P/L ratio of CPC-FG; (d) pure CPC.The yellow star was represented as the materials and the blue star was surrounding muscle tissue.
The black arrow was the new blood vessel.
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Figure 3: Histological morphologies after implantation at 8 weeks (HE∗200). (a)The 1 : 1 P/L ratio of CPC-FG; (b) 1 : 0.5 P/L ratio of CPC-FG;
(c) 1 : 2 P/L ratio of CPC-FG; (d) pure CPC.The yellow star was represented as the materials and the blue star was surrounding muscle tissue.
The black arrow was the new blood vessel.
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Figure 4: Histological morphologies after implantation at 12 weeks (HE∗200). (a) The 1 : 1 P/L ratio of CPC-FG; (b) 1 : 0.5 P/L ratio of CPC-
FG; (c) 1 : 2 P/L ratio of CPC-FG; (c) pure CPC. The yellow star was represented as the materials and the blue star was surrounding muscle
tissue. The black arrow was the new blood vessel.

50𝜇m

(a)

50𝜇m

(b)

50𝜇m

(c)

50𝜇m

(d)

Figure 5: Immunohistochemistry staining of CD31 at 2 weeks (∗200). (a)The 1 : 1 P/L ratio of CPC-FG; (b) 1 : 0.5 P/L ratio of CPC-FG; (c) 1 : 2
P/L ratio of CPC-FG; (d) pure CPC. The yellow star was represented as the materials and the black star was surrounding muscle tissue. The
red arrow was the CD31 staining of new blood vessel.
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Figure 6: Immunohistochemistry staining of CD31 at 4 weeks (∗200). (a)The 1 : 1 P/L ratio of CPC-FG; (b) 1 : 0.5 P/L ratio of CPC-FG; (c) 1 : 2
P/L ratio of CPC-FG; (d) pure CPC. The yellow star was represented as the materials and the black star was surrounding muscle tissue. The
red arrow was the CD31 staining of new blood vessel.
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Figure 7: Immunohistochemistry staining of CD31 at 8 weeks (∗200). (a)The 1 : 1 P/L ratio of CPC-FG; (b) 1 : 0.5 P/L ratio of CPC-FG; (c) 1 : 2
P/L ratio of CPC-FG; (d) pure CPC. The yellow star was represented as the materials and the black star was surrounding muscle tissue. The
red arrow was the CD31 staining of new blood vessel.
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Figure 8: Immunohistochemistry staining of CD31 at 12 weeks (∗200). (a)The 1 : 1 P/L ratio of CPC-FG; (b) 1 : 0.5 P/L ratio of CPC-FG; (c) 1 : 2
P/L ratio of CPC-FG; (d) pure CPC. The yellow star was represented as the materials and the black star was surrounding muscle tissue. The
red arrow was the CD31 staining of new blood vessel.
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Figure 9: The number of vascular sections in all Groups at 2, 4, 8, and 12 weeks postoperatively. ∗𝑃 < 0.05 versus other groups.

Fibrin glues are composed of fibrinogen and thrombin
and can be used in the bone tissue regeneration with their
osteoinductive and angiogenic properties [26, 27]. Some
studies have proven that the fibrin glues could promote
the formation of new capillary network [28]. And the
degradation product of fibrin glue can promote the migra-
tion of endothelial cell in a suitable concentration [29].

The degradation time of the fibrin glue was about 10 to 14 days
in vivo according to previous report [30]. And in our study,
the new blood vessel was shown in all CPC-FG groups at 2
weeks and this result was in accordance with the degradation
time of fibrin glue. At 4 weeks, the amounts of new blood
vessels were increased to the peak and the result was also the
same as we expected. Because the fibrin glue was degraded
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completely and the pore space was formed in the scaffold
after 4 weeks, the promotion effect of the fibrin glue was
decreased and disappeared finally. So the amounts of new
blood vessels remained steady at 8 and 12 weeks and the
structure of the blood vessel became more mature with time.
But in the CPC scaffolds without fibrin glue, the amount of
new blood vessels was increased with time and the process of
neovascularization in the scaffold was very slower compared
with other CPC-FG groups.

In our study, we found that the ratios of CPC and FG in
the scaffold influenced the process of the neovascularization
in vivo. At 2 weeks, the amounts of the new blood vessels
among all CPC-FG groups were not significantly different,
but all of them were higher than the CPC group. At 4, 8, and
12 weeks, the amounts of the new blood vessels in the 1 : 1
group were significantly higher than other groups. According
to the previous report, the degradation product of fibrin glue
can promote the migration of endothelial cell in a suitable
concentration [29]. So the process of the neovascularization
was influenced by the ratio of FG in the scaffold. It was not
meant that more FG was better for the formation of new
blood vessels. In our study, the amounts of the new blood
vessels in the 1 : 2 group were lower than in the 1 : 1 group and
familiar with the 1 : 0.5 group. But the concrete mechanism of
the neovascularization promoted by FG remains uncertain.

In this study, we observed different growth of capillary
vessels in different scaffolds. The amounts of new blood
vessel peaked at 4 weeks and remained steady at 8 and 12
weeks in all CPC-FG groups. We found that the process of
neovascularization in the scaffold with FG was better than in
the scaffoldwithout FG at different time points.Therefore, the
FG had the angiogenic properties which were in agreement
with other studies [26, 27]. Different ratios of FG in the
scaffold resulted in different amounts of new blood vessel and
CPC-FG composite scaffold at the P/L ratio of 1 : 1 stimulated
revascularization better than any other group.This result was
in agreement with our previous study about the fact that
CPC-FG composite scaffold at the P/L ratio of 1 : 1 stimulated
bone regeneration better than any other group [24]. Our
study may explain the reason of the fact that P/L ratio of 1 : 1
had a better bone regeneration than other ratios.

5. Conclusions

This study demonstrated that the self-setting calcium phos-
phate cement scaffolds consisting of different proportions of
fibrin glue had different angiogenic abilities in vivo.TheCPC-
FG composite scaffold at the P/L ratio of 1 : 1 had a better
angiopoiesis than any other scaffolds and has significant
potential as the bioactive material for the treatment of bone
defects.
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The lack of vascularization in the tissue engineered bone results in poor survival and ossification. Tissue engineered bone can be
wrapped in the soft tissue flaps which are rich in blood supply to complete the vascularization in vivo by microsurgical technique,
and the surface of the bone graft can be invaded with new vascular network. The intrinsic vascularization can be induced via
a blood vessel or an arteriovenous loop located centrally in the bone graft by microsurgical technique. The peripheral nerve
especially peptidergic nerve has effect on the bone regeneration. The peptidergic nerve can be used to construct the neurotized
tissue engineered bone by implanting the nerve fiber into the center of bone graft. Thus, constructing a highly vascularized and
neurotized tissue engineered bone according with the theory of biomimetics has become a useful method for repairing the large
bone defect. Many researchers have used the microsurgical techniques to enhance the vascularization and neurotization of tissue
engineered bone and to get a better osteogenesis effect. This review aims to summarize the microsurgical techniques mostly used
to construct the vascularized and neurotized tissue engineered bone.

1. Introduction

It is a big challenge for surgeons to repair the large bone
defect caused by the trauma, infection, tumor, or other
reasons. Autologous bone grafting is considered as the golden
standard for the clinical treatment of bone defects [1–5], but
there aremany problems such as newwound to the donor site,
limited source of autologous bone, and high risk of infection.
In recent few decades, bone tissue engineering has developed
very fast which gives us the hope to solve this problem. But
there are still many problems with the clinical application of
tissue engineered bone. Bone tissue is a highly vascularized
tissue and the bone cells need sufficient blood supply tomain-
tain their nutrition [6]. Before the vascularization completed,
the implanted bone graft gets nutrition mainly through the
osmosis of interstitium fluid and only 100–300 𝜇m thickness
under the bone graft surface can get nutrition. The seed

cells such as bone marrow stem cells in the center of the
bone graft will lack enough nutrition and finally die. The
osteogenesis is influenced by the process of vascularization
and this limits the clinical application of tissue engineered
bone. Over the last few years, many researchers have used
the microsurgical techniques to enhance the vascularization
of tissue engineered bone and get a better reparative effect
in bone defect [7–10]. Tissue engineered bone grafts can be
wrapped in the soft tissue flaps such as pedicle fascia flap,
muscle flap, or periosteum flap to complete the vasculariza-
tion in vivo by microsurgical technique and the surface of
bone graft can be invaded with new vascular networks. The
intrinsic vascularization can be induced via a blood vessel or
an arteriovenous loop being implanted centrally in the bone
graft by microsurgical technique. Our group also has suc-
cessfully enhanced the vascularization of tissue engineered
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bone using these microsurgery techniques in many kinds
of animal models from little animals such as rabbit to large
animals such as goat and rhesus [11–13]. Besides the vascular
networks, bone tissues also have abundant neural network
distributed in the areas such as periosteum, marrow cavity,
and bone cortex.The neural fibers also contact with the bone
cells and medullary cells [14].The peripheral nerve especially
peptidergic nerve has the ability to regulate the function
of osteoblasts and blood vessels [15–18]. So constructing
the neurotized tissue engineered bone is very important to
improve the reparative effect in bone defect. Our research
group has successfully used the microsurgical techniques
to achieve the neurotization of tissue engineered bone in
vivo and improved the reparative effect on the bone defect
[19–21]. We also have given the concept of constructing the
highly vascularized and neurotized tissue engineered bone
simultaneously by microsurgical techniques for repairing
large bone defects according with the theory of biomimetics.
This review aims to summarize the applications of microsur-
gical techniques mostly used to construct the vascularized
and neurotized tissue engineered bone and to introduce our
relative researches about this section.

2. Microsurgical Techniques
Used for Vascularization

2.1. Tissue Flaps. Tissue flaps such as fascia flap, muscle flap,
and peritoneum flap have rich blood supply and can be used
as the vascular bed to enhance the vascularization of tissue
engineered bone [22–24]. Before implanting the tissue engi-
neered bone to the bone defect, we can wrap the bone graft
in suitable tissue flap which is rich in blood supply to achieve
the ectopic vascularization and osteogenesis at first and then
implant the bone graft to the bone defect site with a reop-
eration [25–29]. Although this technique is feasible for the
vascularization of tissue engineered bone, the pattern of new
vascular network within the implanted bone graft is random,
and the reoperation of bone graft to the bone defect site is
impossible without damaging the initial vascular network
[30]. To avoid the reoperation and shorten the treatment
time, the vascular pedicled flaps such as pedicled fascia flap,
pedicled muscle flap, and pedicled periosteum flap are used
to achieve the vascularization of tissue engineered bone graft
in vivo. These vascular pedicled flaps can be transferred to
the bone defect site by microsurgical technique and wrap the
tissue engineered bone in situ to achieve the vascularization
without reoperation. Compared with the first method of
ectopic vascularization, the method of vascularization in situ
can shorten the treatment time and need no reoperation but
is limited by the local circumstance of the bone defect site.
Both methods need excellent microsurgical techniques.

There are several kinds of soft tissue flap that can be used
to enhance the vascularization of tissue engineered bone. Fas-
cia flap, muscle flap, and periosteum flap are the most com-
monly used to wrap the bone graft.

Fascia flap has rich capillary network and excellent per-
meability as a most suitable soft tissue flap for enhancing the
vascularization. Our group is the first to report the use of
fascia flap to enhance the vascularization of tissue engineered

bone in the large animal model of goat. We found that
pedicled fascia flap could accelerate the revascularization
and osteogenesis process of tissue engineered bone in large
animal model [12]. Liu et al. observed the bone formation
using beagle deep fascia pedicled flap wrapping the tissue
engineered bone and they found that the new blood vessels of
tissue engineered bone in the fascia flap group were superior
to those in the control group, suggesting that pedicled fascia
flap could promote the revascularization of tissue engi-
neered bone in vivo [31]. Yang et al. reported that the
tissue engineered bone wrapped by the pedicled fascial flap
had a sound reparative effect on bone defect due to its dual
role of constructing vascularization and inducing membrane
guided tissue regeneration [32].

Muscle flap also has rich blood supply and is usually used
to repair the soft tissue defect or infected wound in clinical
patients. The latissimus dorsi muscle is the most commonly
used towrap the tissue engineered bone. Casabona implanted
a porous hydroxyapatite ceramic scaffold with the human
bone marrow stromal cells into the latissimus dorsi of
athymic mice and found the presence of new spongious bone
tissue [33]. Terheyden used the xenogenic bone mineral as
the bone scaffold and implanted it into a pouch prepared in
the latissimus dorsi muscle of minipig. They found a large
number of newly formed bone tissues and vascular networks
[34]. Warnke implanted a custom bone graft into the latis-
simus dorsi muscle of an adult male patient and successfully
repaired the mandibular bone defect of the patient [35].

Periosteum flap also has rich blood supply and can be
used to induce bone regeneration. There are many reports
about using the periosteum or cultured periosteal cells to
enhance the osteogenesis and vascularization of tissue engi-
neered bone [36–45]. A vascularized periosteal flap contains
osteoprogenitor cells, structural matrix, and many kinds of
growth factors such as bone morphogenetic protein. Vögelin
et al. constructed a vascularized bone graft by using a
periosteal flap in a rat model and found significant new bone
tissue and vascular network formed in the tissue engineered
bone [46]. But the periosteal flap is hard to obtain anddifficult
to wrap large scale of bone graft.

Although tissue engineered bone grafts can bewrapped in
the soft tissue flaps which are rich in blood supply to enhance
the vascularization in vivo by microsurgical techniques, only
the surface of bone graft can be invaded with new vascular
networks and the pattern of the new blood vessels is random.
The intrinsic vascularization of bone graft is still not achieved
with this method of soft tissue flap wrapping.

2.2. Axial Blood Vessel. The intrinsic vascularization can be
induced via a blood vessel located centrally in the bone graft
bymicrosurgical technique.There aremany reports about the
use of the carotid artery, jugular vein, and saphenous vascular
bundle in biomaterials resulting in splendid osteogenesis
and vascularization of the bone grafts [47–50]. Surgeons can
embed a suitable axial blood vessel into the center of bone
graft to get a vascularized bone tissue and then transfer the
vascularized bone graft to the bone defect site using micro-
surgical vascular anastomosis. Similar to free pedicled flaps,
the implanted bone graft can be immediately vascularized.
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Cassell et al. reported that there were plenty of capillary
collateral newborns to build the capillary network when the
blood vessel was stimulated. This method has been used in
the clinical cases to treat the patients with ischemic necrosis
of femoral head and the wrist scaphoid nonunion, and it
showed the positive results [51]. Pelissier et al. reported that
embedding a vascular pedicle in the coralline scaffold could
enhance the vascularization and osteogenesis after being
implanted in ectopic intramuscular sites [52]. Our group also
used this method of implanting blood vessel into the center
of tissue engineered bone to enhance the vascularization and
osteogenesis in many animal models from little animals such
as rabbit to large animals such as rhesus [11, 13]. As we know,
we are the first to report the use of blood vessel to enhance
the vascularization of tissue engineered bone in a primate
animal model of rhesus by microsurgical techniques and our
research proves the feasibility of this method to be used in
clinical patients.

2.3. Arteriovenous Loop. Although themethod of embedding
axial blood vessel is available for enhancing the intrinsic
vascularization of tissue engineered bone, the clinical appli-
cation may be limited by the length and anatomic location
of blood vessel. So a new method of arteriovenous (AV) loop
has been used to enhance the intrinsic vascularization. This
AV loop has been proved to be superior compared to the
axial blood vessel both in terms of neovascular density and
capacity [53]. This method was firstly described by Erol and
Spira, and they successfully constructed a prefabricated full-
thickness skin graft in a rat model by using the arteriovenous
vessel loop. Significant neovascular network was observed
originating from the AV loop [54]. Cassell et al. implanted
the arteriovenous loop into polycarbonate isolation chambers
and they successfully constructed the axially vascularized
tissue by inducing vascularization in polymer matrices [55].
Arkudas et al. reported that using an arteriovenous loop
could promote the survival and differentiation of trans-
planted autologous osteoblasts [56].TheAV loophasminimal
morbidity of donor site and can be created at any surgical site
without regarding the vascular pedicle length. Ren hypothe-
sized that a combination of cells, biomaterials, growth factors,
and arteriovenous loop may be able to generate a large and
vascularized tissue engineered bone in vivo eventually [57].

Like autologous bone grafts, the new vascularized bone
graft can be transferred to the bone defect site using the
microsurgical techniques. This method of embedding blood
vessel or AV loop will facilitate the clinical application of
tissue engineered bone and offer new therapeutic strategies
for reconstruction of large bone defects.

3. Microsurgical Techniques
Used for Neurotization

3.1. The Important Role of Neurotization. Bone tissue is not
only a highly vascularized tissue but also a highly neurotized
tissue. By the anatomy study of the bone tissue, many
researches have proved that there were dense and intimate
networks of nerve in the bone tissue and the nerve networks
had contact with bone cells [58–62]. Our group also found

that there were many nerve fibers in human bone tissue
distributed in the periosteum, cortical bone, cancellous bone,
and bone marrow [63]. Then many researchers found the
intimate relationship between the bone formation and the
nerve networks development and proved that nerve networks
played a very important role in the process of bone formation
[64–66]. The mechanism about how the nerve networks act
on the bone tissuewas studied bymany researchers. Bjurholm
observed the features of the nerve fibers in bone tissue
and showed that they were mainly peptidergic nerve fibers
and had a neuroendocrine influence on bone physiology
[67]. Hill et al. further reported that the peptidergic nerve
fibers mainly accompanied blood vessels, and a few nerve
endings stretched out and stopped in other locations such
as the periosteum cell layer or bone marrow cells including
osteoblasts and osteoclasts and released neuropeptides to
regulate the bone physiology [68–70]. The finding that both
osteoblasts and osteoclasts expressed functional neuropep-
tide receptors further proved the important role of nerve net-
work in bone regeneration [71]. These neuropeptides includ-
ing calcitonin gene-related peptide (CGRP) and nerve pep-
tide Y (NPY) enhance osteoblast proliferation in vitro and
inhibit the bone resorbing activity of isolated osteoclasts by
regulating different cytokines pathways [72–79]. These neu-
ropeptides are also associated with the dilation and the con-
strictor of blood vessels through interaction with neuropep-
tide receptors that are present on the wall of blood ves-
sel via endothelium-dependent or endothelium-independent
mechanisms, depending on the blood vessel type [80–85].
Blood vessels in the bone are innervated by the autonomic
nervous system and sensory nerve fibers to regulate the
blood flow [86], and sensory neuropeptides participate in the
regulation of angiogenesis [87]. So these neuropeptides have
ability to regulate the function of osteoblasts and to control
the blood flow, and this can explain why it is very important
to construct the nerve networks in tissue engineered bone to
improve the effect of bone formation.

3.2. Nerve Tracts. The ability of the peptidergic nerve fiber
to regulate the function of osteoblasts and blood vessels can
be used to construct the neurotized tissue engineered bone
by embedding the nerve fiber into the center of bone graft
[19–21]. As we know, our group is the first in the world to
successfully construct the neurotized tissue engineered bone
by microsurgery techniques and repair the large bone defect
in animal model. We implanted the sensory nerve tract or
motor nerve tract into the side groove of 𝛽-TCP scaffold
to repair a 1.5 cm femur defect in the rabbit. The values of
bonemineral density and the neuropeptide were significantly
higher in sensory nerve group compared with the motor
never group and the blank group. But the ossification andner-
valization effects of motor nerve group showed no significant
difference compared with that of blank group [21]. Our group
also investigated the effect of saphenous nerve and sciatic
nerve homogenates on the proliferation and calcification
of rabbit osteoblasts in vitro. We found that saphenous
nerve homogenates significantly promoted the proliferation,
differentiation, ALP activity, and mineralization of rabbit
osteoblasts, but sciatic nerve homogenates did not show any
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osteogenic effect on the cells [88]. These results showed that
the osteogenesis and neurotization of tissue engineered bone
were more closely related to sensory nerves. By implanting
the tissue engineered bone with sensory nerve tracts or blood
vessels to repair a 1.5 cm femur defect in the rabbit, we found
that implanting sensory nerve tracts or blood vessels into
tissue engineered bone, respectively, could both improve the
osteogenesis and the early expression of neuropeptides [20].
Although the group with sensory nerve tracts showed a little
weaker effect compared to the vascular group, embedding
nerve tracts into the tissue engineered bone could still
improve the neurotization and osteogenesis of the bone graft
compared to those in blank group. And this result may relate
to the neuropeptides originated from the implanted sensory
nerve. In our study, the saphenous nerve tract was separated
and cut from the distal end in order to make the distal end
of the nerve free, and then it was implanted into the side
groove of the 𝛽-TCP scaffold. This method could make the
neuropeptide, which was produced by the neurons, release
from the distal end more easily, and it acted on the BMSCs
via its receptors to regulate the metabolism of the bone.

Our group also evaluated the different effects on the
expression of calcitonin gene-related peptide (CGRP) and
neuropeptide Y (NPY) between tissue engineered bone with
blood vessel in vivo or with sensory nerve tract. We found
implantation of blood vessel into tissue engineered bone
could significantly improve the expressions of CGRP and
NPY at the early 3 months compared with implantation of
sensory tract into tissue-engineered bone, but the differences
were not significant at 6 or 12 months postoperatively [19].
We also investigated whether the implantation of blood
vessel and sensory nerve tract could affect the expressions
of neurokinin 1 receptor (NK1R) and vasoactive intestinal
peptide type 1 receptor (VIPR1). We found that both blood
vessel and sensory nerve could significantly improve the
expression levels of NK1R and VIPR1 compared with the
blank group [89]. Our researches showed that both sensory
nerve tracts and blood vessel could be used to construct the
neurotized tissue engineered bone.

Although sensory nerves can enhance the osteogenesis of
tissue engineered bone, the neurocyte also needs the oxygen
and nutrients. The neurotization of tissue engineered bone
needs the vascularization as the preconditions. Masaki con-
nected a silicone gel tube to the sciatic nerves ofmice and then
placed a small artery that was adjacent to the sciatic nerve
into the silicone gel tube through a longitudinal incision
to provide oxygen and nutrients to the regenerated nerve
[90]. The improved microenvironment in the silicone tube
produced good regeneration results. Palmer inferred that
neurogenesis generally occurred near blood vessels because
of the satisfactory vascular microenvironment with sufficient
blood supply [91]. Meanwhile, blood vessels in the bone are
also innervated by the autonomic nervous system and sen-
sory nerve fibers to regulate blood flow, and sensory neu-
ropeptides participate in the regulation of angiogenesis [86,
87]. So there is highly intimate relationship between the
blood vessel and nerve networks in the bone tissue. When
constructing tissue engineered bone, it is important to ensure
adequate blood supply and perfect innervation to promote

survival of the bone graft. As we know, our group is the first to
give the concept of constructing the highly vascularized and
neurotized tissue engineered bone simultaneously according
with the theory of biomimetics by microsurgery techniques.
It may be a dramatic method to construct the vascularized
and neurotized tissue engineered bone simultaneously by
implanting both blood vessel and the sensor nerve tract into
the center of bone graft with microsurgery techniques.

4. Conclusion

The lack of vascularization and neurotization within the
tissue engineered bone results in poor ossification and limits
the clinical application of tissue engineered bone. The vascu-
larization of bone grafts can be promoted by soft tissue flap
wrapping, blood vessel embedding, and arteriovenous loop
embedding centrally in vivo bymicrosurgical techniques, but
this method has the disadvantage of uncertain neurotization
effect. The neurotization of bone grafts can be promoted by
peptidergic nerve tract embedding centrally in vivo bymicro-
surgical techniques, but this method also has the disad-
vantage of uncertain vascularization effect. So each method
has the superiority and disadvantage. Combination of dif-
ferent methods will be necessary and useful to improve
the reparative effect of tissue engineered bone in the large
bone defect. We give the concept of constructing the highly
vascularized and neurotized tissue engineered bone simul-
taneously by microsurgical techniques according with the
theory of biomimetics. The microsurgical techniques will
play a more and more important role in the development
of bone tissue engineering and eventually achieve the wide
clinical application of tissue engineered bone to repair the
bone defect of patients.
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Background. The ATDC5 cell line is regarded as an excellent cell model for chondrogenesis. In most studies with ATDC5 cells,
insulin medium (IM) was used to induce chondrogenesis while chondrogenic medium (CM), which was usually applied in
chondrogenesis of mesenchymal stem cells (MSCs), was rarely used for ATDC5 cells.This study was mainly designed to investigate
the effect of IM, CM, and growth medium (GM) on chondrogenesis of ATDC5 cells. Methods. ATDC5 cells were, respectively,
cultured in IM, CM, and GM for a certain time. Then the proliferation and the chondrogenesis progress of cells in these groups
were analyzed. Results. Compared with CM and GM, IM promoted the proliferation of cells significantly. CM was effective for
enhancement of cartilage specific markers, while IM induced the cells to express endochondral ossification related genes. Although
GAG deposition per cell in CM group was significantly higher than that in IM and GM groups, the total GAG contents in IM group
were themost.Conclusion.This study demonstrated that CM focused on induction of chondrogenic differentiation while IMwas in
favor of promoting proliferation and expression of endochondral ossification related genes. Combinational use of these two media
would be more beneficial to bone/cartilage repair.

1. Introduction

Cartilage is a very complex and avascular tissue, which would
lead to the limited capacity for self-repair once cartilage
is damaged. Tissue engineering and regenerative medicine
provide an excellent way for cartilage repair. Although, in
principle, autologous chondrocytes are the best cells for
cartilage tissue engineering applications, it is difficult to
acquire sufficient chondrocytes for tissue repair because of
the damage to the donor, poor proliferation in vitro, and so
on [1, 2]. In this context, stem cells including embryonic and
mesenchymal cells appear as a promising alternative and are
widely studied for cartilage regeneration [3].

The issue of how to induce the differentiation of stem
cells efficiently and keep the long-lasting function is still not
addressed. Differentiation capability of stem cells will be var-
ied with different conditions, such as cell source and passage
[4], causing different even conflicting results. For instance,
TGF-𝛽3, which is referred to as a chondrogenesis-inducing

factor in most circumstances, may not promote chondro-
genesis or even inhibit it in some cases [5, 6]. Therefore,
researchers endeavored to look for another stable model cell
line with such properties as indefinite and rapid proliferation
as well as homogenous stability. Recently, lots of cell lines,
such as C3H10T1/2 [7], ATDC5 [8], RCJ3.1C5 [9], CFK2
[10], C2C12 [11], MG63 [12], and MC3T3-E1 [13], have been
widely used for the study of chondrogenesis and osteogenesis.
ATDC5 was derived from AT805 teratocarcinoma cell line in
1990 by Atsumi et al. [8]. Since then, more and more studies
have demonstrated that ATDC5 cell line had nearly the
same characteristic of chondrogenesis as mesenchymal stem
cell. As the ATDC5 cell line was superior in chondrocytic
differentiation to C3H10T1/2 and RJC3.1 chondrogenic cell
lines [8], it waswell acknowledged as an in vitro chondrogenic
model.

Insulin medium (IM) was used in most studies with
ATDC5 cells for chondrocyte differentiation [7, 8, 14].
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Table 1: Primers used in this study.

Primer Forward sequence Reverse sequence Amplicon Access number
Hprt CTGGTGAAAAGGACCTCTCGAA CTGAAGTACTCATTATAGTCAAGGGCAT 110 NM 013556.2
Ppia CGCGTCTCCTTCGAGCTGTTTG TGTAAAGTCACCACCCTGGCACAT 150 NM 008907.1
Col2 AGGGCAACAGCAGGTTCACATAC TGTCCACACCAAATTCCTGTTCA 171 NM 031163.3
Agn AGTGGATCGGTCTGAATGACAGG AGAAGTTGTCAGGCTGGTTTGGA 105 NM 007424.2
Col1 ATGCCGCGACCTCAAGATG TGAGGCACAGACGGCTGAGTA 153 NM 007742.3
ColX TTCTGCTGCTAATGTTCTTGACC GGGATGAAGTATTGTGTCTTGGG 115 NM 009925.4
ALP TGCCTACTTGTGTGGCGTGAA TCACCCGAGTGGTAGTCACAATG 164 NM 007431.2
OC AGCAGCTTGGCCCAGACCTA TAGCGCCGGAGTCTGTTCACTAC 178 NM 007541.2
Runx2 CACTGGCGGTGCAACAAGA TTTCATAACAGCGGAGGCATTTC 144 NM 009820.4
Dlx5 TACAACCGCGTCCCGAGT AATAGTCCTGGGTTTACGAA 108 NM 010056.2
Osx CGTCCTCTCTGCTTGAGGAA CTTGAGAAGGGAGCTGGGTA 196 NM 130458.3
VEGF ACGCATTCCCGGGCAGGTGAC TCTTCCGGGCTTGGCGATTTAG 93 NM 009505.4

Tare et al. [15] reported that chondrogenic medium (CM),
commonly used for chondrogenesis of MSCs and other stem
cells, was effective for chondrocyte differentiation of ATDC5.
In this study, ATDC5 cells were cultured in IM, CM, and
growthmedium (GM) to evaluate the effect of IM andCMon
chondrogenesis of ATDC5 cells. Quantitative RT-PCR (qRT-
PCR) and histological staining were performed to confirm
chondrogenic differentiation of ATDC5.

2. Materials and Methods

2.1. Cell Culture. ATDC5 cells were cultured in GM con-
taining 1 : 1 mixture of Dulbecco’s modified Eagle’s medium
and Ham’s F-12 medium supplemented with 5% fetal bovine
serum (Invitrogen) in culture flasks at 37∘C under 5% CO

2
.

The culture medium was changed every 3 days.

2.2. Differentiation of ATDC5 Cells Induced by Different
Medium. ATDC5 cells were cultured in 24-well plates with
GM, IM, and CM for 21 days. The ingredients of the above-
mentioned medium were shown as follows: CM consisted
of high-glucose Dulbecco’s modified Eagle medium (H-
DMEM) (Gibco) supplemented with 10 ng/mL recombinant
human transforming growth factor-𝛽3 (TGF-𝛽3) (Pepro-
tech), 100 nM dexamethasone (Sigma), 50 𝜇g/mL ascorbic
acid 2-phosphate (Sigma), 1mM sodium pyruvate (Amer-
sco), 40 𝜇g/mL proline (Biosharp), and ITS+ premix (BD;
final concentrations: 6.25𝜇g/mL bovine insulin, 6.25 𝜇g/mL
transferrin, 6.25𝜇g/mL selenous acid, 5.33 𝜇g/mL linoleic
acid, and 1.25mg/mL bovine serum albumin); IM was GM
supplementing with 10 𝜇g/mL bovine insulin (Sigma). The
density of cells in each well was 5 × 104 cells.

For the experiment to select optimal TGF-𝛽3 concen-
tration for chondrogenesis of ATDC5 cells, the following
concentrations of TGF-𝛽3, 0, 2, 5, 10, 20, and 50 ng/mL, were
used in CM, respectively. Cells with the same original density
were cultured in 24-well plates for 14 days.

In all groups, medium was changed every 3 days.

2.3. Cell Proliferation Analysis. Cells in three groups were
analyzed at various time points as indicated in the text and

figure captions by CCK-8 and double-strand DNA (dsDNA)
for cell quantification.

CCK-8 detection was preformed according to the man-
ufacturer’s instruction. Briefly, at each time point, cells were
seeded at 96-well plate with 1000 cells per well followed by
aspiration of the old medium and replacement with 110𝜇L
of fresh medium containing CCK-8 regent (Dojindo, premix
10 𝜇L of CCK-8 every 100 𝜇L of medium). After 2 hours
of incubation at 37∘C under 5% CO

2
, the absorbance for

each sample was determined using a microplate reader set to
450 nm.

PicoGreen (Invitrogen) was used for dsDNA quantifi-
cation. Cells at each time point were reacted with lysing
liquid, which contained 50mM Na

3
PO
4
, 20mM N-acetyl

cysteine, and 28𝜇g/mL papain, for 16 h at 60∘C. The lysate
was centrifuged at 10000 g for 10min at 4∘C and the dsDNA
concentration of the supernatant wasmeasured by PicoGreen
according to the manufacturer’s protocol.

2.4. Quantitative Analysis of Glycosaminoglycan (GAG) Syn-
thesis. The GAG content was measured using the 1,9-
dimethylmethylene blue method [16]. After being cultured
under different medium for 21 days, cells were lysed by
lysing liquid as described in dsDNA quantification. The
1,9-dimethylmethylene blue (Sigma) colorimetric assay was
performed with chondroitin-6-sulfate (Sigma) as a standard.
The results of GAGs were normalized to dsDNA content.

2.5. Real-Time PCR (qRT-PCR) Analysis. Total RNA was
isolated at various time points as indicated in the text and
figure captions using TRIzol Reagent (Invitrogen) according
to the manufacturer’s protocol. The RNA concentration
was determined using a NanoDrop2000 spectrophotometer
(Thermo Scientific) and reverse transcription reactions were
performed from 500 ng of total RNA using a first cDNA
synthesis kit (Fermentas). Real-time PCR reactions were
conducted using SYBR green reagent (Invitrogen).

Primer sequences were listed in Table 1. Real-time PCR
reactions were performed using the Chromo4 real-time PCR
system (Bio-Rad). Samples were held at 95∘C for 10min, fol-
lowed by 40 amplification cycles consisting of a denaturation
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step at 95∘C for 15 s and an annealing and extension step
at 60∘C for 1min. The threshold cycle values of the gene
were normalized against Hprt and Ppia.Then the relative fold
change was obtained by normalizing the data of each group
against control group.

2.6. Alcian Blue Staining. After 21 days of culture, cells were
fixed in 10% neutral buffered formalin and washed twice with
PBS. Alcian Blue (Biosharp) staining was performed to detect
proteoglycan. Samples were stained with 1% Alcian Blue 8GS
(Fluka) in 0.1 MHCl for 5min at room temperature.

2.7. Statistical Analysis. Repetitive ANOVA and Tukey’s mul-
tiple comparison tests were used to determine statistical
significance (𝑃 < 0.05) between groups. Experiments were
repeated with 𝑛 = 3 biological replicates and the results were
represented as the mean ± standard deviation.

3. Results

3.1. Cell Proliferation in GM, IM, and CM. ATDC5 cells were
cultured in GM, IM, and CM for 14 days. At various time
points, the amount of cells in different groupswas determined
using CCK-8 kit and PicoGreen dsDNA kit. As shown in
Figure 1, at the beginning of cell culture, cells in all the three
groups showed almost the same proliferation rate.With time,
cells in IM group grew rapidly and exhibited the highest
proliferation rate among the three groups. The amount of
cells in IM group was maintained after day 10. Cells in GM
groups also kept proliferating at a moderate speed until day 7
while the cells in CMgroup grew at the lowest rate and ceased
proliferation after day 5. The data of dsDNA quantification
shown in Figure 2 indicated a similar result. The quantity
of dsDNA content in IM group was the highest among all
the groups at day 3, day 5, and day 14, suggesting that IM
promoted the proliferation of cells significantly. These data
were consistent with the morphology of cells observed under
the light microscope (Figure 3). At day 5, cells in IM and GM
appeared about 90% confluence while those in CM gathered
in to several rounded clumps.

3.2. Gene Expression Analysis in GM, IM, and CM. Collagen
type II (Col2) and aggrecan (Agn), cartilage specific markers,
were putatively used to evaluate the degree of chondrocyte
differentiation. As shown in Figure 4, ATDC5 cells cultured
in CM exhibited much higher expression level of Col2 and
Agn from day 1 to day 7 compared with those cultured in
IM and GM. Cells in IM group expressed Col2 and Agn in
a similar level to those in GM from day 1 to day 5. At day 7,
there appeared more Col2 and Agn expression in IM group
than that in GM group.

Additionally, the expression level of hypertrophic marker
genes including collagen typeX (Col10), alkaline phosphatase
(ALP), collagen type I (Col1), vascular endothelial growth
factor (VEGF), and osteogenic target transcription factors
Dlx5, Runx2, osterix (Osx), and osteocalcin (OC) were deter-
mined using qRT-PCR and compared between IM and CM
groups (Figure 5). The data demonstrated that IM promoted
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Figure 1: Proliferation of cells cultured in differentmedia. Cells were
cultured in GM, IM, and CM for 14 days. At each time point, cell
number was determined usingCCK-8 cell proliferation/cell viability
kit. The amount of cells would be proportional to the absorbance
at 450 nm. The results were presented as the means ± standard
deviation (𝑛 = 6). ∗Significant difference (𝑃 < 0.05) between groups
at same time point.
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Figure 2: dsDNA quantification of cells cultured in different media.
Cells were cultured in GM, IM, and CM for 14 days. At each time
point, dsDNA content was detected by PicoGreen dsDNA kit. The
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number.The data were presented as the means ± standard deviation
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(a) (b) (c)

Figure 3: Morphology of ATDC5 cells cultured in (a) GM, (b) IM, and (c) CM at day 5.The pictures were taken under light microscope with
10x magnification.
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Figure 4: Expression level of chondrocyte specific genes of ATDC5 cells. Cells were cultured in CM and IM for 7 days. At the indicated time
point, total RNA in all the three groups was isolated using TRIzol followed by PCR assay to evaluate the expression level of (a) Col2 and (b)
Agn. The results were presented as the means ± standard deviation (𝑛 = 3). ∗Significant difference (𝑃 < 0.05) versus GM group.

the expression of all the above-mentioned genes of ATDC5
cells in comparison with CM.

3.3. Analysis of GAGDeposition. GAG is a typical component
of cartilaginous ECM. Our results showed that the level of
GAGdeposition per cell inCMgroupwas significantly higher
than that in GM and IM (Figure 6(a)). Interestingly, the total
GAG contents of cells cultured in IMwere themost among all
the three groups, as evidenced by the most intensive staining
shown in Figure 6(b).

3.4. Selection for TGF-𝛽3 Concentration. It was shown in
Figure 7 that cells appeared agglomerate with escalating
concentration of TGF-𝛽3 at day 3. The data of qPCR
(Figure 8) indicated that the expression level of Col2 and
Agn in 10 ng/mL of TGF-𝛽3 was superior to that in other

concentrations of TGF-𝛽3. On the other hand, 2 ng/mL TGF-
𝛽3 was sufficient to inhibit the expression of Col10 and ALP,
while the inhibition effects showed no significant difference
with the increasing TGF-𝛽3 concentration. Taken together
with all these data, 10 ng/mL was regarded as an optimal
concentration to induce the chondrogenesis and prohibit the
formation of hypertrophic chondrocyte.

4. Discussion

At present, people pin their hopes on stem cells with tissue
engineering technology to cure osteochondral defect. How-
ever, numerous issues are still interfering with researchers.
A lot of factors such as cell source [17–19], culture condi-
tions [20–22], and stress [23–25], have various effects on
osteochondral differentiation. Therefore, it is necessary to
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Figure 6: Analysis of GAG deposition of ATDC5 cells cultured
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set up a model system to find out the optimal parameters
so that suitable microenvironment would be established for
chondrogenesis of stem cells. Among various kinds of cell
lines, the ATDC5 cell line has attracted much more attention
as a model cell line for chondrocyte differentiation studies
because of its excellent characteristics including easy culture,
rapid proliferation, and maintenance of undiferentiation and
homogeneity under normal culture conditions [26].

In this study, to investigate the effect of different medium
on osteochondral differentiation, ATDC5 cells were cultured
inmonolayer which would remove the influences of themor-
phological and structural differences of scaffolds. The data
of CCK-8 assay and dsDNA content test (shown in Figures
1 and 2) demonstrated that IM significantly accelerated the
proliferation rate of cells. Cells cultured in CM were inclined
to agglomerate at a slow growth rate (Figure 3). It was shown
in Figure 4 that the expression of cartilage markers (Col2
and Agn) in CM group was remarkably enhanced at day 1
compared with GM group, whereas there was no obvious
difference for expression level of Col2 and Agn between
GM and IM until day 7. This result suggested that CM
induced the chondrogenesis of ATDC5 cells sooner than
IM did. And owing to the decrease of cell proliferation by
differentiation process, cells in CM group grew much slower
than those in IM group. Moreover, CM was favorable for
inhibition of hypertrophy while IM promoted the expression
of endochondral ossification related genes (Figure 5). And it
was interesting that the level of GAG deposition per cell in
CM group was the highest among all the groups whereas the
greatest quantity of total GAG belonged to IM group, which
was attributed to the vast amount of cells in IM group.

In addition, the preferable concentration of TGF-𝛽3
to obtain effective chondrocyte differentiation and avoid
hypertrophy was selected as 10 ng/mL using ATDC 5 cells.
TGF-𝛽3 could promote chondrocytic differentiation when in
the right concentration. There would be no significant effect
on chondrogenesis when too low TGF-𝛽3 concentration was
applied. However, excessive supply of TGF-𝛽3 would not be
effective in inducing chondrogenesis either. TGF beta could
promote BMP signaling pathways while BMP2 significantly
decreased TGF signaling pathways [27]. Buxton et al. found
that temporal exposure of chondrogenic factor would lead
to more production of cartilaginous matrix than continuous
exposure did [28]. Therefore, neither the higher nor the
longer treatment of growth factor would be beneficial for
chondrogenesis. But studies are needed to figure out the
optimal way to deliver chondrogenic factors. In addition,
TGF beta could inhibit hypertrophy of cells and osteochon-
dral ossification [29]. Low concentration of TGF beta could
restrain the expression of Col10 and ALP. But with the
increase of concentration, no obvious change appeared. And
the data was consistent with other studies for chondrogenesis
of mesenchymal stem cells (MSCs), suggesting the result
obtained from study of ATDC 5 cells could apply to that of
MSCs too.

A suitable cell density is required for chondrocytic differ-
entiation. To some extent, higher density of cells was more
beneficial for chondrogenesis than lower density did. Based
on the above results, we believed IM and CM could be
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Figure 7: Cell morphology of ATDC5 cells cultured in CM with different TGF-𝛽3 concentration at day 3. Bar = 500 𝜇m.
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Figure 8: Gene expression level of ATDC5 cells cultured in CMwith different TGF-𝛽3 concentration at day 14.The results were presented as
the means ± standard deviation (𝑛 = 3).
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combined to induce the chondrogenesis for better outcome.
IM would be used first to accelerate the cell growth and then
would be replaced by CM for chondrocyte differentiation and
suppression of endochondral ossification. More work would
be needed to find out the suitable parameters.

Lots of studies have used ATDC 5 cells to explore the
influence of other factors on chondrogenesis, including laser
irradiation [30], oxygen [31, 32], and mechanical interaction
[33, 34]. Besides chondrogenesis, ATDC 5 cells would be also
used as model cells for endochondral ossification [35]. With
the use of stable model system, some parameters such as suit-
able seeding densities and selection of biological molecules
would be optimized and the underlyingmechanisms involved
in the process of endochondral ossification would be elu-
cidated. Thus, with gradual understanding of influence
of various factors on endochondral ossification, favorable
microenvironment could be established for bone/cartilage
repair.
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Purpose. This study aimed to explore if initiation of biomimetic apatite nucleation can be used to enhance osteoblast response to
biodegradable tissue regeneration composite membranes. Materials and Methods. Bioactive thermoplastic composites consisting
of poly(𝜀-caprolactone/DL-lactide) and bioactive glass (BAG) were prepared at different stages of biomimetic calcium phosphate
deposition by immersion in simulated body fluid (SBF). The modulation of the BAG dissolution and the osteogenic response of
rat mesenchymal stem cells (MSCs) were analyzed. Results. SBF treatment resulted in a gradual calcium phosphate deposition
on the composites and decreased BAG reactivity in the subsequent cell cultures. Untreated composites and composites covered
by thick calcium phosphate layer (14 days in SBF) expedited MSC mineralization in comparison to neat polymers without BAG,
whereas other osteogenic markers—alkaline phosphatase activity, bone sialoprotein, and osteocalcin expression—were initially
decreased. In contrast, surfaces with only small calcium phosphate aggregates (five days in SBF) had similar early response than
neat polymers but still demonstrated enhanced mineralization. Conclusion. A short biomimetic treatment enhances osteoblast
response to bioactive composite membranes.

1. Introduction

Bioactive glasses (BAGs) are a group of silica-based mate-
rials used as bone substitutes, typically in the form of
powders and rigid monoliths. Regardless of their specific
composition, BAGs form an apatite-like surface layer in
physiological conditions, which is the prerequisite for their
bone bonding ability [1]. Furthermore, the soluble BAG
dissolution products may be equally important for bone
regeneration [2]. Although their osteopromotive properties
are well known, clinical use of BAGs has been restricted to
the replacement of bony parts under low loads and as bone
fillers [3, 4]. Synthetic polymer BAG compositematerialsmay
achieve beneficial handling and mechanical properties, thus
increasing the range of possible clinical applications. Both
biodegradable and nondegradable bioactive composites have

been developed, for example, tissue engineering scaffolds [5],
bone cements [6], and even load-bearing implants [7].

Thermoplastic bioactive composite consisting of poly(𝜀-
caprolactone-co-D,L-lactide), P (CL/DLLA), and BAG gran-
ules has shown interesting properties [8]. The composite
can be plasticized by heating it up to the melting temper-
ature of 50∘C, after which it remains moldable for some
minutes in ambient temperature. In simulated body fluid
(SBF), a biomimetic mineral layer is formed on the material
resembling the function of BAGs [9]. Such prefabricated
biomimetic surfaces are further proposed to enhance bone
tissue response to implanted materials [10].

The aim of this study was to evaluate if SBF treatment can
enhance in vitro osteogenesis on the composite membranes
and how this response is modulated by the treatment time.
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Table 1: Substrates used in the cell culture experiments.

Substrate Composition SBF treatment
P0 P (CL/DLLA) None
C0 P (CL/DLLA) + 60wt% BAG None
C5 P (CL/DLLA) + 60wt% BAG 5-day immersion
C14 P (CL/DLLA) + 60wt% BAG 14-day immersion
P (CL/DLLA): poly (𝜀-caprolactone-co-D,L-lactide).
BAG: bioactive glass S53P4, granule size 90–315𝜇m.

2. Materials and Methods

2.1. Culture Substrates. P(CL/DLLA) was synthesized from
the corresponding monomers in a ring-opening polymeriza-
tion. Monomer ratio (mol/mol) in feed was 96/4 (CL/DL-
LA). Glycerol was used as a coinitiator and stannous octoate
as a catalyst [8]. Bioactive thermoplastic composite was
prepared by blending BAG granules (90–315𝜇m; BonAlive
Biomaterials Ltd., Turku, Finland) into the copolymer in a
batch mixer (Brabender W50EH, Germany; 100∘C, 60 rpm,
5min). The substrate materials were compressed at 80∘C
into discoid specimens. Two kinds of discs (Ø10 × 2mm)
were prepared: copolymer without BAG granules (P0) and
composite with 60wt-% of BAG (C0).

2.2. Immersion in SBF. SBF was prepared by dissolv-
ing NaCl, NaHCO

3
, KCl, K

2
HPO
4
⋅3H
2
O, MgCl

2
⋅6H
2
O,

CaCl
2
⋅2H
2
O, and Na

2
SO
4
into deionized water. The solu-

tion was buffered to physiological pH 7.4 at 37∘C with
tris(hydroxymethyl)aminomethane and hydrochloric acid.
The ion composition of the SBF corresponds to inorganic
portion of human blood plasma [11]. Composite substrates
were sterilized in 70% ethanol and were subsequently washed
with deionized water. The sterilized specimens with 4mL of
SBF were closed in test tubes and incubated in a shaking
water bath at 37∘C for 5 and 14 days (substrates C5 and C14).
Substrates used in the cell culture experiments are described
in Table 1.

2.3. Cell Cultures. Bone marrow derived mesenchymal stem
cells (MSCs) were harvested from youngmale adult Sprague-
Dawley rats. Retrieved femurs were wiped with 70% alcohol
and immersed twice in DMEM with Pen Strep antibiotics
(Gibco BRL, Life Technologies BV, The Netherlands). The
condyles were cut off and bonemarrowwas flushed out using
culture medium supplemented with 10% fetal bovine serum
(FBS; Gibco). The resulting suspension was passed through
a 22-gauge needle and plated in culture flasks. After 7 days
of primary culture, cells were trypsinized and resuspended in
osteogenic culture medium (𝛼-MEM (Sigma Chemical Co.,
MO), antibiotics, 15% FBS, 50 𝜇g/mL ascorbic acid (Sigma),
5mMNa-𝛽-glycerophosphate (Merck, Germany), and 10 nM
dexamethasone (Sigma)).

SBF-treated and untreated substrates were sterilized
as before and subsequently immersed once in phosphate
buffered saline (PBS) and once in culturemedium at 37∘C, for
one hour each. Cell suspension was added to the substrates at
a density of 10 000 cells/cm2 and allowed to adhere overnight.

After seeding, osteoblast culture was continued for twoweeks
in 24-well plates withmedium replacement every two to three
days. The whole cell culture process was repeated in two
independent runs.

2.4. Ion Concentration Analysis. Aliquots (𝑛 = 4) of
spent culture medium and SBF were taken to monitor
evolution of silica, calcium, and phosphate concentrations.
Colorimetric measurements of silica and orthophosphate
were based on molybdenum blue method. Silicomolybdate
complex was reduced with a mixture of 1-amino-2-naphthol-
4-sulphonic acid and sulphite, and tartaric acid was used
to eliminate interference from phosphate [12]. The anti-
mony phosphomolybdate complexwas reducedwith ascorbic
acid [13]. Calcium concentrations were determined using
ortho-cresolphthalein complexone (OCPC)method [14].The
assay reagent consisted of OCPC with 8-hydroxyquinol in
an ethanolamine/boric acid buffer. Absorbances (820 nm
for silica, 700 nm for phosphate, and 560 nm for calcium)
were measured using either UV-1601 spectrophotometer
(Shimadzu, Australia) or Multiskan MS ELISA plate reader
(Labsystems, Finland).

2.5. Cell Activity. Proliferation of cells was determined using
AlamarBlue assay (BioSource International, CA) in a colori-
metric format. Culture substrates (𝑛 = 4) were washed in PBS
and placed into clean 24 wells. Fresh culture medium with
10% assay reagent was added, and after three-hour incubation
absorbance values of the medium were read at 560 nm and
595 nm using the ELISA plate reader. Measured absorbances
were used to calculate the reduction of assay reagent, and the
cell activities were normalized with respect to those on P0 on
day 1.

2.6. Alkaline Phosphatase Activity. Culture substrates (𝑛 = 4)
were washed in PBS and placed into clean 24 wells containing
0.5mL of lysis buffer (50mM Tris-HCl, 0.1% Triton X-100,
0.9% NaCl, pH 7.6). The cells were lysed with freezing-
thawingmethod, and the substrates were washed with 0.5mL
of buffer. The released amount of total protein and alkaline
phosphatase (ALP) activity were measured from supernatant
diluted with 0.9% NaCl as needed.

Protein concentrations were measured by pipetting equal
amounts of supernatant and micro-BCA working reagent
(Pierce, IL) to three replicate microtiter wells, followed by a
three-hour incubation at 37∘C. Absorbances were recorded at
560 nm using the ELISA plate reader and amounts of protein
were read from a bovine serum albumin standard curve.

To measure ALP activity, 50 𝜇L of supernatant was trans-
ferred to three replicate microtiter wells and 200 𝜇L of para-
nitrophenylphosphate substrate solution (Sigma A3469) was
added. After one hour incubation at 37∘C, 50 𝜇L of a
3MNaOH solution was added into each well to stop the
enzymatic reaction. Absorbances were recorded at 405 nm
using the ELISA plate reader and amounts of converted
substrate were read from a para-nitrophenol standard curve.
The measured ALP activities were normalized in relation to
the amounts of protein in each respective sample.
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2.7. RT-PCR. PolyA mRNA was isolated using QuickPick
mRNA magnetic beads (Bio-Nobile, Finland). Four replicate
RNA pools from each substrate type were reverse transcribed
with random hexamer primers using GeneAmp Gold RNA
PCR Reagent Kit (Applied Biosystems). The resultant first-
strand cDNA was analyzed in duplicate PCR reactions using
iQ Supermix kit (Bio-Rad Laboratories) and FAM-labeled
TaqMan Gene Expression Assays (Applied Biosystems) for
bone sialoprotein (BSP; Rn00561414 m1), osteocalcin (OC;
Rn00566386 g1), and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH, a control gene; Rn99999916 s1). PCRs were
carried out using an iCycler iQ real-time PCR detection
system with software version 3.1 (Bio-Rad Laboratories).
The following cycling conditions were used: 95∘C/5min; 40
cycles of 95∘C/20 s, 60∘C/60 s. Target gene expression was
first normalized to the expression of the housekeeping gene
GAPDH in the same sample (ΔCt) and then converted to
a fold ratio as compared to the average baseline expression
of that target gene measured in P0 group at 7 days (ΔΔCt).
Finally, the 2−ΔΔCt method was used to convert normalized
gene expression levels to fold differences and statistics were
calculated on these values [15].

2.8. Scanning Electron Microscopy. After cell activity mea-
surements, the analyzed specimens were washed in PBS and
fixed with 2% glutardialdehyde in a 100mM cacodylic acid
buffer pH 7.4. The specimens were subsequently dried in a
rising alcohol series and coated with carbon evaporation for
scanning electron microscopy (SEM; JSM-5500, Jeol, Japan)
and energy dispersive spectrometer (EDS; PGT, NJ) analysis.
SEM/EDS was also used to study noncultured substrate
surfaces.

2.9. Statistics. Results are presented as means ± standard
deviations. Statistical analyseswere performedusing the SPSS
v.14.0 software package (SPSS Inc.). Independent samples
𝑡-test was used for ion concentrations to analyze deviations
from the initial state (P0 at 4 days). RT-PCR data were
analyzed using the Kruskal-Wallis test followed by theMann-
Whitney 𝑈 test, whereas all other data was analyzed with
one-way ANOVA followed by the Tukey’s post hoc test. For
alkaline phosphatase activities logarithmic transformation
was applied. Differences were considered significant at 95%
level.

3. Results

3.1. Bioactive Glass Dissolution. During the immersion of
composite substrates (C5 and C14) the SBF became saturated
by dissolving silica, and calcium phosphate (CaP) precipita-
tion depleted the majority of phosphorus already in 5 days.
Only minor changes in ion concentrations occurred between
5 and 14 days. However, the bioactive glass dissolution and
concomitant CaP precipitation continued and the amount of
mineral was greater on C14 than C5 substrates. EDS analysis
indicated that Ca/P ratio in the formed mineral was ∼1.3,
and some Na and Si were also present on the substrate
surfaces (Figure 1). None of the substrates showed mineral
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Figure 1: EDS analysis of the substrate surfaces.Nontreated polymer
and composite surfaces did not contain Ca and P, whereas the
amount of CaP mineral deposition in SBF increased as a function
of time. Ca/P ratio in the formed mineral was ∼1.3, and some Na
and Si were also present on the composite surfaces.

formation when placed into cell-free culture medium. SBF
treatment decreased silica concentrations in the medium by
roughly 50% and calcium release from composite substrates
was eliminated (Figures 2(a) and 2(b)).

3.2. Cell Proliferation. In the first culture, cells proliferated for
one week and no further increase in the measured activities
was observed, except for C14 substrates. In contrast, all the
substrates showed increasing activities up to two weeks in the
second culture (Figures 3(a) and 3(b)). Similar cell adhesion
after one day was observed with all substrates. The fastest
onset of proliferation seemed to occur on neat polymer. Cell
activities after three days of both cultures were significantly
higher on P0 than on C5 and C14, and the difference was also
visible in scanning electron micrographs (Figure 4).

3.3. Alkaline Phosphatase Activity. In the first culture, ALP
activities with P0 and C5 reached their maximum values
already after one week, whereas activities with C0 and C14
increased until two weeks. In the second culture, initial ALP
activities were significantly lower than in the first one, and
the activities increased until two weeks with all substrates
(Figures 5(a) and 5(b)). Furthermore, initial ALP activities
with P0 were higher than with composites in both cultures.
No other consistent differences between the substrate types
were observed.

3.4. Mineralization. Mineralization, indicated by calcium
depletion from the culture medium, proceeded more quickly
in the first than in the second culture (Figures 6(a) and
6(b)). However, the SBF-treated composites C5 and C14 were
the first and the polymer P0 the last substrates to show
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Figure 2: Calcium (a) and silica (b) concentrations of the cell culture medium at days 4, 9, and 14. SBF treatment decreased silica
concentrations in the C5 and C14 medium by 50%.
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Figure 3: Cell activities in the first (a) and the second (b) osteoblast cultures. The reduction of AlamarBlue reagent with P0 substrates at 1
day was set to 1. Results are presented as mean ± SD with 𝑛 = 4. #, ¤, and ∗ denote statistically significant difference to the corresponding P0
and C0 cultures and to the previous time point, respectively (𝑃 < 0.05).

calcium precipitation in both cases. Untreated composites C0
showed great variation in the onset ofmineralization between
individual specimens. Some specimens started to mineralize
as early as the SBF-treated ones, whereas other specimens
mineralized several days later.

3.5. RT-PCR. The cell stocks used to seed the substrates
exhibited low BSP expression (normalized expression level
∼0.1 and 0.01 in the first and the second culture, resp.), and
OC expression level was below the detection limit (<0.001).
Evolution of gene expression was analyzed only in the second
osteoblast culture, and the results are summarized in Figures
7(a) and 7(b). After one week of culture, highest BSP and
OC levels were observed with P0 and C5 substrates. In
contrast, only modest osteogenic induction was observed
with C0 substrates. BSP expression was lower than with other

substrate types (𝑃 < 0.01), andOCwas still undetectable. C14
substrates also had undetectableOC expression, but BSP level
was similar to that with P0 andC5. Osteogenic differentiation
progressed during the second week of culture with all
substrate types. Both BSP andOCexpression levels increased,
and there were no statistically significant differences between
the substrates at that time.

4. Discussion

Our previous studies have shown the feasibility of producing
an apatite-likemineral layer onP(CL/DLLA)—BAGcompos-
ite material by incubating it in SBF [9, 16]. Such biomimetic
treatment is hypothesized to enhance osteogenic response
to the material, as only a small portion of BAG granules in
untreated composites are directly exposed to the surrounding
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Figure 4: SEM analysis of the substrate surfaces after three days of culture. Cells were spreading over all the substrate surfaces, but the
amount of cells seemed to be higher on nontreated than SBF-treated substrates. Small aggregates of CaP mineral were present throughout
the C5 surfaces (white dots), whereas C14 substrates were covered by thick mineral layer. Scale bar = 400𝜇m.
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Figure 5: Alkaline phosphatase activities in the first (a) and the second (b) osteoblast cultures. Results are presented asmean ± SDwith 𝑛 = 4.
#, ¤, and ∗ denote statistically significant difference to the corresponding P0 and C0 cultures and to the previous time point, respectively
(𝑃 < 0.05).

cells or tissues creating an osteoconductive surface. The
current study specifically aimed at evaluating the role of SBF
incubation and subsequent calcium phosphate deposition on
the osteogenic response of mesenchymal stem cells and can
be seen as the first step to explore if biomimetic surface

modification indeed could enhance the clinical potential of
composite membranes or other tissue regeneration devices.

The beneficial effect of bioceramic filler was demon-
strated by the early mineralization of all composites, and
osteogenic cell response seemed to be further enhanced by
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Figure 6: Evolution of calcium concentrations in the first (a) and the second (b) osteoblast cultures. Results are presented as mean ± SD with
𝑛 = 4. # and ∗ denote statistically significant difference to the baseline P0 value and to the previous time point, respectively (𝑃 < 0.05).
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Figure 7: Normalized bone sialoprotein (a) and osteocalcin (b) gene expression levels in the second osteoblast culture. Results are presented
as mean ± SD with 𝑛 = 4. #, ¤, and ∗ denote statistically significant difference to the corresponding P0 and C0 cultures and to the previous
time point, respectively (𝑃 < 0.05). The dashed line in (a) represents the BSP expression level of the original cell stock.

a short SBF treatment. No additional benefit was found with
a longer treatment time, even though the composite surface
became fully covered with mineral. This was a new finding
as studies involving biomimetic calcium phosphate coatings
on synthetic polymers are mostly performed with uniform
mineral layers [17, 18]. The adhesion of biomimetic mineral
to the underlying polymer surface is, however, relatively weak
and delamination may occur under physiological loads [19].

SBF treatment can have multiple roles in modifying the
behavior of polymer-bioceramic composites. The growing
mineral layer on specimen surfaces also increases nano-
and microscale roughness [20], which in turn can enhance
cell adhesion and subsequent osteogenic differentiation in
culture [21, 22] and bone formation in vivo [23, 24]. The
surface structure and chemical composition, however, are
not the only factors that affect cellular responses to bioactive

materials. Recent literature has demonstrated an important
role of bioceramic dissolution products not only on the direct
osteogenic response [25, 26] but also on angiogenesis [27, 28],
both of which are crucial for successful bone regeneration.
Clear decrease in the reactivity of SBF-treated composites was
observed in the current study, but the concentrations of the
released ions stayed at the levels deemed to be beneficial to
osteogenesis.

The MSCs used in this study showed robust differentia-
tion on all substrates. However, the cell stocks used in the two
cultures differed in their osteogenic potential. More mature
osteoprogenitor population was found in the first culture, as
the initial stock had higher BSP expression level, ALP activity
increased sooner, and mineralization started earlier than in
the second culture. More reproducible cell response might
have been obtained using inbred rat strain and preculturing



BioMed Research International 7

the cells in the presence of dexamethasone, whereas the
current protocol emphasizes the robustness of the material
effects.

The composite examined in this study was originally
developed as an injectable bone filler material, and it has
been shown to enhance in vivo bone response in compar-
ison to neat polymer [29, 30]. The thermoplastic nature of
the polymer allows melt processing of the composite into
prefabricated forms such as tissue regeneration membranes.
The low working temperature of this composite system can
be important, as it was recently indicated that BAG granules
can unintentionally accelerate the degradation of poly(alpha-
hydroxyester) matrices when processed in elevated tempera-
tures [31].

5. Conclusions

In summary, we demonstrated increased mineralization of
MSC cultures on polymer-BAG composites. Biomimetic
treatment of the composites for five days further enhanced
the osteogenic phenotype ofMSCs, but longer treatment time
had no additional benefits. Moreover, BAG reactivity was
retained in the composites, whichmay be beneficial in clinical
environment as the soluble ions released from the material
can have the potential to improve angiogenesis in the defect
site.

Conflict of Interests

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

Acknowledgments

This work has been funded by the Finnish National Technol-
ogy Agency Grant no. 40015/05 and the Academy of Finland
Grant no. SA 211439.

References

[1] C. Ohtsuki, M. Kamitakahara, and T. Miyazaki, “Bioactive
ceramic-basedmaterialswith designed reactivity for bone tissue
regeneration,” Journal of the Royal Society Interface, vol. 6,
supplement 3, pp. S349–S360, 2009.

[2] L. L. Hench, “Genetic design of bioactive glass,” Journal of the
European Ceramic Society, vol. 29, no. 7, pp. 1257–1265, 2009.

[3] N. C. Lindfors, I. Koski, J. T. Heikkilä, K. Mattila, and A. J.
Aho, “A prospective randomized 14-year follow-up study of
bioactive glass and autogenous bone as bone graft substitutes in
benign bone tumors,” Journal of Biomedical Materials Research
B: Applied Biomaterials, vol. 94, no. 1, pp. 157–164, 2010.

[4] T. Turunen, J. Peltola, A. Yli-Urpo, andR.Happonen, “Bioactive
glass granules as a bone adjunctive material in maxillary sinus
floor augmentation,”Clinical Oral Implants Research, vol. 15, no.
2, pp. 135–141, 2004.

[5] K. Rezwan, Q. Z. Chen, J. J. Blaker, and A. R. Boccaccini,
“Biodegradable and bioactive porous polymer/inorganic com-
posite scaffolds for bone tissue engineering,” Biomaterials, vol.
27, no. 18, pp. 3413–3431, 2006.

[6] W. F. Mousa, M. Kobayashi, S. Shinzato et al., “Biological
and mechanical properties of PMMA-based bioactive bone
cements,” Biomaterials, vol. 21, no. 21, pp. 2137–2146, 2000.

[7] A. M. Ballo, E. A. Akca, T. Ozen, L. Lassila, P. K. Vallittu, and
T. O. Närhi, “Bone tissue responses to glass fiber-reinforced
composite implants-a histomorphometric study,” Clinical Oral
Implants Research, vol. 20, no. 6, pp. 608–615, 2009.

[8] J. Rich, T. Jaakkola, T. Tirri, T. Närhi, A. Yli-Urpo, and J.
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