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Enhanced regeneration of large cortical bone
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Abstract. Poly-L-lactic acid (PLLA) nanofibrous membranes
are widely utilized for tissue regeneration. Low intensity pulsed
ultrasound (LIPUS) has been considered as a feasible modality
for bone union. The aim of the present study was to investigate
the potential synergistic effect of LIPUS and PLLA electro-
spun nanofibrous membranes on large cortical bone defects
in rabbits in vivo. The bilateral rabbit tibia defect model was
constructed using 18 adult NZ rabbits and the defect sites were
treated with the nanofibrous membranes combined with LIPUS
or nanofibrous membranes alone. A total of 3 to 6 weeks after
surgery, bone defect healing was evaluated radiologically and
histologically. Radiographs demonstrated that nascent bone
formation in the central part of the defect regions was only
observed in the nanofibrous membrane plus LIPUS group,
whereas the bone defects were not fully healed in the group
treated with nanofibrous membrane alone. Histology analysis
of the LIPUS-treated group indicated that bone formation
was thicker and more mature in the center of the defect site
of the nanofibrous membrane plus LIPUS group. However, no
differences were detected in the spatial and temporal pattern
of the newly formed bone. Furthermore, the bone scores in the
nanofibrous membrane plus LIPUS group were significantly
greater than the scores exhibited in the nanofibrous membrane
group at 3 and 6 weeks after surgery, respectively (P<0.01).
In conclusion, the PLLA electrospun nanofibrous membrane
combined with LIPUS indicated the capacity to improve the
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formation of nascent bone in rabbits with tibia defects. Further
studies are required to fully elucidate the cell ingrowth
depths inside nanofibrous membranes with scanning electron
microscopy and the molecular effects of LIPUS on integrin
and fibronectin.

Introduction

Treating large bone defects remains a major challenge in clinical
practice. Although many osteoconductive and osteoinductive
filler materials have been used for bone defects (1,2), annually,
>800,000 patients worldwide cannot receive this treatment
but instead receive autologous bone grafts to treat their bone
defects (3). The autologous bone grafting technique has been
viewed as the ‘gold standard’ for its homogeneous bony
tissue and efficacy; however, the method has limitations,
including morbidity, limited resources and its association with
complications, such as bleeding and wound problems (4,5).
On the basis of the data from the National Hospital Discharge
Survey, the use of bone grafts decreased in the United States
between 1992 and 2007, with a shift in preference from
autogenous bone grafts to substitute bone grafts (6).

Previous studies have identified the structure of the
nanofibers induced the proliferation of the mesenchymal
stem cells and osteoblasts (7,8). The structure and biological
functions of poly-L-lactic acid (PLLA) electrospun nanofibers
are similar to the natural extracellular matrix (ECM) of bone
tissue and are superior to other biomaterials, due to their
beneficial biocompatibility properties (9,10). However, as
the pores generated by electrospinning are within the range
of the fiber diameters, the pores are not large enough for the
cellular migration and tissue infiltration (11). Furthermore, the
surface of PLLA is hydrophobic and lacks bioactive signals
for cell recognition, which increases the difficulty for integrin
receptors to identify binding sites (12,13). Hence, further
studies are required to overcome the disadvantages.

Approved by the Food and Drug Administration, low-inten-
sity pulsed ultrasound (LIPUS) is considered as a non-invasive
and feasible modality for the treatment of the delayed union and
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the nonunion of bone (14). A previous study has demonstrated
that ultrasound exposure increased the porosity and permeability
of the solid-state fabricated PLA foams (15). The findings are
in agreement with results obtained from previous results from
Guo et al (16). Moreover, other investigators have concluded
that the bioeffect of LIPUS exposure was promoted via the
integrin/FAK/MAPK pathway (17). Cell-matrix adhesions
are predominantly mediated by the members of the integrin
family (18). A previous study revealed that the conformation of
proteins, which are composed of cell-matrix adhesions, changed
and the cryptic-binding sites were exposed while mechanical
force acted on the cell-matrix adhesions (19). Therefore, it seems
reasonable that mechanical stresses, such as LIPUS acting on
the cell-matrix adhesions, may expose the cryptic site.

The potential synergistic effect of LIPUS and PLLA
electrospun nanofibers remains unclear. The present study
investigated the hypothesis that the critical size of cortical
bone defect filled with the PLLA electrospun nanofibrous
membrane would acquire bone union with the aim of LIPUS
treatment.

Materials and methods

Fabrication of PLLA electrospun nanofibers. The PLLA nano-
fibrous membrane was successfully produced by the polymer
solution methodology as previously described (20,21). The
polymer solution was fabricated by dissolving PLLA (Thermo
Fisher Scientific, Ltd., Waltham, MA, USA) in chloro-
form/ethanol (3:1, v/v). Then polymer was subsequently placed
into a 5 ml syringe connecting to a 50 cm Teflon tube (Bo Jie
Co., Ltd, Huatan, Taiwan). The electrospinning solution was
delivered with a flow rate of 1.0 ml/h via a syringe pump. The
thickness of the PLLA was 2.0 mm. All electrospun nanofi-
brous membranes were stored in the desiccators prior to use.

Animal experiment. The present study was approved by the
Zhejiang Institutional Animal Care and Use Committee
(Hangzhou, China). International laws and regulations for
medical research with experimental animals were followed. A
total of 18 adult male New Zealand White rabbits aged between
15 and 18 weeks and weighing 2.19+0.17 kg, were randomly
divided into two groups: The control group (n=6) and the study
group (n=12). Rabbits were housed at 21-25°C, 60% humidity
with a 12 h light/dark cycle. Rabbits had full access to dry
food and water in individual cages without activity restriction.
All rabbits were anesthetized by an intravenous injection with
chloral hydrate (280 mg/kg; Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan) prior to surgery. The surgical procedures
are described in detail in a previous study (21) and are briefly
reported here. While the shaft of the tibia was exposed, a
segmental defect (15-mm long and 5-mm wide) was created
in the anteriolateral cortex of the tibia with an oscillating saw.
This procedure was performed repeatedly in the bilateral tibias
of each rabbit. After the bone defect was successfully adminis-
tered in the anteromedial cortex of the bilateral proximal tibia,
rabbits were treated differently according to the study protocol.
Bone defects in rabbits were not induced in the control group.
The nanofibrous membrane was cut into 15x5 mm? membrane
specimens, which were used to fill the bone defects in the
study group. All of the membrane specimens were press-fitted
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into the bone defect. The left tibias of the study group were
treated with nanofibrous membranes, whereas the right tibias
of rabbits were treated with nanofibrous membranes and
LIPUS. The ultrasonic generator (Nexus; Hexin Biomedical
Devices, Hangzhou, China) was employed with one ultrasonic
transducer at a pulse frequency of 1.5 MHz, output intensity of
200 mW/cm? and a 50% duty cycle. Ultrasound gel was placed
on the surface of the transducer and the surgical site when
the LIPUS was applied. A total of 3 rabbits from the control
group and the 6 from the study group were sacrificed at 3 and
6 weeks, respectively, for evaluation (Fig. 1).

Radiographic assessment.Rabbits were sacrificed via overdose
of 200 mg/kg pentobarbital sodium administered intravenously
via the marginal ear vein (Tokyo Chemical Industry Co., Ltd.,
Tokyo, Japan) at either 3 or 6 weeks. Tibiae from rabbits were
harvested, fixed in 10% neutral formalin for 1 week at 4°C and
subsequently radiographed in the anteroposterior planes using
X-ray apparatus (Kodak, Rochester, NY, USA).

Histological evaluation. Specimens were decalcified in 10%
EDTA in 0.01 M phosphate buffer and dehydrated with an
ascending series of ethanol solutions for one week at 4°C.
Following decalcification and dehydration, the samples were
embedded in paraffin. The area of interest was defined at 10-mm
proximally and distally to the center of the defect. Along the
central portion of the defect in the anteromedial cortex, tibiae
were cut horizontally on a microtome. Sections (8-ym thick)
were stained with hematoxylin and eosin and examined under
a light microscope (Olympus Corp., Tokyo, Japan). Histological
analyses were performed at a primary magnification of x40 and
a second magnification of x200 or x400.

Bone score. Bone scoring was applied to evaluate the degree
of nascent bone formation during histological evaluation.
The semiquantitative score from 0 (no mineralized bone) to 4
(complete bridging of the defect with mineralized bone) was
used in the present study, as described previously (22). The other
score values were defined as follows: 1, few and isolated centers
of ossification; 2, increased ossification with discontinuous
novel bone formation; and 3, notable but incomplete bridging of
the defect (22). Scoring was evaluated by at least two investiga-
tors. The score was added to give a cumulative sum to estimate
the overall bone formation in the defect at a given time. Bone
scores were compared among all groups by at least two persons
with no knowledge of the groups being graded.

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 6.0 software package (GraphPad Software,
Inc.,LaJolla, CA, USA). The bone formation ratio is expressed
as the mean =+ standard deviation and the normality of the
distribution was tested. For multiple comparisons among
groups, differences were analyzed by one-way analysis of vari-
ance followed by Tukey's post-hoc test. P<0.01 was considered
to indicate a statistically significant difference.

Results

Excluded results. One animal in the control group
was sacrificed due to a postoperative hematoma and
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Figure 1. Flow chart of the study. Defects in the tibiae of rabbits were not
treated (control group), treated with the poly-L-lactic acid nanofibrous
membrane (left tibiae of rabbits) or treated with the poly-L-lactic acid nano-
fibrous membrane plus LIPUS (right tibiae of rabbits). LIPUS, low intensity
pulsed ultrasound.

secondary infection. All other animals recovered from the
bilateral surgery and completed the study without any compli-
cations.

X-ray evaluation. No signs of gross adverse reactions or infec-
tion according to the macroscopic examination of the proximal
tibia at harvest were observed. The representative conventional
X-ray photographs of the tibia cortex are shown in Fig. 2. All
of the control group and the study groups showed that bone
healing did not occur completely 3 weeks after surgery. Small
areas of mineralization scattered at the bone defects margin
were detectable in the nanofibrous membrane group and nano-
fibrous membrane plus LIPUS group. Conversely, the bone
defects filled with nanofibrous membranes and treated with
LIPUS demonstrated increased bone formation compared
with the nanofibrous membrane group. However, in the control
group, the defect sites indicated no bone ingrowth. A total of
6 weeks after surgery, novel bone formation in the central part
of the defect regions was observed only in the nanofibrous
membrane plus LIPUS group. The bone defect was not fully
healed in the nanofibrous membrane group and the defect was
filled with radio-opaque tissue, with the exception of the central
region. The control group showed no areas of mineralization.

Histological evaluation. Microscopically, the residues of the
nanofibrous membranes were visible at 3 and 6 weeks; this
is consistent with previous findings (21). The results indicated
that LIPUS did not alter the resorption rate of nanofibrous
membranes according to the sections. The aligned fibers,
which covered the bone defect site, guided the newly formed
bone from the edge of the gap to the other edge. In addition,
the amount of newly formed bone and connective tissue in the
study group was different from the control group. Increased
volumes of newly formed cortical bones were indicated in the
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nanofibrous membrane group and nanofibrous membrane plus
LIPUS group (Fig. 3).

The formation of novel bone adjacent to the defect margin
was observed in all groups except for the control group at
3 weeks. The bone defect site of the control group was filled
with connective tissue. Novel bone formation was consistently
identified where the nanofibrous membranes were in direct
contact with the defect margin. Combined with nanofibrous
membranes, LIPUS treatment increased the amount of newly
formed bone when compared with nanofibrous membrane
alone. An obvious increase in nascent bone formation was
observed with ultrasound treatment (Fig. 3). Based on these
findings, defects treated with nanofibrous membranes plus
LIPUS demonstrated thicker bone-like tissue.

At 6 weeks, in the nanofibrous membrane plus LIPUS
group, abundant mature lamellar bone was observed running
through the margins of the bone defect via the nanofibrous
membrane. Nascent bone formation was observed primarily
in proximity with the nanofibrous membranes. Compared
with the nanofibrous membrane group, the bone formation
of the nanofibrous membrane plus LIPUS group was thicker
and more mature in the center of the defect site. However, the
spatial and temporal pattern of novel bone formation indicated
no difference between the nanofibrous membrane plus LIPUS
group and the nanofibrous membrane alone. Newly-formed
capillaries and osteoblasts were also observed in the study
group, which are responsible for the formation of bone. Newly
formed bone, which appeared to be spongy, and connective
tissue were scattered in the defect sites of the control group.
Limited mature lamellar bone was visible in the control group
(Fig. 3).

Bone score. Significant differences in bone scores were
determined between the nanofibrous membrane plus LIPUS
group and the nanofibrous membrane group at 3 and
6 weeks, respectively (P<0.01; Figs. 4 and 5, respectively).
The nanofibrous membrane plus LIPUS group exhibited a
significantly greater bone score when compared with the
nanofibrous membrane group (P<0.01; Figs. 4 and 5).

Discussion

The healing of large bone defects remains a clinical challenge.
The majority of studies have focused on the biological, material
or mechanical factors that are applied for the treatment of
bone defects. As it is difficult to create enough macropores
for cellular migration using the electrospun PLLA nanofibrous
membrane and the surface of the PLLA lacks bioactive signals
for cell recognition, we believe the LIPUS may be utilized to
overcome these disadvantages.

The present study evaluated the efficacy of LIPUS combined
with the cell-impermeable PLLA nanofibrous membrane on
the healing of large cortical bone defects. The present findings
suggested that LIPUS was able to increase cell ingrowth and
expose the cryptic site when acting on cell-matrix adhesions.
Furthermore, the present study demonstrated that LIPUS
improved the efficacy of PLLA. A predominant challenge of
the widespread use of electrospun nanofibers has been their
innate hydrophobic nature and the difficulty in creating enough
macropores for cellular migration (11,13). The pores generated
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Figure 2. Radiographic appearance of defects in the tibiae of rabbits at 3 and 6 weeks, respectively. LIPUS, low intensity pulsed ultrasound.
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Figure 3. Histological slices of the tibiae defects in control and treatment groups at 3 and 6 weeks, respectively. Black arrows represent defect margins, red
arrows represent blood vessels, black triangles represent nanofibers and black stars represent osteoblasts. Scale bar, 50 #zm or 200 ym at a magnification of
x400. Scale bar, 500 ym at a magnification of x40. LIPUS, low intensity pulsed ultrasound.
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Figure 4. Bone formation ratio at 3 weeks. LIPUS, low intensity pulsed
ultrasound. The nanofibrous membrane plus LIPUS group exhibited a signifi-
cantly greater bone score compared with the nanofibrous membrane and
control groups. Data are presented as the mean + standard deviation. “P<0.01
vs. control group; “P<0.01 vs. nanofibrous membrane group. LIPUS, low
intensity pulsed ultrasound.
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Figure 5. Bone formation ratio at 6 weeks. LIPUS, low intensity pulsed
ultrasound. The nanofibrous membrane plus LIPUS group exhibited a signifi-
cantly greater bone score when compared with the nanofibrous membrane
and control groups. Data are presented as the mean + standard deviation.
“P<0.01 vs. control group; *P<0.01 vs. nanofibrous membrane group.
LIPUS, low intensity pulsed ultrasound.

by the electrospinning are approximately the same order of
the fiber sizes (11,23). A previous study hypothesized that the
surrounding fibers were dynamically moved by cells entering
the pores (24). Few studies have explored this hypothesis and
further investigation is required.

When implanted material is placed in the bone defect,
cells from the surrounding tissues interact with the membrane
material in a process, which is mediated by the protein that is
adsorbed to the surface (25). Mesenchymal stem cells are able
to detect and migrate along the surface of the membrane. In
the present study, thicker and more mature bone formed in the
bone defect site adjacent to the membrane in the nanofibrous
membrane plus LIPUS group. Detection of mesenchymal
stem cells infiltrating the membrane was limited; however,
the aligned fibers guided the newly formed bone from the
edge of the gap to the center of the defect. Previous investiga-
tion has demonstrated that aligned nanofibers increased cell
migration along the direction of fiber orientation, but did not
influence osteogenic differentiation (26). Therefore, this
suggests that the efficacy of bone formation in the present
study may be attributed to LIPUS rather than the PLLA nano-
fibrous membrane.
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Although the morphology and cell viability were not
measured by scanning electron microscopy, the findings of the
present study suggested that LIPUS may increase cell ingrowth
into porous membranes. Previous results have indicated that
LIPUS treatment accelerated bone ingrowth into the porous
tricalcium phosphate bioceramic scaffold (27) and increased
cell ingrowth into the pores of the three-dimensional silicon
carbide scaffold (28). These findings suggest that the increased
bone formation observed in the PLLA nanofibrous membrane
plus LIPUS group in the present study may be attributed to
the capacity for LIPUS to increase cell ingrowth into porous
nanofibrous membranes. Further investigations and scanning
electron microscopy should be performed to clarify the cell
ingrowth depths inside the nanofibrous membrane.

The findings obtained from the present study indicated that
only the nanofibrous membrane plus LIPUS group displayed
near-complete regeneration of the cortical bone 6 weeks after
surgery. Newly formed bone was visible in the center of the
bone defect site in contact with the nanofibrous membrane in
the presence or absence of LIPUS. Therefore, the nanofibrous
membrane acted as the bridge that guided the osteoblasts or the
progenitors to the bone defect site. The results suggested that
the nanofibrous membrane improved the bone formation and
induced osteogenic differentiation. The present findings was in
accordance with the findings presented by Kolambkar et al (26),
who reported aligned nanofiber meshes with increased cell
migration along the direction of fiber orientation.

Compared with the nanofibrous membrane group, the bone
formation of the nanofibrous membrane plus LIPUS group was
thicker and more mature; however, the spatial and temporal
pattern of the newly formed bone suggested that there was
no difference between these groups. It predicted that LIPUS
increased bone formation rather than accelerated the bone
healing. Based on the present findings, we believe the efficacy
of LIPUS first acted on the integrin, which indicates that this
is the starting point of mechanosensing.

Electrospun nanofibers mimic the native extracellular
tissue structures and exhibit suitable biocompatibility (24). In
spite of this, aligned nanofibers may not influence osteogenic
differentiation or provide a limited contribution to the process.
The mechanisms involved in the limited influence of aligned
nanofibers and osteogenic differentiation remain unclear.
However,the lack of bioactive sites for cell recognition and could
cause difficulties for cells interacting with the extracellular
matrix (12,13). When cells attach to extracellular tissue
structures, the process by which cells probe the environment
and translate mechanical signal into biochemical signals is
called mechanosensing (29). During the process, integrins,
which initiate mechanosensing, are necessary elements in
the focal adhesions for the majority of mechanosensing
models (30,31). The cytoskeletal force generated by myosin II
combines with the ECM stiffness triggers the a5p1 integrin
switch (31). Subsequently, the a5@1 integrin is able to mediate
downstream biochemical signals that control cell fate and
adhere to a fibronectin substrate. Once the fibronectin interacts
with integrin receptors, polymerization of fibronectin initiates
and the cryptic site for fibronectin-fibronectin polymerization
is exposed (19). The process of the conformation change may
expose cryptic sites to overcome the drawbacks of nanofibrous
membranes.
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Notably, a previous study indicated that LIPUS stimula-
tion may activate a5P1 integrin and induce a significant
upregulation of marker proteins as the representation of the
osteoblasts (32). Furthermore, the integrin was also highly
activated under fluid flow stimulation as well as LIPUS (33).
A recent study investigated the effect of LIPUS stimulation on
mesoangioblasts and demonstrated that LIPUS may induce a
conformational change in Bl integrin to the active form (34).

In conclusion, the present study demonstrated that the
PLLA electrospun nanofibrous membranes combined with
the LIPUS improved the formation of novel bone in rabbit
tibiae defects. As the critical size of the cortical bone defect
acquired near-complete regeneration of cortical bone tissue,
PLLA electrospun nanofibrous membranes combined with the
LIPUS may be a novel potential therapy for the application
of bone tissue engineering. Moreover, further studies are
required to fully investigate the cell ingrowth depths inside
the nanofibrous membrane with scanning electron microscopy
and the molecular effects of LIPUS on integrin and fibronectin.
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