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ABSTRACT: The spinal surgeon community has expressed
significant interest in applying calcium phosphate cement
(CPC) for the treatment of vertebral compression fractures
(VCFs) and minimizing its disadvantages, such as its water-
induced collapsibility and poor mechanical properties, limiting
its clinical use. In this work, novel biodegradable electrospun
nanofibrous poly(p,L-lactic acid—e-caprolactone) balloons
(ENPBs) were prepared, and the separation, pressure,
degradation, and new bone formation behaviors of the
ENPBs when used as CPC-filled containers in vitro and in
vivo were systematically analyzed and compared. CPC could
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be separated from surrounding bone tissues by ENPBs in vitro and in vivo. ENPB-CPCs (ENPBs serving as CPC-filled
containers) exerted pressure on the surrounding bone microenvironment, which was enough to crush trabecular bone.
Compared with the CPC implantation, ENPB-CPCs delayed the degradation of CPC (ie., its water-induced collapsilibity).
Finally, possible mechanisms behind the in vivo effects caused by ENPB-CPCs implanted into rabbit thighbones and pig
vertebrae were proposed. This work suggests that ENPBs can be potentially applied as CPC-filled containers in vivo and provides
an experimental basis for the clinical application of ENPBs for the treatment of VCFs. In addition, this work will be of benefit to
the development of polymer-based medical implants in the future.
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1. INTRODUCTION

It is a known fact that the incidence of vertebral compression
fractures (VCFs) is increasing worldwide. VCFs are generally
common in patients with osteoporosis, multiple myeloma, and
trauma.’ Since 1992, approximately 24% of women older than
50 years of age and 40% of women older than 80 years of age
have experienced VCFs.” Additionally, most patients with VCFs
have to endure sleep loss, decreased mobility, chronic pain, and
significant limitations on the performance of everyday tasks.””
Currently, traditional conservative treatment, traditional
surgical treatment, and minimally invasive treatment are
employed in clinics for the treatment of VCFs.*"'* Because
of the advantages of smaller incisions, shorter treatment times,
reduced pain, and shorter recovery times, minimally invasive
treatment has been increasingly used and accepted by surgeons
and patients.
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For minimally invasive clinical treatments, poly(methyl
methacrylate) (PMMA) cement has typically been applied as
a vertebral cement material in recent decades because of its
appropriate fluidity, inertness, and good biomechanical proper-
ties.""!* However, its limitations of use include the potential
toxicity of its monomers, its high polymerization temperature,
its lack of direct bone apposition, and no sacralization cannot
be ignored."*™"> Therefore, calcium phosphate cement (CPC)
has been explored by spinal surgeons as a substitute for the
treatment of VCFs.'”
composition and a microporous structure that closely resembles

CPC has a specific elementary

natural bone and offers many advantages in comparison to
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PMMA cement, such as the induction of biological degradation
and bone formation for the replacement of defects with new
bone, as well as the capacity to restore the mass and height of
the fractured vertebral body.'>'®"”

The water-induced collapsibility and poor mechanical
properties of CPC might induce subsequent augmentation
failure during VCF tratment'® and therefore limit the
application of CPC in the clinical treatment of VCFs. CPC is
rapidly degraded and leaked into water, which is called water-
induced collapsibility. The compressive strength of CPC is less
than that of the natural bone cortex. Moreover, the rapid
collapsibility of CPC decreases its mechanical properties. The
poor mechanical properties of CPC may limit the use of CPC
in applications designed to support spinal alignment.'” Many
reports have indicated that CPC leakage outside a fractured
vertebral body might induce common complications such as
pulmonary embolism, nerve damage, and even death.'”*° To
the best of our knowledge, thus far only a Vessel-X filling
container (A-Spine Asia Co., Ltd,, Taiwan, China)®' and an
expandable metallic stent”” have been designed to decrease the
leakage of PMMA bone cement. However, these devices have
mesh sizes of 100-ym and millimeter levels, respectively.
Therefore, they cannot prevent the water-induced collapsibility
of CPC. To improve the mechanical properties of CPC, the
incorporation of high-strength biomaterials into CPC has been
widely explored. The incorporation of chitosan lactate™ and
collagen®” into CPC was explored as a method of increasing its
mechanical properties. The addition of electrospun poly(lactic
acid) and poly(lactic-co-glycolic acid) fibers maintained the
mechanical properties of CPC—gelatin cements for longer
periods of time.”> However, the mechanical properties of the
incorporated CPC were still not sufficient to ensure CPC
application in load-bearing bones. This is largely due to the
poor structural interface that exists between the hydrophobic
polymer and the hydrophilic mineral.

To minimize the water-induced collapsibility of CPC and
increase its mechanical properties, we recently developed novel
biodegradable electrospun nanofibrous poly(p,L-lactic acid—e-
caprolactone) [P(DLLA—CL)] balloons (ENPBs) using an
electrospinning technique.”® P(DLLA—CL) is composed of a
biodegradable copolymer of p,L-lactic acid and e-caprolactone.
The purpose of using ENPBs as CPC-filled containers is not to
address the poor structural interface that exists between the
hydrophobic polymer and the hydrophilic mineral but rather to
exploit the increase in the amount of pressure applied to CPC
by inhibiting the disordered flow of CPC in the presence of an
encapsulating balloon prior to its solidification. Electrospun
nanofibrous P(DLLA—CL) scaffolds had a good tensile ability.
ENPBs can be inflated if CPC is injected into it. Therefore, an
ENPB can be designed as a CPC container to restore the height
of a fractured vertebral body. Our previous in vitro results
initially showed that the ENPBs could separate the CPCs from
surrounding bone tissues and that they could degrade in
degradation solutions. Moreover, in vitro results have shown
that the ENPB-CPC (ENPB as the CPC filling container) has
sufficient load-bearing ability to restore the height of a fractured
vertebral body. However, although systematic comparisons
between the in vitro and in vivo behaviors of ENPBs are
important before they are evaluated in the clinic, such
comparisons were not made in our previous work.

Polymer materials have been widely used as biomedical
materials.”” ' Many synthetic polymer biomaterials similar to
P(DLLA-CL), such as PDLLA,**™* PLGA,***’” P(LLA-

CL),38 and PCL,>**** have been assessed in vivo to determine
their behaviors in the bone microenvironments of
sheep,32’33’35’36 rabbit,***” and pig."'g_40 However, there have
been no reports evaluating the in vivo behaviors of P(DLLA—
CL) biomaterials in bone microenvironments thus far.
Therefore, an in vivo evaluation of ENPB scaffolds in bone
microenvironments will not only validate the potential clinical
application of using ENPBs as CPC-filled containers but also
benefit the development of a P(DLLA—CL)-based medical
implant in the future.

2. MATERIALS AND METHODS

2.1. Materials. All of the general chemicals that were used in this
work were of analytical grade and were bought from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). The block copolymer
of P(DLLA—CL) (70:30) was bought from Jinan Daigang Biomaterial
Co., Ltd. (Shandong, China) and had an inherent viscosity of 2.3 dL/
g. Commercial CPC was bought from Shanghai Rebone Biomaterials
Co., Ltd. (Shanghai, China). Commercial CPC has a powder
component (calcium phosphate salts) and a curing liquid component.
CPC was sterilized with epoxy ethane and packaged by the company.
According to the instructions included with the commercial CPC, the
setting time is 3—20 min and the compressive strength of the fully
solidified CPC is approximately 35 MPa. Simulated body fluid was
prepared according to previous works, using the following
solution:*"** 50 mM Tris base, 137 mM NaCl, 4 mM NaHCO,, 3
mM KCl, 1 mM K,HPO,, 1.5 mM MgCl,, 2.5 mM CaCl,, and 0.5 mM
Na,SO,, pH 7.4. Lipase from pig pancreas and proteinase K from
Tritirachium album Limber were purchased from Jianglai Biotech Co.,
Ltd. (Shanghai, China) and Merck (Mannheim, Germany),
respectively, and then dissolved in 10 mM phosphate-buffered saline
(PBS). Fresh human serum was obtained from the Department of
Clinical Laboratory, Jinan Military General Hospital (Jinan, Shang-
dong, China).

2.2. P(DLLA—CL) Nanofiber and ENPB Fabrication. P(DLLA—
CL) was dissolved in a dichloromethane—dimethylformamide (7:3, v/
v) solution at a concentration of 6 wt % at 30 °C. Using a custom-
designed electrospinning instrument, P(DLLA—CL) nanofibers were
prepared and collected on a rotating titanium alloy mold to prepare
the ENPBs (Figure 1A) according to our previous work.” Briefly, a 10
mL glass syringe filled with P(DLLA—CL) solution was fitted with a
needle and placed on a KDS-200 syringe pump (Stoelting Co., Wood
Dale, IL). The tip diameter of the needle was 0.9 mm. An applied
voltage of 9—13 kV was produced using a high-voltage power supply
(Teslaman HVPS Co., Ltd., Dalian, Liaoning, China). The feeding rate
was approximately 0.3 mL/h. The rotating speed of the titanium alloy
molds was 10—20 rpm. The collecting distance between the titanium
alloy mold and the needle tip was approximately 10—1S5 cm. The
ENPBs with a thickness of 0.15—0.20 mm were chosen for further
research. The prepared ENPBs were dried under vacuum for 12 h and
then stored in 1.5 mL centrifuge tubes at room temperature. The
stocked ENPBs were soaked in medical-grade sterile water for 30 min
prior to further in vitro study. The stocked ENPBs were packaged in a
hermetically sealed container and sterilized by Co-60 y irradiation for
in vivo study.

2.3. In Vitro Simulated Degradation Experiments. Five types
of degradation solutions were used to study the in vitro degradation
behaviors of ENPBs: simulated body fluid (SBF), a 100 U/L lipase
solution, a 3000 U/L lipase solution, a 20 mg/mL proteinase K
solution, and fresh human serum. All of these solutions were filter-
sterilized using 0.2 um filters.

The ENPBs were cut into round ENPB scaffold patches weighing
approximately 15 mg each. The cut ENPB scaffold patches were placed
in a 50 mL test tube containing 20 mL of the degradation solution and
incubated on a shake at 100 rpm at 37 °C for 42 days. The incubated
degradation solutions were changed once weekly. At the designated
time points, the ENPB scaffolds were taken out, washed three times
with 40 mL of ultrapure water, and then dried under vacuum for 12 h.
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After these dried ENPB scaffold patches were weighed, their
degradation rates (DRs) could be calculated according to eq 1.

DR (%) = [(W, — W)/W,] X 100% (1)

where W, and W, are the weights of the dried ENPB scaffold patches
before and after degradation, respectively. Morphological changes of
the ENPB scaffold patches during the overall degradation process were
visualized by scanning electron microscopy (SEM; Hitachi S-4800,
Tokyo, Japan) at an accelerated voltage of 10 kV.

To measure the changes in the tensile properties of the material at
different degradation times, ENPBs were formed on a round titanium
alloy stick with a diameter of 10 mm. Then, the ENPBs were taken out
and longitudinally cut into halves. Each half was cut into a test
specimen with a length of 150 mm, a width of 10 mm, and a thickness
of approximately 1 mm. The cut ENPB scaffold specimens were
incubated in fresh human serum on a shake at 100 rpm at 37 °C. The
incubated degradation solutions were changed once weekly. At the
designated time points, ENPB specimens were taken out, washed three
times, and then dried under vacuum for 12 h. Their tensile properties
were measured using a universal testing machine (HY0230, Shanghai
Hengyi Testing Instruments Co., Ltd., Shanghai, China) according to
ISO 527-3:199S. The initial distance between grips was 100 mm, and
the gauge length was 25 mm. The strain rate was 100 mm/mm. The
tests were performed at room temperature (25 °C) and about 55%
relative humility. Three parallel test specimens were investigated in
this study.

2.4. Cell Culture on ENPB Scaffold Patches. Three types of cell
lines were employed to study the in vitro cell biocompatibility of
ENPB scaffold patches: mouse osteoblasts (MC 3T3-El), human
osteosarcoma cells (MG-63), and mouse embryonic fibroblasts (NIH
3T3). The cell lines were purchased from the Chinese Academy of
Sciences (Shanghai, China). All of the cells were cultured in a cell
culture medium in an incubator at 37 °C under a humidified 5.0% CO,
atmosphere. The MC 3T3-El cells were cultured in MEM-a (Gibco,
Carlsbad CA) with 10% fetal bovine serum (FBS; Gibco, Carlsbad,
USA). The MG-63 and NIH 3T3 cells were cultured in Dulbecco’s
modified Eagle’s medium (Gibco, Carlsbad, CA).

To prevent the cells from adhering onto the surfaces of 48-well
tissue culture plates (TCPs), the TCPs were coated with 1.2% agarose.
The ENPB scaffold patches were sterilized using a 75% (v/v) ethanol
solution and then washed three times with 10 mM PBS. The ENPB
scaffold patches were placed on the TCPs with agarose and pressed
down using a hollow cylinder to prevent them from floating. The cells
were cultured for 1, 4, and 7 days.

2.5. Confocal Laser Scanning Microscopy (CLSM) Observa-
tion of Cell Proliferation on ENPB Scaffold Patches. The
distribution patterns of the three cell lines on the ENPBs were
observed by CLSM (Leica, TCS SPS, Mannheim, Germany). Briefly,
the cells on the ENPB scaffold patches were fixed in PBS with 4%
paraformaldehyde for 20 min. Then, they were washed three times
with PBS and immersed in PBS containing 0.5% Triton X-100 for 20
min. After permeabilization, the cells on the ENPB scaffold patches
were washed three times with PBS and incubated in PBS with 5% FBS
to block any nonspecific binding sites. Sequentially, they were
incubated with Alexa Fluor 594 phalloidin (Life Tech, Grand Island,
NY) for 30 min and 4',6-diamidino-2-phenylindole (DAPI; Life Tech,
Grand Island, NY) for S min at room temperature to stain the actins
and cell nuclei, respectively. Finally, the distribution patterns of the
staining in the cells on the ENPB scaffold patches were observed by
CLSM.

2.6. SEM Observation of Cell Proliferation on ENPB Scaffold
Patches. Morphological studies of in vitro cultured cells on the ENPB
scaffold patches were performed using SEM (Hitachi S-4800, Tokyo,
Japan). Briefly, the cells on the ENPB scaffold patches were washed
three times with PBS to remove the culture medium and any
unattached cells. Then, the cells were fixed in PBS with 5%
glutaraldehyde for 12 h. The cells on the ENPB scaffold patches
were dehydrated in an ethanol—water solution at a series of
concentrations for 15 min, including concentrations of 30%, 50%,
70%, 90%, and 100% (v/v). Subsequently, the cells on the ENPB

scaffold patches were dried under vacuum for 4 h to remove residual
ethanol. Finally, the morphology of each cell type on the ENPB
scaffold patches was observed by SEM at an accelerated voltage of 10
kv.

2.7. CCK-8 Assay of Cell Proliferation on ENPB Scaffold
Patches. The cell viability on the ENPB scaffold patches was assessed
using a cell counting kit-8 (CCK-8 Kit, Boya Biotech, Beijing,
China).* Briefly, the culture medium was removed, and 450 uL of a
medium containing 10% FBS and SO uL of a CCK-8 solution was
added into each well. The patches were incubated at 37 °C for 2 h, and
100 pL aliquots of supernatant were transferred into a 96-well plate.
The absorbance was measured at 450 nm using an Infinite FS0
microplate reader (TECAN, Switzerland). The absorbance was
corrected by subtracting the absorbance of a mixture of 90 uL of a
medium containing 10% FBS and 10 L of CCK-8. For each group, six
parallel experimental samples were used to assess the cell viability in
this study.

2.8. Implantation of CPC or ENPB-CPC into Rabbit
Thighbones. In this work, healthy New Zealand white rabbits with
an age of 4 months and a weight of 2—2.5 kg were employed as animal
models. A total of 48 rabbits (from the Animal Center in Jinan Military
General Hospital) were randomly divided into two groups: (a) an
ENPB-CPC group and (b) a CPC implantation group, which served as
a control. CPC collapsibility occurred in 3 rabbits in the CPC group
during surgery, which resulted in the death of the rabbits. Therefore,
another 3 rabbits were added to the CPC group. The use of the rabbits
and the experimental procedures in this study were approved by the
Jinan Military General Hospital’s Animal Care and Use Committee
[No. SCXK(Lu)2010-0005].

The rabbits were anaesthetized, and the areas to be used for the
surgeries were disinfected. Then, the biomaterials were implanted into
the left thighbone of the animals (Figure 4A) by a minimally invasive
surgical technique, which was monitored by digital subtraction
angiography (DSA, GE, INNOVA 4100, USA). The ENPB-CPC
implantation process was performed as follows. The rabbit thighbone
was punctured via a skin incision trocar with a diameter of 4.0 mm
(Figure 4B,C). The trocar needle was withdrawn and a bone drill was
placed in to drill a circular hole as a working channel (Figure 4D). The
bone drill was then withdrawn. The ENPBs were tied onto a balloon
delivery tube and then delivered into the rabbit thighbone via the
working channel (Figure 4E). CPC was prepared by mixing a liquid
component and a powder component until a paste with a high
viscosity was formed. The cement was loaded into a bone cement
perfusion apparatus. Then, CPC was injected into the ENPBs using a
pump. The inflation of the ENPB-CPCs was monitored by digital
subtraction angiography (DSA; Figure 4F—1]J—M). Finally, the end of
each ENPB-CPC was sealed by slow rotation of the balloon delivery
tube. After that, the instruments were withdrawn. No CPC leakage
outside of the ENPB was observed by DSA. The CPC implantation
process was similar to that of the ENPB-CPC.

2.9. Implantation of CPC or ENPB-CPC into Pig Vertebrae. In
this work, pigs with an age of 4 months and a weight of 80—100 kg
were employed as an animal model. A total of 6 pigs were obtained
from the Animal Center in Jinan Military General Hospital and the
L2—LS vertebrae of every pig were randomly divided into two groups:
(a) an ENPB-CPC group and (b) a CPC implantation group, which
served as a control. The use of the pigs and the experimental
procedures in this study were approved by the Jinan Military General
Hospital’s Animal Care and Use Committee [No. SCXK(Lu)2010-
0005].

The animals were anaesthetized, and the surgery sites were
disinfected. Minimally invasive surgery was performed and monitored
by DSA (GE, INNOVA 4100, USA). A postimplantation surgical site
is shown in Figure 6A. The surgical process occurred as follows. The
pig vertebrae were punctured using a skin incision trocar with an outer
diameter of 4.0 mm (Figure 6B). The trocar needle was withdrawn
and a bone drill was placed in to drill a circular hole with a diameter of
4.0 mm as a working channel (Figure 6C). For the CPC group, the
bone drill was withdrawn, and CPC was directly injected into the
vertebra, after which the instruments were withdrawn, and dispersed
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throughout the vertebra, as shown in a representative L4 vertebra in
Figure 6D,E. For the ENPB-CPC group, the bone drill was withdrawn,
and the ENPBs were tied onto a balloon delivery tube and then
delivered into the vertebra via the working channel. Following this,
CPC was injected into the ENPBs using a pump, as shown in a
representative LS vertebra in Figure 6D. The end of the ENPB-CPC
was sealed by slow rotation of the balloon delivery tube. After that, the
instruments were withdrawn, and CPC was restrained within the
ENPB (Figure 6E), as was the case in the rabbit left thighbone.

2.10. X-ray Observation. Soft X-ray observation was performed
using a Siemens Luminos Select X-ray. The observation was made
using a standard projection on the operated limb, and the operational
parameters were 43 kV, 2 mA, and 1.5 s.

2.11. Computed Tomography (CT) Imaging. At designated
time points after implantation, the distribution of CPC within the
rabbit thighbones or pig vertebrae was radiographically examined by
CT (Toshiba, Aquilion 16 CT, Tokyo, Japan) at 120 kV and 150 mA
for 750 ms.

2.12. Histological Analysis. At designated time points, the rabbits
or pigs were sacrificed, and the implantation segments were cut. The
bone tissues were fixed with 4% paraformaldehyde for 24 h and
washed with water for 12—24 h. Then, the fixed samples were
dehydrated with a series of ethanol—water solutions (70%, 75%, 80%,
85%, 90%, 95%, and 100%) for 24 h per solution change.
Subsequently, the samples were immersed in xylene for 2 h and
embedded in PMMA. Longitudinal sections were cut to approximately
150 um thickness using microtomes (SP1600, Leica, Heidelberg,
Germany) equipped with sturdy tungsten carbide knives and
subsequently ground and polished to a final thickness of approximately
40 pm. The thin sections of bone were then subjected to Van Gieson
staining by picric acid magenta and observed using optical microscopy
(Leica, DMI 4000B, Mannheim, Germany).

2.13. Statistical Analysis. The data are shown as the mean value
+ standard deviation (SD) of the parallel experiments. Statistical
comparisons were carried out using Student’s t test. p < 0.05 was
considered to be significant.

3. RESULTS

3.1. P(DLLA—CL) Nanofibers and ENPB Fabrication. An
appropriate titanium alloy mold (Figure 1A, upper part) was

Figure 1. ENPB fabrication and SEM observations of P(DLLA—CL)
nanofibers. (A) Fabrication of ENPBs: (al) titanium alloy mold; (a2)
ENPB formed on the titanium alloy mold; (a3) taken-down ENPB.
(B) SEM micrograph of electrospun nanofibers in ENPBs.

applied to collect the P(DLLA—CL) nanofibers. The ENPBs
were formed on the titanium alloy mold (Figure 1A, middle
part). The ENPBs with a thickness of 0.15—0.2 mm were
chosen and taken down from the titanium alloy mold.
Compared with the ENPBs on the titanium alloy mold, the
taken-down ENPBs showed some degree of shrinkage (the
lower part of Figure 1A). As shown in Figure 1B, the ENPB
scaffolds typically exhibited smooth and randomly distributed
nanofibrous structures with a mean diameter of 371 + 98 nm
(n = 50).

3.2. In Vitro Biodegradation Behavior of ENPBs in
Simulated Degradation Solutions. The physical and
chemical properties of human serum are separated from the
tissue microenvironment, which contains abundant lipases and
other bioactivities. The lipase concentration in human serum is
0—160 U/L.** In some pathological conditions, the lipase
concentration can be as high as 3000 U/ L.* Proteinases also
play pivotal roles in bone resorption and bone formation.***’
Therefore, five types of degradation solutions were used to
study the in vitro degradation behaviors of ENPBs: SBF, a 100
U/L lipase solution, a 3000 U/L lipase solution, a 20 mg/mL
proteinase K solution, and fresh human serum.

During the ENPB degradation process in fresh human serum,
tiny cotton-like fragments appeared in the degradation
solutions. The ENPB DR can be monitored by measuring the
weight loss using an analytical balance.***’ The ENPB scaffold
patches showed signs of degradation, and their DRs increased
with time, as shown in Figure 2A. ENPB scaffold patches kept
in a solution of SBF without a bioactivator (e.g., enzymes) had
the lowest DR: they exhibited an approximate 15% DR at day
42. Faster DRs were shown in the other four degradation
solutions, which contained bioactivators. The order of the final
DRs for ENPBs in the five degradation solutions was as follows:
a 3000 U/L lipase solution > human serum &~ a 20 mg/mL
proteinase K solution > a 100 U/L lipase solution > SBF. This
order indicated that lipases might be the major degradation
enzymes for ENPBs and that the DR could be regulated by the
amount of lipases present.

ENPBs in human serum (Figure 2B) also exhibited
morphological changes, as observed by SEM. At day 1, the
ENPB scaffolds exhibited typical smooth and randomly
distributed nanofibrous structures with a mean diameter of
356 + 78 nm (n = S0), which was almost the same as that of
untreated ENPB scaffolds (Figure 1B). With time, the
P(DLLA—CL) nanofibers interblended. Finally, any remaining
poriferous features were completely replaced with original
nanofibers at day 42. Therefore, during degradation of the
ENPBs, the ENPB nanofibers interblended with each other.

The tensile properties of ENPBs in fresh human serum as a
function of the degradation time are shown in Figure 2C,D.
Both the tensile strain at break (%) and the tensile stress at
break (MPa) decreased with time. The trends are consistent
with those observed in a lipase solution.”® Moreover, they
showed significant decreases (p < 0.05) after day 14, which
might have resulted from polymer degradation (Figure 2A).

3.3. In Vitro Cell Biocompatibility Measurements of
ENPB Scaffolds. To investigate the in vitro cell biocompat-
ibility of ENPBs, three cell lines were employed: human
osteosarcoma cells (MG63), mouse osteoblasts (MC 3T3-El1),
and mouse embryonic fibroblasts (NIH 3T3).

Using CLSM, the amounts and distributions of cells grown
on the ENPB scaffolds could be clearly observed (Figure 3A).
As judged by the number of nuclei (indicated in blue), the cell
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Figure 2. In vitro biodegradation behaviors of ENPB scaffolds in simulated degradation solutions at 100 rpm at 37 °C. (A) DR over time following
incubations in five simulated degradation solutions: SBF, a 100 U/L lipase solution, a 3000 U/L lipase solution, a 20 mg/mL proteinase K solution,
and fresh human serum. The DR was calculated according to eq 1. *: p < 0.0S. (B) SEM micrographs of ENPB scaffolds after incubation in fresh
human serum. (C) Tensile strain at break of ENPBs (%) over time following incubation in fresh human serum. *: p < 0.0S. (D) Tensile stress at
break (MPa) of ENPBs over time following incubation in fresh human serum. *: p < 0.05.
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Figure 3. In vitro cell biocompatibility assays of ENPB scaffolds with MG63, MC 3T3-El, and NIH 3T3 by CLSM observation and CCK-8 assay.
(A) CLSM observation of cells grown on ENPB scaffolds on different incubation days. Nuclei are indicated in blue. Actin is indicated in red. The
enlarged-view images correspond to the rectangles in the CLSM images taken on day 4. (B) CCK-8 assays of cell proliferation on ENPB scaffolds
versus on TCPs. Inoculum cell density: 1 X 10* cells/well. Six parallel experiments for each sample (n = 6).
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Figure 4. Implantation of ENPB-CPC and in vivo separation behaviors in rabbit thighbone. (A—M) Implantation of ENPB-CPC under DSA. (A)
Ilustration of the surgical site on the left thighbone of a rabbit. (B) Digital camera image of a punctured left rabbit thighbone made via a skin incision
trocar with a diameter of 4.0 mm. (C) DSA image of the skin incision trocar in the punctured left rabbit thighbone. (D) DSA image of a bone drill in
the skin incision trocar for drilling a circular hole as a working channel. (E) DSA image of a balloon delivery tube carrying ENPB in the skin incision
trocar. (F—I) DSA images of ENPB inflation during the process of CPC injection. (J—M) Enlarged-view images from parts F—I, respectively. Red
dashed ovals indicate ENPB inflation during CPC injection. (N) In three rabbits of the CPC group, collapsed CPC diffused into the inferior vena
(indicated by the white arrow) via the iliac veins during CPC injection into the left rabbit thighbone. (O) CT images of CPC in an ENPB and CPC
in rabbit thighbone on day 1. The CPC in the ENPB possesses a white rectangular shape (indicated by the blue circle). The CPC with no ENPB
shows a dispersed and irregular shape (indicated by the red circle). The white scale bars at the right-bottom corner indicate 2 cm.

lines exhibited distinct growth patterns on the ENPB scaffold
patches over time, and after 7 days of incubation, the cells
almost completely covered the ENPB scaffold patches.
According to actin staining (indicated in red), the ENPB
scaffold patches did not obviously affect the cell shapes: the
MG63 and MC 3T3-El lines were irregularly shaped, while the
NIH 3T3 cells were spindle-shaped. These results demon-
strated that the ENPB scaffolds did not hinder the cell
proliferation and did not change the cell shape.

The activities of cells grown on the ENPB scaffolds and those
grown on TCPs were studied by CCK-8 assay after 1, 4, and 7
days of incubation (Figure 3B). There were no differences in
the signals corresponding to the ENPB scaffolds and the TCPs
for any of the cell lines (p > 0.05). The CCK-8 assay
quantitatively showed that the ENPB scaffolds fostered good
cell proliferation ability for all three types of cells.

The morphologies of the cells grown on the ENPB scaffolds
were observed by SEM, as shown in Figure S1. The three cell
lines exhibited distinct growth patterns on the ENPB scaffold
patches over time, and after 7 days of incubation, the cells
almost completely covered the ENPB scaffolds, which is
consistent with the CLSM results (Figure 3A). The cells did
not produce an obvious effect on the ENPB nanofibers, even
after 7 days of incubation. In addition, the ENPB scaffold
patches did not obviously affect the cell shapes: the MG63 and
MC 3T3-El cells were irregularly shaped, whereas the NIH

3T3 cells were spindle-shaped. These results are also consistent
with the CLSM results.

In summary, three different cell lines proliferated well on the
ENPB scaffolds, and no obvious differences were observed
between them. Therefore, ENPBs possess good in vitro
cytocompatility for the MG63, MC 3T3-El, and NIH 3T3
cell lines.

3.4. Implantation of CPC or ENPB-CPC into Rabbit
Thighbones. Under DSA, either ENPB-CPC or CPC was
implanted into the left thighbone marrow cavities of rabbits
using minimally invasive surgery, as shown in Figure 4. To
evaluate the in vivo behaviors of ENPBs, commercial CPC was
used in this work. Although the ENPBs were not visible, CPC
was visible under DSA. The inflation of the ENPBs during the
process of CPC injection was clearly observed (Figure 4F—I]J—
M), which demonstrated that the CPC was restrained within
the ENPBs. CPC collapsibility occurred in approximately 11%
(3/27) of the rabbits during surgery. The collapsed CPC
diffused into the inferior vena (indicated by a white arrow in
Figure 4N) via the iliac veins during CPC injection into the left
rabbit thighbone, which resulted in the death of the rabbits.
Therefore, the ENPBs are capable of separating CPC from the
surrounding bone microenvironments and can minimize the
water-induced collapsibility of CPC.

At 24 h after surgery, the left rabbit thighbones were
observed using CT, as shown in Figure 40. In the CT scans,
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CPC in ENPB CPC

CPC in ENPB

CPC in ENPB

Month 6

Figure S. In vivo effects caused by ENPB-CPC or CPC implantation into rabbit thighbone. (A) X-ray images of rabbit thighbones at 1, 3, and 6
months postimplantation. The white areas in the rabbit thighbone marrow cavity are CPC. (B) CT images of rabbit thighbones at 1, 3, and 6 months
postimplantation. The white areas in the rabbit thighbone marrow cavity are CPC. (C) Histological observation of rabbit thighbones at 1, 3, and 6
months postimplantation: Bo, bone; NB, new bone; BT, bone trabecula. The green dashed lines indicate the edges between the bone and the ENPB.
The blue dashed lines indicate the edges between the CPC and the ENPB. The blue arrows indicate the gaps formed by CPC degradation (body-
fluid-induced collapsibility). The red dashed circle indicates new bone that formed and entered into the ENPB. The green arrows indicate the

collapsed bone trabeculas. The blue scale bars are 200 ym.

CPC present within the ENPB exhibited a white rectangular
shape measuring approximately 9 mm X 6 mm (length X width,
indicated by the dashed blue circle in the image). Free CPC
(not in an ENPB) had a dispersed and irregular shape
(indicated by the dashed green circle in the image). The CT
results showed that ENPBs could separate CPC from the
surrounding bone microenvironments in vivo, which is
consistent with the DSA results (Figure 4F—LJ—M).

3.5. In Vivo Behaviors of CPC and ENPB-CPC in Rabbit
Thighbones. At 1, 3, and 6 months after surgery, X-ray
observation, CT observation, and histological analyses were
employed to assess the in vivo behaviors of the CPC group
versus the ENPB-CPC group in the rabbit left thighbone, as
shown in Figure S.

For the CPC group, the X-ray and CT images at 1 month
showed that CPC was present in cortical bone. The X-ray and
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CT images showed that CPC degraded with time (Figure
SA,B). The histological image at 1 month showed that some
gaps formed in the area around the CPC (indicated by blue
arrows), which might be a result of CPC degradation (body-
fluid-induced collapsibility). In addition, new bone formed and
integrated into the CPC area over time. Some gaps were still
apparent in the CPC area, as indicated by blue arrows. These
results implied that the CPC degradation speed was greater
than the speed of new bone formation in the rabbit thighbone
marrow cavity, which is consistent with previous results from
CPC implantation into the vertebral body.*’

For the ENPB-CPC group, the X-ray and CT images showed
that ENPB-CPC was present in cortical bone. Moreover, the
degradation of ENPB-CPC was less than that of CPC group
(Figure SA,B). Histological image analysis at 1 month showed
ENPBs with ring features separating the bone and the CPC,
and the rings curved toward the CPC. These results also
confirmed that CPC was restrained by the ENPBs. All of the
bone trabeculas surrounding the ENPBs were collapsed
(indicated by green arrows), which demonstrated that ENPB-
CPC exerted pressure on the surrounding bone microenviron-
ment. In addition, almost no gaps were present in the CPC
area, which might be a result of the space constraint imposed by
the ENPBs. By month 3, the ENPB scaffolds had degraded and
new bones (indicated by the red dashed circle) formed that had
taken in the ENPBs. By month 6, the ENPB scaffolds
disappeared, which was consistent with the X-ray and CT
images. Compared with CPC implantation, ENPB-CPC
exerted more pressure on the surrounding bone microenviron-
ment, enough to crush trabecular bone. Moreover, the use of
ENPBs as CPC-filled containers delayed the CPC degradation
(body-fluid-induced collapsibility).

3.6. Implantation of CPC or ENPB-CPC into Pig
Vertebrae. Under digital DSA, ENPB-CPC or CPC was
implanted into L2—L5 pig vertebrae using minimally invasive
surgery, as shown in Figure 6. As shown in Figure 6B—D,
ENPB-CPC and CPC were implanted into LS and L4
vertebrae, respectively. In the ENPB-CPC group, the inflated
ENPB-CPC was spindle-shaped and had a diameter of 6.7 +
0.5 mm (n = 6; LS vertebra in Figure 6D,E), which was larger
than the inner diameter of the working channel (4.0 mm). This
suggested that the inflated ENPB could exert pressure on and
crush the surrounding trabecular bone. In the CPC group, the
CPC was randomly dispersed and had a diameter of 8.2 + 0.8
mm (n = 6; L4 vertebra in Figure 6D,E), which was larger than
the inner diameter of the working channel (4.0 mm) and the
diameter of the inflated ENPB-CPC (6.7 + 0.5 mm). This
suggested that CPC was dispersed into the surrounding
trabecular bone and that the ENPBs could separate CPC
from the surrounding bone microenvironments.

3.7. In Vivo Behaviors of CPC and ENPB-CPC in Pig
Vertebrae. CT scanning (Figure 7A—D) and histological
analyses (Figure 7E—H) were employed to assess the in vivo
behaviors of the CPC and ENPB-CPC groups in pig vertebrae.

In the CPC group, CT scanning showed that CPC
collapsibility occurred in approximately 1 out of 12 pig
vertebrae at 1 month after surgery (indicated by the yellow
arrow in Figure 7A). The CPC dispersed throughout the pig
vertebrae (L2 and L4 vertebrae in Figure 7B) at 3 month after
surgery. Finally, both the CPC and the working channels
disappeared, and the treated vertebrae (Figure 7C) showed no
obvious differences from the untreated vertebrae (Figure 7D).
Histological images showed that the working channel (the

Figure 6. Implantation of ENPB-CPC or CPC into pig vertebrae. (A)
Digital image of the surgical area after the implantation. (B) Placement
of the skin incision trocar in the L4 and LS vertebrae. (C) The bone
drill was placed in the skin incision trocar to drill a circular hole to
serve as a working channel in the L4 vertebra. The needle of the skin
incision trocar in the LS vertebra was removed. (D) CPC dispersed in
L4 vertebra after CPC injection and removal of the skin incision
trocar. CPC injection into an ENPB, which is tied onto a balloon
delivery tube in the LS vertebra. (E) ENPB-CPC in the LS vertebra
after CPC injection and removal of the balloon delivery tube and the
skin incision trocar. The outer diameter of the skin incision trocar
(indicated by white arrows) was 4 mm.

empty circle area indicated by a black asterisk in Figure 7G)
disappeared at 6 month after surgery (Figure 7H). Therefore,
although CPC collapsibility was uncontrollable, the CPC group
showed good new bone formation ability.

In the ENPB-CPC group, CT scanning showed that the CPC
area increased with time (L3 and LS vertebrae in Figure 7A,B),
which implied that ENPB degraded and CPC dispersed into
the trabecular bone. Finally, both CPC and the working
channels disappeared, and the treated vertebrae (Figure 7C)
showed no obvious difference from the untreated vertebrae
(Figure 7D). The CPC area in the ENPB-CPC group was less
than that in the CPC group at 3 month after surgery, which
suggested that ENPB delayed CPC degradation. Histological
images showed that the working channel (the empty circle area,
indicated by a black asterisk in Figure 7E) disappeared by 6
month after surgery (Figure 7F). Therefore, the ENPB-CPC
group showed good new bone formation ability. It should be
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Figure 7. In vivo effects caused by ENPB-CPC and CPC implantation in pig vertebrae. (A—C) CT images of pig vertebrae at 1, 3, and 6 months
postimplantation. The yellow arrow indicates an empty working channel without CPC, which implied CPC collapsibility. L2 and LS indicate L2
vertebrae and LS vertebrae, respectively. (D) CT image of pig vertebrae after 6 months in a culture without implantation. (E and F) Histological
observation of pig vertebrae at 3 and 6 months postimplantation in the ENPB-CPC group. The black asterisk indicates the working channel. The
white arrows indicate bone trabecula. The black arrows indicate bone cortex. (G and H) Histological observation of pig vertebrae at 3 and 6 months
postimplantation in the CPC group. The black asterisk indicates the working channel. The white arrows indicate bone trabecula. The black arrows

indicate bone cortex.

noted that the bone trabeculas formed a round circle around
the ENPB by 3 month after surgery, which was not observed in
the CPC group. This suggusted that new bone formed around
the ENPB, which might have resulted from the release of
calcium from the CPC in the ENPB to the trabecular bone.

4. DISCUSSION

To explore the use of CPC in the treatment of VCFs, we
recently developed ENPBs using an electrospinning techni-
que.” Before moving to clinical application, the in vitro and in
vivo behaviors of the ENPBs were systematically evaluated in
this work. This work will also be of benefit to the development
of polymer-based medical implants in the future.

4.1. In Vitro and in Vivo Separation Behavior of
ENPBs. Our previous in vitro work showed that ENPBs could
be inflated by injection of CPC and could separate CPC from
the surrounding ambient environment.”® In this work, the in
vivo observation of ENPB-CPCs showed that the ENPBs
separated CPC from the surrounding bone microenvironments
in rabbit thighbones (Figure 4) and pig vertebrae (Figure 6).
Without the use of ENPB, CPC could occasionally collapse and
diffuse into the inferior vena (indicated by the white arrow in
Figure 4N) in rabbit thighbones. Moreover, CPC collapsibility
in the CPC group also occasionally occurred in pig vertebrae at
1 month after surgery (indicated by the yellow arrow in Figure
7A). Therefore, ENPBs delayed the in vivo CPC degradation
(body-fluid-induced collapsibility) in rabbit thighbones and pig
vertebrae. These results confirmed that ENPBs could separate
CPC from the surrounding bone microenvironment in vitro
and in vivo and therefore could prevent the water-induced
collapsibility of CPC and minimize CPC leakage in vivo.

4.2. Pressure Exerted by ENPBs on the Surrounding
Bone Microenvironment in Vitro and in Vivo. The load-
bearing ability of an ENPB filled with CPC in restoring the
height of a fractured vertebral body depends on both the
mechanical properties of the CPC and the burst pressure of the
ENPB. If the ENPB does not burst during CPC injection into
ENPB, then it will become inflated and restore the height of the
fractured vertebral body before CPC solidifies to stabilize the
height restoration. If an ENPB has a low burst pressure and
therefore bursts during CPC injection, then CPC will distribute
in trabecular bone, and the height of the fractured vertebral
body cannot be restored. Our previous work demonstrated that
ENPB-CPC had a high average burst pressure of 15.2 + 0.8 atm
in vitro.”® The average inflation pressure of commercial
inflatable bone tamps to restore the fractured vertebral body
height is 9 atm (range 5—17 atm).”® Therefore, theoretically,
the ENPBs satisfied the load-bearing ability required for the
treatment of VCFs. The inflated ENPB-CPC could exert
pressure on the surrounding materials when more and more
CPC was injected into the ENPBs. In this work, an in vivo
histological observation of rabbit thighbone showed that the
bone trabeculas were destroyed by ENPB-CPC (indicated by
the green arrows in Figure 5). The in vivo implantation process
in pig vertebrae also showed that the inflated ENPB-CPC was
spindle-shaped and had a larger diameter than the working
channel (Figure 6), which suggested that ENPB-CPC could
exert enough pressure to crush the surrounding trabecular
bone. This is a desired outcome for an ENPB-CPC because the
crushed bone trabeculas can provide space for the inflated
ENPB. Therefore, the ENPB-CPC exerted pressure on the
surrounding bone microenvironment in rabbit thighbones and
pig vertebrae. This finding also implied that ENPB-CPCs have
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Figure 8. Proposed mechanisms behind the in vivo effects caused by ENPB-CPC and CPC implantation in rabbit thighbone (A) and pig vertebrae
(B): TMC, thighbone marrow cavity; Bo, bone; BT, bone trabecula; BC, bone cortex; WC, working channel; CBT, crushed bone trabecula; G, gaps
formed by CPC degradation. (1—4) Possible in vivo process of ENPB-CPC in rabbit thighbone. (5 and 6) Possible in vivo process of CPC in rabbit
thighbone. (7 and 8) Possible in vivo process of ENPB-CPC in pig vertebra. (9 and 10) Possible in vivo process of CPC in pig vertebra.

load-bearing ability in vivo and therefore might be able to
restore the height of a fractured vertebral body. However, the
pressure in vivo depends on several factors, such as the sealing
condition of the ENPBs and the amount of CPC that is filled
into the container. Thus, knowing an exact and actual pressure
could provide more detailed information regarding the
biomechanical characteristics involved in crushing the trabecula.
The sealing method in this work is not desirable when high
pressure is needed to restore the height of a fractured vertebral
body. Therefore, it is necessary to develop sealing devices that
can improve the sealing conditions.”’

4.3. In Vitro and in Vivo Degradation Behavior of
ENPBs. In this work, the results from in vitro degradation
experiments showed that ENPBs could be degraded in several
simulated degradation solutions (Figure 2A). The order of the
final DRs for ENPBs in the S tested degradation solutions was
as follows: a 3000 U/L lipase solution > human serum = a 20
mg/mL proteinase K solution > a 100 U/L lipase solution >

18549

SBE. Moreover, during ENPB degradation, the ENPB nano-
fibers interblended over time (Figure 2B), which might have
induced the decreases in their tensile strain at break (Figure
2C) and tensile stress at break (Figure 2D). In vivo degradation
of the ENPBs was also observed by 3 months after surgery in
rabbit thighbones (Figure SC) and pig vertebrae (Figure 7E,F).
All of these results showed that the use of ENPBs simply
shifted the problem to a later time point rather than
overcoming it. Therefore, the biodegradation of ENPBs
ensured that the surrounding bones were slowly exposed to
CPC.

4.4. In Vitro Cell Proliferation Ability and in Vivo New
Bone Formation Ability of ENPBs. P(DLLA—CL) is formed
from a synthetic polymerization of p-lactic acid, L-lactic acid,
and caprolactone monomers and widely used in tissue
engineering and regenerative medicine.”™° Thus far, P-
(DLLA—CL) biomaterials have been proven to impart good
in vitro proliferation ability to liver cells,’” nerve cells,>®
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s 60,61
schwann cells,”® and osteoblasts. Our work also revealed

that three types of cells, including MC 3T3-E1, MG63, and
NIH 3T3, could grow well on P(DLLA—CL) nanofibers
(Figures 3 and S1). The most relevant primary cells in the bone
tissue microenvironment are bone marrow stromal cells.
Therefore, it is necessary to further study the in vitro cell
biocompatibility of ENPBs using the most relevant primary
cells. However, our work has already initially demonstrated that
ENPBs have good in vitro cell biocompatibility.

The induction of new bone formation after ENPB-CPC
implantation in the rabbit marrow cavity was observed by
histological analysis (Figure SC). New bone formed with
degradation of the ENPBs. Compared with direct CPC
implantation, the use of ENPBs as CPC-filled containers
delayed CPC degradation (body-fluid-induced collapsibility) in
rabbit thighbones and pig vertebrae. Hence, the use of ENPBs
leads to robust in vivo bone cell proliferation, which was
consistent with the in vitro cell proliferation results.

4.5. Possible Mechanisms of the in Vivo Effects
Caused by ENPB-CPC or CPC Implantation in Rabbit
Thighbones and Pig Vertebrae. On the basis of our results
and the above analysis, we can propose the possible
mechanisms behind the in vivo effects that result from
ENPB-CPC or CPC implantation in rabbit thighbones (Figure
8A) and pig vertebrae (Figure 8B).

The possible mechanism to explain the in vivo effects caused
by CPC implantation in the rabbit thighbone marrow cavity is
shown in the lower half of Figure 8A. After CPC injection, CPC
diffused into the bone marrow cavity. As time passed, CPC
degraded, and several gaps (indicated by G) formed in the CPC
area. Meanwhile, new bone formed and was interated into the
CPC area. Moreover, the CPC degradation speed was greater
than the new bone formation speed, leading to the formation of
gaps in the CPC area.

The possible mechanism behind the in vivo effects caused by
ENPB-CPC implantation in the rabbit thighbone marrow cavity
is shown in the upper half of Figure 8A. After the injection of
CPC into an ENPB in the rabbit thighbone marrow cavity,
CPC was restrained within the ENPB. The ENPB-CPC exerted
pressure on the surrounding bone microenvironment, which
was enough to crush the trabecular bone (indicated by CBT).
As time passed, the ENPB degraded, and new bone formed.
After the ENPB degraded, the CPC degradation speed was
greater than the new bone formation speed, leading to the
formation of gaps in the CPC area.

The possible mechanism behind the in vivo effects caused by
CPC implantation in pig vertebrae is shown in the lower half of
Figure 8B. After the CPC injection, CPC diffused into the
working channel area and into the spaces in the trabecular
bone. As time passed, CPC degraded and diffused into the
spaces in the trabecular bone. Meanwhile, new trabecular bone
formed and integrated into the CPC area (the working channel
area). Finally, by 6 months after surgery, any sign of the
previous working channel area disppeared.

The possible mechanism behind the in vivo effects caused by
ENPB-CPC implantation in pig vertebrae is shown in the upper
half of Figure 8B. After the injection of CPC into an ENPB in
the working channel area, CPC was restrained within the
ENPB. The resultant ENPB-CPC exerted pressure on the
surrounding bone microenvironment, which was enough to
crush the trabecular bone and enlarge the working channel area.
As time passed, the ENPB degraded, and new trabecular bone
formed around the ENPB-CPC. Finally, by 6 months after

surgery, any sign of the previous working channel area
disappeared.

5. CONCLUSION

In previous work, we developed ENPBs and tested them in
vitro to prove that they could separate CPC from surrounding
environments and that they possessed sufficient load-bearing
ability to restore the height of a fractured vertebral body in
VCFs. However, our previous work did not systematically
compare the in vitro and in vivo effects caused by using ENPBs
as CPC-filled containers, which is important to assess prior to
engaging in clinical research. In this work, the separation,
pressure, degradation, and new bone formation effects caused
by ENPBs in vitro and in vivo (rabbit thighbones and pig
vertebrae) were systematically analyzed and compared. ENPBs
could separate CPC from the surrounding bone microenviron-
ment both in vitro and in vivo. ENPB-CPCs exerted pressure
on the surrounding bone microenvironment, which was enough
to crush trabecular bone. Compared with the CPC
implantation, the use of ENPBs as CPC-filled containers
delayed the CPC degradation (body-fluid-induced collapsibil-
ity). Finally, possible mechanisms to explain the in vivo effects
caused by ENPB-CPC and CPC implantation in rabbit
thighbones and pig vertebrae were proposed. Our work
suggests that ENPBs can be potentially used as CPC-filled
containers and provides an experimental basis for the clinical
application of ENPBs for the treatment of VCFs in the future.
In addition, our work also demonstrated that the ENPB
behaviors varied in different bone microenvironments. Finally,
our work will be of benefit to the development of P(DLLA—
CL)-based medical implants in the future.
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