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The combination of PLLA/PLGA/PCL composite
scaffolds integrated with BMP-2-loaded microspheres
and low-intensity pulsed ultrasound alleviates
steroid-induced osteonecrosis of the femoral head
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Abstract. Low-intensity pulsed ultrasound (LIPUS), which
has been previously reported to promote bone repair, is
proposed to be a noninvasive form of therapy for the treatment
of osteonecrosis. Bone fillers made from composite scaffolds
have been demonstrated to be effective for preventing bone
defects such as osteonecrosis. The present study aimed to
investigate whether the application of LIPUS combined with
bone morphogenetic protein-2 (BMP-2)-loaded poly-L-lactic
acid/polylactic-co-glycolic acid/poly-e-caprolactone
(PLLA/PLGA/PCL) composite scaffolds can improve
recovery in a rat model of steroid-induced osteonecrosis of the
femoral head (ONFH). BMP-2-loaded PLGA microspheres
incorporated into PLLA/PLGA/PCL composite scaffolds
were constructed. Bilateral femoral head LIPUS intervention
was conducted in rats with steroid-induced ONFH. LIPUS
intervention alone contributed to the alleviation of osteone-
crosis, in addition to improving load-carrying capacity and
accelerated bone formation, angiogenesis and differentia-
tion. Subsequently, femoral head parameters and assessment
of load-carrying capacity, bone formation-related factors,
and angiogenesis- and differentiation-related factors were
measured in rats with or without implanted BMP-2-loaded
PLLA/PLGA/PCL composite scaffolds. LIPUS combined
with the implantation of PLLA/PLGA/PCL composite scaf-
folds loaded with BMP-2 microspheres protected rats against
steroid-induced ONFH and improved load-carrying capacity,
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bone formation, angiogenesis and differentiation. Together,
these data support the use of BMP-2-loaded PLLA/PLGA/PCL
composite scaffolds combined with LIPUS for ONFH as a
potential alternative curative solution for treating bone diseases.

Introduction

Osteonecrosis of the femoral head (ONFH) is characterized
by the collapse of the femoral head and by joint damage, and
is caused by osteocyte death as a result of insufficient blood
supply (1). ONFH is a destructive long-term condition with
a poorly understood pathogenic mechanism (2,3). A number
of factors have been demonstrated to increase the risk of
osteonecrotic lesions, including corticosteroid use, alcohol
consumption, trauma and abnormalities in coagulation (4). In
particular, the risk of steroid-induced osteonecrosis is depen-
dent on drug dosage, the route of drug delivery and underlying
disease states (5). At present, total hip replacement is the only
invasive therapy for advanced osteonecrosis (6). Although
low-intensity pulsed ultrasound (LIPUS) has been proposed
as an alternative noninvasive therapeutic option for ONFH (7),
it remains necessary to explore other effective strategies to
minimize treatment time. The use of bone morphogenetic
proteins (BMPs) and LIPUS have been studied intensively
as a prospective augmentation approach for tendon-to-bone
healing, where the delivery of BMPs into the bone defect area
combined with LIPUS has garnered attention for its potential
to prevent steroid-induced ONFH (8).

Biomaterials, including polymer scaffolds, possess phys-
ical, mechanical and chemical properties that can be designed
to carry integrin signals, growth factors and cytokines for bone
regeneration and repair (9). Bioactive small molecules can
be encapsulated or entrapped into scaffolds in such a way that
the final constructs are able release bioactive compounds into
the area of interest in a controlled manner (10). Of note, the
BMP family of proteins, including BMP-2, BMP-4 and BMP-7,
have the potential to induce endochondral bone formation when
implanted into mammals (11). BMP-2 has been previously
demonstrated to be an osteoconductive growth factor benefi-
cial for ONFH by promoting cartilage repair and inducing
osteoblast proliferation or differentiation (12). Recombinant
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human BMP-2 (thBMP-2) may improve the clinical efficacy
of impacted bone graft surgery by enhancing bone repair in
ONFH (13). Several types of biodegradable poly-a-hydroxy
acid polymers, including polylactic acid (PLA), polyglycolic
acid (PGA) and their copolymer polylactic-co-glycolic acid
(PLGA), are popular options for the construction of scaffolds
in delivering thBMP (14). thBMP-2 tethered to biomaterials
has been revealed to enhance the stability and retention of
biomaterials in the location of regeneration (15). In recent
decades, poly-L-lactic acid (PLLA), and poly-ge-caprolactone
(PCL) have emerged as potentially viable biodegradable
polymers for therapeutic tissue engineering (16,17). Therefore,
the present study aimed to investigate the ability of a novel
composite PLLA/PLGA/PCL scaffold for BMP-2 delivery
and to assess the therapeutic action of this system in conjunc-
tion with LIPUS in terms of bone formation, angiogenesis and
differentiation in a rat model of steroid-induced ONFH.

Materials and methods

Ethics statement. All animal experiments were performed in
accordance with the principles and procedures of the Guide for
the Care and Use of Laboratory Animals (18). And approved
by the Animal Ethics Committee of The Second Affiliated
Hospital of Zhejiang University School of Medicine.

Encapsulation of BMP-2-loaded PLGA microspheres.
PLGA microspheres were manufactured by double emulsion.
Briefly, 0.25 g polyvinyl alcohol (PVA) hydrogel was diluted
in 250 ml deionized water in a beaker. The diluted PVA was
subsequently stirred at 60°C until the PVA was dissolved and
cooled to room temperature. PLGA (0.3 g) was dissolved in
3 ml dichloromethane. The configured PVA and PLGA solu-
tions were cooled separately in an ice bath. The PLGA solution
was then mixed with 500 ul PBS or PBS supplemented with
BMP-2 (Recombinant Human Bone Morphogenetic Protein 2,
1 ug/ml, Beijing BioLab Technology Co., Ltd.) or PBS supple-
mented with BSA (1 ug/ml, Beijing BioLab Technology Co.,
Ltd.), ultrasonically dispersed using a sonicator (4°C, 200 W,
20 kHz, 10 sec) until the solution turned milky white and added
dropwise into the PVA solution. The PVA-PLGA mixture was
then ultrasonically dispersed until it turned milky white (4°C,
200 W, 20 kHz, 2 min), following which the mixture was
stirred using a magnetic stirrer for 4-5 h at room temperature
to allow the evaporation of dichloromethane. After the micro-
spheres were formed, the mixture was centrifuged at 1,776 x g
for 5 min at room temperature, where the resulting supernatant
was discarded, the pellet was washed three times using deion-
ized water. The pellet was then freeze-dried to obtain empty or
BMP-2 loaded PLGA microspheres.

Determination of loading and encapsulation efficiency. In
total, 10 mg BMP-2-loaded microspheres were mixed with
0.9 ml of NaOH solution (1 M) and 0.1 ml PBS. After the
mixture was stirred at room temperature for 2 h, 1 ml 0.9 M
HCI was added to neutralize the system. Protein concentration
was then determined in 20 pl of this sample using a bicin-
choninic acid protein assay kit (BCA; Beyotime Institute of
Biotechnology). BMP-2 protein content was then calculated
in 2 ml sample solution, which was equated as the mass of

BMP-2 in the microspheres. The loading and encapsula-
tion efficiency of BMP-2 were calculated according to the
following formulas: Loading efficiency (%)=(mass of BMP-2
protein in microspheres)/(total mass of microspheres) x100%;
encapsulation efficiency (%)=(mass of BMP-2 protein in
microspheres)/(mass of BMP-2 protein used in the initial
batch) x100%.

Packaging of BMP-2-loaded PLGA microspheres into
the scaffold. The mixture of PLLA, PLGA and PCL were
dissolved in tetrahydrofuran at a mass ratio of 3:4:3 and stirred
at 60°C until fully dissolved. The solution was then transferred
to a 2.5 ml syringe barrel and stored at -80°C overnight. The
frozen sample was then cut into ~1 mm slices, placed in an
ice-water mixture and incubated at 4°C for 3 days. Deionized
water was renewed three times every day to completely
displace the tetrahydrofuran. After three days of incubation,
the PLLA/PLGA/PCL composite scaffold was removed and
freeze-dried.

To obtain BMP-2-loaded microspheres packaged with
the PLGA-PLLA/PLGA/PCL composite scaffold, a total
of 10 mg nanostructured BMP-2-loaded microspheres
were first uniformly dissolved in 1 ml n-hexane, where
500 ul BMP-2-loaded microspheres/n-hexane mixture
was dropped onto one side of the dried PLLA/PLGA/PCL
nanofiber scaffold. After the n-hexane was volatilized at
room temperature, the other side was packed with another
500 pl BMP-2-loaded microspheres. Both sides of the
BMP-2 microsphere-containing scaffold were immersed in a
n-hexane-tetrahydrofuran mixture (9:1) to physically bind the
microspheres to the PLLA/PLGA/PCL nano-scaffold, which
was subsequently removed by vacuum drying in a dry box at
30°C for three days.

Scanning electron microscopy (SEM). The microspheres
were first dissolved in ethanol after they were made, where an
ultrasonic wave was applied in the ethanol solution containing
the microspheres for dispersion purposes. The dispersed
liquid was aspirated using a pipette gun and dropped onto
the aluminum foil. After the anhydrous ethanol evaporated
at room temperature, the aluminum foil was pasted onto
the electron microscope carrier platform using a carbon
conductive tape (Hitachi, Ltd.). For the scaffold samples,
the conductive adhesive was directly pasted onto the carrier
platform. The samples were then sprayed with gold sputter
coating and observed by scanning electron microscopy (SEM)
under an accelerating voltage (10 kV) at x1,000 magnification.
Using Image pro plus 6.0 software (Media cybernetics, Inc.)
to measure the particle size of PLGA microspheres in SEM
photos, the average particle size was estimated.

In vitro release of BSA from the PLGA-PLLA/PLGA/PCL
composite scaffold. This assay was performed in accor-
dance with a previously described protocol (19). In brief, the
BSA-PLGA-PLLA/PLGA/PCL composite scaffold containing
10 mg BSA (1 ug/ml, Beijing BioLab Technology Co., Ltd.)
microspheres was added into a 5 ml centrifuge tube containing
2 ml PBS (pH 7.4). The centrifuge tube was then placed on
a shaking table at 37°C and 1,118 x g. Upon reaching the
configured time points (days 1-7, 14, 15, 17, 21, 22, 28, 30, 40,
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50 and 60), 1 ml solution was replaced with 1 ml fresh PBS.
The concentration of BSA released into the obtained solution
was determined at each time point using a BCA kit.

Experimental rat model of ONFH. In total, 40 male
Sprague-Dawley rats (age, 10 weeks; weight, 300-320 g; license
number, SCXK 2009-0004; Hunan SJA Laboratory Animal
Co., Ltd.) were raised for 1 week at the Laboratory Animal
Center, The Second Affiliated hospital of Zhejiang University
School of Medicine (Zhejiang, China) according to standard
feeding conditions (temperature, 18-26°C; humidity, 40-70%;
light-dark cycle, 12:12 h; access to water and food, ad libitum)
with 5 rats per cage. The rats were randomly divided into four
groups (n=10): Normal group (sham-operated rats); Model
group (rats with osteonecrosis); LIPUS group (rats treated with
LIPUS); and BMP-2 + LIPUS group (rats implanted with the
BMP-2-loaded PLGA-PLLA/PLGA/PCL composite scaffold
treated with LIPUS). All rats were provided with a standard-
ized diet and were allowed unrestricted activities.

ONFH establishment. The osteonecrosis model was estab-
lished in a total of 30 randomly selected rats (all rats apart
from rats in the Normal group). In brief, the rats were intra-
peritoneally injected with lipopolysaccharide (20 pg/kg) on
day 0 and 1, once per day at an interval of 24 h. Furthermore,
both gluteal muscles were alternately injected with methyl-
prednisolone (20 mg/kg) on days 2, 3 and 4 once a day at an
interval of 24 h. At present, controversy remains regarding
the use of hormones alone or in combination with adjuvants,
including methylprednisolone and endotoxin (20). To ensure
successful establishment of the model, methylprednisolone
was administered in conjunction with lipopolysaccharide
(20 pg/kg) to induce hormone-related osteonecrosis (21).
In sham-operated rats, the abdominal cavity and gluteal
muscles were injected with a 0.9% sodium chloride solution
(normal saline) at the same time points as the model rats as
aforementioned.

LIPUS and BMP-2 intervention. Rats in the LIPUS and the
BMP-2 + LIPUS groups were subjected to bilateral femoral
head LIPUS intervention (30 mW/cmz; Cosmogamma® US13;
AC International) two weeks after model establishment, for
20 min per day for 12 weeks until sacrifice. For the rats in the
BMP-2 + LIPUS group, the scaffolds were inserted into the
rats 24 h prior to LIPUS treatment. The rats were first anes-
thetized with pentobarbital sodium (40 mg/kg). The femoral
head area was first sterilized, where an incision was made to
expose the femoral head. A hole 3 mm in diameter was then
made on the posteromedial surface of the femoral neck using
a drill. The composite scaffold was made into a cylinder with
a diameter of ~3 mm and a thickness of 3 mm, which were
then implanted into the defect of rats prior to suture. Before
irradiation, all rats were anaesthetized by an intraperitoneal
injection of pentobarbital sodium (40 mg/kg). In detail, the hip
joint was located to accurately determine the irradiation points
by shaking the bilateral hind thighs. Following fur removal,
the probe was smeared with a coupling agent to ensure close
skin adherence. The dietary, mental and physical changes of
all rats were monitored weekly. Healthy mental status was
defined as actively inquisitive but without biting, mental

depression, drowsiness or laziness. The fasting body weights
of all the rats were measured using an electronic scale before
modeling every week. The rats were treated for 12 weeks.
Throughout the study, if any rats were adjudged to be suffering
in accordance with the items of ‘endpoints in animal study
proposals’ in the ‘animal care and use procedures’ section of
the National Institutes of Health guidelines (22), they would
be immediately sacrificed by an intraperitoneal injection of
pentobarbital (150 mg/kg).

Micro-CT scan. All rats were euthanized by an intraperitoneal
injection of pentobarbital (150 mg/kg) 12 weeks after ONFH
establishment. The femoral head of the rats was extracted and
fixed with 10% paraformaldehyde at 4°C for 4 h before the
bone architecture was observed using a micro-CT scanner
(scanning resolution, 45 ym; GE eXplore 120 model; GE
Healthcare). The central region of the femoral head was set
as the region of interest. The parameters measured were as
follows: Bone mineral density (BMD), bone volume/total
volume (BV/TV), trabecular number (Tb.N), trabecular thick-
ness (Tb.Th) and trabecular separation (Tb.Sp).

Monitoring of biomechanical variables. The proximal
femoral specimen was mounted on an experimental platform
of a universal mechanical tester (ZwickRoell GmBH). The
femur was kept moist during the experiment. A steel needle
was placed directly above the femoral head and horizontal to
the proximal femoral force line. A three-point bending test
was performed on a three-point bending device to determine
the maximum bending load and displacement of the femoral
head by applying the following parameters: Maximum loading
weight, 20 kg; span at both ends, 20 m; and loading speed,
5 mm/min.

Measurement of calcium (Ca) and phosphorus (P) content.
The biomechanically measured femur was dried at 95°C and
ground into a powder. A total of 0.1 g accurately weighed femur
powder was placed in a digestion tube, soaked in 8 ml nitric
acid overnight at room temperature and detached according to
the following procedure: Stage I at 1,600 W, heated for 5 min
and maintained at 120°C for 2 min; and stage II at 1,600 W,
heated for 8 min and maintained at 185°C for 25 min. The
decomposition solution obtained was then brought to 50 ml and
diluted 50 times in water. The Ca and P contents in the femur
were determined (MARS 5 Digestion Microwave System;
CEM Microwave Technology, Ltd.) under the following oper-
ating conditions: Radio-frequency power, 1,150 W; auxiliary
gas flow rate, 0.5 1/min; flushing pumping rate, 50 r/min;
analysis pumping rate, 50 r/min; stable pumping time, 5 sec;
and maximum integration time of the signal, 30 sec.

Angiogenesis assay. The femoral head tissues were fixed
with 10% formaldehyde at 4°C overnight and decalcified with
10% EDTA at room temperature until the tissue becomes
soft. Paraffin-embedded tissues were then sliced into 5-ym
thick sections, which was then incubated at 60°C overnight.
Prior to dewaxing, the tissue sections were placed at room
temperature for 60 min, following which they were rehy-
drated in xylene for 20 min and then a descending gradient
of anhydrous ethanol (95% ethanol and 70% ethanol, 5 min
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respectively). Endogenous catalase was then blocked using
3% H,0, for 15 min at room temperature. This is followed
by the antigen retrieval step, in which the tissue sections were
incubated in 0.1 M citric acid solution with pH 6.0, at 100°C
for 20 min. The tissue sections were then blocked using 10%
goat serum (cat. no. ab138478; Abcam) at 37°C for 30 min,
following which they were incubated with anti-a-SMA
antibody (1:100; cat. no. BM0002; Wuhan Boster Biological
Technology, Ltd.), overnight at 4°C. The next day, the sections
were incubated with anti IgG secondary antibody (1:500;
cat. no. G-21040; Thermo Fisher Scientific, Inc.) at 37°C for
30 min, following which they were treated with reagents in
the DAB Kit according to manufacturer's protocols (Wuhan
Boster Biological Technology, Ltd.). The tissues sections were
then stained with hematoxylin for 30 sec at room temperature
and dehydrated using an ascending alcohol gradient followed
by xylene. After mounting the sections using neutral resin,
staining was then observed under a light microscope (magni-
fication, x200, Olympus CX41; Olympus Corporation). Five
sections were randomly selected for the assessment of vessel
number and diameter.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from tissues in accor-
dance with the specifications of TRIzol® reagent (Thermo
Fisher Scientific, Inc.) and 15 ng the RNA was reverse tran-
scribed into cDNA using PrimeScript™ RT reagent Kit with
gDNA Eraser (Takara Biotechnology Co., Ltd.) according to
manufacturer's protocol (42°C for 15 min and 85°C for 5 sec).
qPCR was subsequently conducted in an ABI 7500 qPCR
instrument using SYBR® Premix Ex Taq™ II (Takara Bio,
Inc.). The thermocycling conditions were as follows: Initial
denaturation at 95°C 1 min; followed by 40 cycles of 95°C
10 sec and 62°C for 25 sec. The primer sequences used for
qPCR were synthesized by The Beijing Genomics Institute
(Beijing, China) and are listed in Table I. The expression of
target genes was calculated using the 2444 method (23) with
GAPDH as the internal reference.

Western blot analysis. Total protein was extracted from the
cell lysates or tissues using 1% Triton X-100 solution, which
was quantified using a BCA kit (Sigma-Aldrich; Merck
KGaA). The protein samples (50 ug per lane) were separated
by 10% SDS-PAGE was transferred onto polyvinylidene fluo-
ride membranes. The membrane was subsequently blocked
with 50 g/l skim milk powder at room temperature for 1 h and
washed three times with Tris-buffered saline supplemented
with 0.1% Tween-20 (TBS-T). Afterwards, the membrane was
incubated overnight at 4°C with the following primary rabbit
anti-rat antibodies (all from Abcam): BMP-2 (1:1,000; cat.
no. ab6285), transforming growth factor-p1 (TGF-f1; 1:100;
cat. no. ab64715), runt-related transcription factor 2 (RUNX2;
1:1,000; cat. no. ab76956), Collagen I (Col I; 1:3,000; cat.
no. ab6308), Osteocalcin (OCN; 1:500; cat. no. ab93876) and
B-actin (1:5,000; cat. no. ab8227). The membranes were then
washed a further three times with TBS-T and incubated with a
horseradish peroxidase-conjugated secondary antibody against
Immunoglobulin G (1:3,000; ab205718; Abcam) for 1 h at room
temperature, followed by further washing with TBS-T. Protein
signals were detected using an enhanced chemiluminescence

Table I. Primers for reverse transcription quantitative poly-
merase chain reaction.

Gene Primer sequence
BMP-2 F: 5'-GGGACCCGCTGTCTTCTAGT-3'
R: 5-TCAACTCAAATTCGCTGAGGAC-3'
TGF-p1 F: 5'-CCACCTGCAAGACCATCGAC-3'
R: 5'-CTGGCGAGCCTTAGTTTGGAC-3'
RUNX2 F: 5-GCACAAACATGGCCAGATTCA-3'
R: 5'-AAGCCATGGTGCCCGTTAG-3'
Col I F: 5'-GACATGTTCAGCTTTGTGGACCTC-3'
R: 5'-GGGACCCTTAGGCCATTGTGTA-3'
Osteocalcin F: 5'-GCAATAAGGTAGTGAACAGACTCC-3'
R: 5'-CCATAGATGCGTTTGTAGGCGG-3'
GAPDH F: 5-CATGAGAAGTATGACAACAGCCT-3'

R: 5'-AGTCCTTCCACGATACCAAAGT-3'

F, forward; R, reverse; BMP-2, bone morphogenetic protein 2;
TGF-B1, transforming growth factor f1; RUNX2, runt-related tran-
scription factor 2; Col I, type I collagen.

fluorescence detection kit (EMD Millipore) and quantified
using Image Quant software (version 5.2, GE Healthcare Life
Sciences).

Alizarin red staining. MC3T3-El cells (Type Culture
Collection of the Chinese Academy of Sciences), usually
cultured in 90% a-MEM media (cat. no. 11900024; Gibco;
Thermo Fisher Scientific, Inc.) containing 1.5 g/l NaHCO;,
43.2 mg/l inositol (Sinopharm Chemical Reagent Co., Ltd.),
8.82 mg/1 folic acid (Sinopharm Chemical Reagent Co., Ltd.)
and 7.8 mg/l B-mercaptoethanol (Sigma-Aldrich; Merck
KGaA) and 10% FBS at 37°C and 5% CO,. They were
seeded into 12-well plates at a density of 5x10* cells/well.
Osteogenic induction medium (300 ul; cat. no. PH-B-002;
Puhe Biotechnology Co., Ltd.; https://puhe.biomart.
cn/) containing the PLLA/PLGA/PCL nano-scaffolds,
PLGA-PLLA/PLGA/PCL composite scaffolds and
BMP-2-PLGA-PLLA/PLGA/PCL composite scaffolds was
then added to the cells, followed by incubation for 14 days at
37°C. The medium was removed at the 14th day. The cells were
washed twice with PBS, fixed in 4% polyformaldehyde at 4°C
for 4 h, washed once with deionized water and stained with
2% alizarin red (20 mg/ml, pH=4.1-4.3) at room temperature
for 20 min. Any extra alizarin red was subsequently removed
using deionized water followed by fluorescent microscopy
(magnification: x200; Model: IX71; Olympus Corporation).

Statistical analysis. The experimental data were analyzed
using SPSS 21.0 software (IBM Corp.). Measurement data are
presented as the mean + standard deviation. Comparisons of
two groups of data conforming to normal distribution were
conducted using Student's t-test. Data between multiple groups
were compared using one-way analysis of variance followed
by Tukey's post hoc test. P<0.05 was considered indicate a
statistically significant difference.
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Figure 1. Identification of BMP-2-loaded PLGA microspheres into PLLA/PLGA/PCL composite scaffold. (A) Surface morphology of BMP-2-loaded PLGA
microspheres observed under an electron microscope. (B) Particle size distribution of BMP-2-loaded PLGA nanoparticles. (C) Surface morphology of the
PLLA/PLGA/PCL scaffold observed under an electron microscope. (D) Morphology of the PLGA-PLLA/PLGA/PCL composite scaffold loaded with
BMP-2 observed under scanning electron microscope. BMP-2, bone morphogenetic protein-2; PLGA, polylactic-co-glycolic acid; PLLA, poly-L-lactic acid;

PCL, poly-¢-caprolactone.

Results

Characterization of BMP-2-loaded PLGA microspheres
incorporated into PLLA/PLGA/PCL composite scaffolds. The
surface morphology of the BMP-2-loaded PLGA microspheres
was observed using electron microscopy. The BMP-2-loaded
PLGA microspheres exhibited relatively spherical shapes
(Fig. 1A). The sizes of the particles were relatively uniform,
with 81% of the PLGA microspheres presented with sizes
between 20 and 39 ym (Fig. 1B). According to the formula,
the PLGA microspheres could load 0.77+0.62% of the BMP-2
protein with an encapsulation efficiency of 74.87+0.58%,
suggesting that the obtained microspheres could encapsulate
more protein. However, the average protein loading rate was
lower could be due to the large quantity of microspheres
prepared. Under electron microscopic observation, the
PLLA/PLGA/PCL scaffolds presented with a microscopi-
cally porous structure with good connectivity between the
channels (Fig. 1C), which was suitable for cell adhesion and
growth. Therefore, the PLLA/PLGA/PCL scaffold could be
used as a biomimetic scaffold. After the BMP-2-loaded PLGA
microspheres were incorporated into the PLLA/PLGA/PCL
scaffold, it was observed that the PLGA microspheres were
dispersed onto the surface and into some channels of the
PLLA/PLGA/PCL scaffold structure (Fig. 1D).

PLLA/PLGA/PCL composite scaffold releases BSA in a
sustained manner. The release of BSA from PLGA micro-
spheres was rapid, as >50% of BSA was already released
within five days (Fig. 2). This sudden release of protein at the
initial stage could be attributed to the small amount of protein
adsorbed on the surface of microspheres. The release of BSA
became slower from day 5 onwards, and ~90% of the BSA
were released after 1 month. The reason for this observation
was that the release of the BSA loaded inside the PLGA micro-
spheres required a relatively long channel or a break in the
matrix barrier. The results indicated that PLGA microspheres
served as a microcarrier of protein.

Delivery of BMP-2 using the PLGA-PLLA/PLGA/
PCL composite scaffold combined with LIPUS relieves
steroid-induced femoral head necrosis. Following model
construction, behavioral activities, diet, feces, mental status
and body weights of the rats were observed regularly. The rats
in the normal group exhibited good mental states, movement,
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Figure 2. Cumulative release of bovine serum albumin from the
PLGA-PLLA/PLGA/PCL composite scaffold in vitro. PLGA, poly-
lactic-co-glycolic acid; PLLA, poly-L-lactic acid; PCL, poly-g-caprolactone.

natural hair luster and no hair loss. Before LIPUS or BMP-2
treatment, the rats in the model, LIPUS and LIPUS + BMP-2
groups presented with thin and sloppy stool, mental depression,
anorexia and emaciation after 3 days of model establishment.
However, these symptoms disappeared after 2 weeks and the
rats recovered. No rats were found dead or required immediate
euthanasia during the experimental process. Micro-CT scan
results revealed that the BMD, BV/TV, Tb.N and Tb.Th of the
rats in the model group were significantly lower compared
with those in the normal group (P<0.05), whereas the rats in
the LIPUS and LIPUS + BMP-2 groups exhibited significantly
higher BMD, BV/TV, Tb.N and Tb.Th compared with those in
the model group (P<0.05). The Tb.Sp of rats in the model group
was significantly higher compared with those in the normal
group (P<0.05), whereas the Tb.Sp of rats in the LIPUS and
LIPUS + BMP-2 groups were significantly lower compared with
those in the model group (P<0.05; Table II). These results indi-
cated that LIPUS partially alleviated steroid-induced ONFH
and that the use of BMP-2-loaded PLGA-PLLA/PLGA/PCL
composite scaffolds combined with LIPUS was also conducive
to the recovery of this disease.

Delivery of BMP-2 by PLGA-PLLA/PLGA/PCL composite
scaffolds in addition to LIPUS improves load-carrying
capacity. By measuring the kinesiological parameters, it was
found that the maximum bending load and displacement of
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Table II. Micro-architectural parameters of femoral head in normal mice or mice with osteonecrosis.

Parameter Normal Model LIPUS LIPUS+BMP-2
BMD (mg/cc) 648.94+39 .25 564.91x17.91* 619.94+21.25° 628.94+27.25°
BV/TV 59.29+1.37 37.93+1.04* 49.29+1.13° 53.29+1.18°
Tb.N (1/mm) 2.95+0.14 2.29+0.21° 2.65+0.10° 2.75+0.11°
Tb.Sp (zm) 174.36+53.30 262.29+81.50* 201.36+58.70° 185.36+55.40°
Tb.Th (zm) 204.44+12.13 158.32+9.232 174 .44+10.47° 187.44+11.83°

"P<0.05 vs. Normal and "P<0.05 vs. Model. BMD, bone mineral density; BV/TV, bone volume/total volume; Tb.N, trabecular number;

Tb.Th, trabecular thickness; Tb.Sp, trabecular separation.

Table III. Kinematical parameters of femoral head in normal mice or mice with osteonecrosis.

Parameter Normal Model LIPUS LIPUS + BMP-2
Maximum bending load (N) 145.2+22.0 124.6+8.0° 134.1+£13.7 141.0+11.2°
Maximum displacement (cm) 0.53+0.05 0.42+0.04* 0.46+0.04 0.50+0.06°

2P<0.05 vs. Normal and "P<0.05 vs. Model.

Table I'V. Kinematical parameters of femoral head in normal mice or mice with osteonecrosis.

Cotent Normal Model LIPUS LIPUS + BMP-2
Femoral Ca (mg/kg) 261.1+10.3 232.5+8.0* 246.6+10.1 253.7+7.7°
Femoral P (mg/kg) 162.8+9.2 134 .4+7.5* 148.4+8.7 154.6+£9.0°

2P<0.05 vs. Normal and "P<0.05 vs. Model.

rats in the model group were significantly lower compared
with those in the normal group (P<0.05). In contrast, the
maximum bending load and displacement of the femoral
head were significantly higher in the LIPUS + BMP-2 group
compared with the model group (P<0.05; Table III). Together,
these data suggested that the load-carrying capacity of the
femoral head of rats with steroid-induced ONFH was infe-
rior compared with normal rats, which can be alleviated by
LIPUS treatment and additively by the delivery of BMP-2 by
PLGA-PLLA/PLGA/PCL composite scaffolds.

Delivery of BMP-2 by PLGA-PLLA/PLGA/PCL composite
scaffold combined with LIPUS accelerates bone formation.
During the bone formation process, calcium and phosphorus
in the blood are deposited in bone tissues, in a process known
as osteoid calcification, which is key to bone formation (24).
By measuring Ca and P contents in rat femoral head samples
it was found that those in the model group were significantly
lower compared with the normal group (P<0.05). In compar-
ison with the model group, the femoral Ca and P contents
of were significantly higher in the LIPUS + BMP-2 group
(P<0.05; Table IV). These findings suggest that the implanta-
tion of BMP-2-loaded PLGA-PLLA/PLGA/PCL composite
scaffold plus LIPUS treatment accelerated bone formation in
rats with steroid-induced ONFH.

Delivery of BMP-2 by PLGA-PLLA/PLGA/PCL composite
scaffold in addition to LIPUS accelerates bone angiogen-
esis. Blood vessels were visualized in femoral head tissue
sections stained with a-SMA. The number and diameter of
blood vessels were significantly reduced in the model group
compared with the normal group (P<0.05), whereas the number
of blood vessels was dramatically increased in the LIPUS +
BMP-2 group compared with the model group (P<0.05; Fig. 3).
The diameter of the blood vessels was slightly increased in
the LIPUS + BMP-2 group compared with that in the model
group but without statistical significance (Fig. 3C). These find-
ings suggest that angiogenesis was promoted by the delivery
of BMP-2 by PLGA-PLLA/PLGA/PCL composite scaffolds
combined with LIPUS treatment.

Delivery of BMP-2 by PLGA-PLLA/PLGA/PCL composite
scaffold in addition to LIPUS enhances osteocyte differ-
entiation. The mRNA and protein expression of BMP-2,
TGF-B1, RUNX2, Col I and OCN in tissues were subse-
quently determined using RT-qPCR and western blot
analysis. The expression of BMP-2, TGF-p1, RUNX2,
Col I and OCN was significantly lower in the model group
compared that in the normal group (P<0.05), which was
significantly reversed by either LIPUS alone or LIPUS +
BMP-2 (P<0.05; Fig. 4A and B). The highest level of BMP-2



EXPERIMENTAL AND THERAPEUTIC MEDICINE 20: 126, 2020 7

w
»
o

304 * N

©
1

20+

104

Number of vessels (/mm?)
Vessel diameter (ium)

04

0-

1
Normal Model

1 L] 1
LIPUS LIPUS+BMP-2 Normal Model LIPUS LIPUS+BMP-2
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bone morphogenetic protein-2; PLGA, polylactic-co-glycolic acid; PLLA, poly-L-lactic acid; PCL, poly-e-caprolactone; a-SMA, a-smooth muscle actin;
LIPUS, low-intensity pulsed ultrasound; BMP-2, bone morphogenetic protein-2.
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Figure 4. Delivery of BMP-2 by PLGA-PLLA/PLGA/PCL composite scaffold increases TGF-p1, RUNX2, Col I and OCN expression combined with LIPUS
treatment. (A) Measurement of BMP-2, TGF-1, RUNX2 and Col I and OCN mRNA expression by reverse transcription-quantitative PCR, performed using
tissues. (B) Measurement of BMP-2, TGF-f1, RUNX2, Col I and OCN protein expression by western blotting, performed using tissues. (C) Measurement
of calcium deposition by alizarin red staining, performed using MC3T3-El1 cell lines. "P<0.05 vs. Normal and *P<0.05 vs. Model. BMP-2, bone morphoge-
netic protein-2; PLGA, polylactic-co-glycolic acid; PLLA, poly-L-lactic acid; PCL, poly-g-caprolactone; TGF-31, transforming growth factor $1; RUNX2,

runt-related transcription factor 2; Col I, type I collagen; OCN, osteocalcin.

was observed in the LIPUS + BMP-2 group, suggesting
that BMP-2 was released following composite scaffold
implantation, which subsequently induced bone formation.
According to the results of alizarin red staining (Fig. 4C) in
MC3T3-El cells, calcium deposition was markedly higher in
the BMP-2-PLGA-PLLA/PLGA/PCL composite scaffolds
group, compared with those treated with PLLA/PLGA/PCL
nano-scaffolds and PLGA-PLLA/PLGA/PCL composite
scaffolds. In conclusion, BMP-2 delivery through the
PLGA-PLLA/PLGA/PCL composite scaffold in addition to

LIPUS treatment upregulated the expression of the osteo-
blast-specific transcription factors RUNX?2, Col I and OCN.

Discussion

The sustained release of BMP-2 from nano-scaffolds is capable
of enhancing bone regeneration, resulting in superior bone
quality compared with the direct administration of BMP-2 (25).
In the present study BMP-2-loaded PLGA microspheres were
successfully incorporated into PLLA/PLGA/PCL composite
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scaffolds. The data suggested that BMP-2 delivered using
PLLA/PLGA/PCL composite scaffolds promoted bone forma-
tion and repair in rat ONFH models in combination with LIPUS.

In the present study, it was determined that LIPUS alone
or both LIPUS + BMP-2-loaded scaffolds increased BMD,
BV/TV, Tb.N and Tb.Th but reduced Tb.Sp in rats with
steroid-induced ONFH and improved bone load-carrying
capacity. In addition, it was demonstrated that LIPUS partially
alleviated steroid-induced femoral head necrosis, the effect of
which was potentiated additively when combined with BMP-2
delivery using the PLGA-PLLA/PLGA/PCL composite scaf-
fold. In a previous study, a porous PLGA/TCP composite
scaffold incorporated with icaritin could repair bone defects
and prevent hip joint collapse in a steroid-induced rabbit model
of osteonecrosis (26), whilst 2.0% nanosilver particle-PLGA
composite grafts incorporated with BMP-2 contributed to
the healing of femoral defects as a result of infection within
12 weeks with antibacterial activity in another study (27).
Additionally, the implantation of PCL scaffolds loaded with
BMP-2/BMP-7 nanocapsules accelerated the healing of iliac
crest defects in rats (28), whereas BMP-2 conjugation into
three-dimensional PCL scaffolds has been previously revealed
to be a feasible approach in stimulating the osteoinductive
capability of bone marrow stromal cells (29). PLLA nanosheets
also had a good capacity for use as a sustained-release vehicle
of rhBMP-2, enhancing bone regeneration (30). Considering
the capability of PLGA, PCL and PLLA as nanocapsules in
BMP-2 delivery, the present study first constructed a delivery
system of BMP-2 using a PLLA/PLGA/PCL composite scaf-
fold and provided evidence that the release of BMP-2 from the
PLLA/PLGA/PCL composite scaffold potentiated protective
effects against steroid-induced ONFH.

In the present study, LIPUS combined with the release
of BMP-2 from the PLLA/PLGA/PCL composite scaffold
was observed to increase Ca and P contents and upregulate
the expression of the osteoblast-specific transcription factor
RUNX?2, Col I and OCN, further demonstrating its inductive
role in bone formation and repair. LIPUS has been previ-
ously shown to enhance bone repair through osteogenesis and
neovascularization in steroid-associated osteonecrosis (31).
Mechanistically, LIPUS stimulates bone regeneration by
exerting pro-osteogenic effects by promoting the expression
of genes associated with osteogenesis in osteoblasts, including
RUNX2, alkaline phosphatase and osteorix (32,33). Col I stimu-
lates the proliferation and osteogenesis of human mesenchymal
stem cells (34). Increased expression of OCN is indicative of
the therapeutic effects of deferoxamine on early-stage ONFH
in a rabbit model (35), consistent with the present study. It has
been previously demonstrated that daily LIPUS can stimulate
the release of BMPs in the rat clonal cell line ROS 17/2.8
during osteogenic differentiation processes (36), whilst another
study revealed that LIPUS enhanced rhBMP-2-induced bone
formation (37). LIPUS induces angiogenesis through the
upregulation of vascular endothelial growth factor (VEGF)
expression, expediting osteoporotic fracture healing (38). Data
from the present study suggest that blood vessels were more
numerous and blood vessel diameters were greater following
LIPUS treatment in combination with the implantation of
BMP-2-containing PLGA-PLLA/PLGA/PCL composite
scaffolds, implicating increased angiogenesis. As previously

reported, LIPUS enhances angiogenesis by increasing VEGF
after acute myocardial infarction (39). Additionally, BMP-2
treatment stimulated angiogenesis in human endothelial
progenitor cells (40). The incorporation of either BMP-2 or
VEGF inside porous scaffolds has been demonstrated to induce
both angiogenesis and osteogenesis in a previous study (41).
After osteonecrosis, the enlarged adipocytes caused blood
vessel compression, resulting in reduced local blood supply and
blood vessel diameter. Following LIPUS treatment and BMP-2
delivery, angiogenesis was induced. Since the newly formed
blood vessels were small, the diameter of the blood vessels in
this group was not markedly different from that of the blood
vessels in the model group.

In the present study, TGF-f§ signaling was induced
following the implantation of the BMP-2-containing
PLLA/PLGA/PCL composite scaffold plus LIPUS treatment.
The TGF-p signaling pathway has also been demonstrated to
be an osteoclast-specific signaling pathway which can also
induce bone formation (42). BMP and TGF-f3 are two important
factors associated with the proliferation and differentiation of
osteoblasts (43), such that the interplay between TGF-§ and
BMP signaling has been highlighted in osteoblast differentia-
tion and bone formation (44,45). Since TGF-f has been shown
to enhance BMP-9-stimulated osteogenesis of mesenchymal
stem cells in a previous study (46), it can be speculated that
TGF- signaling may participate in the mechanism underlying
the protection of the BMP-2 delivered from PLLA/PLGA/PCL
composite scaffolds against ONFH. However, further studies
are necessary to test this hypothesis.

It should be noted that the number of samples in the present
study was limited according to the Animal Ethics Committee
of The Second Affiliated Hospital of Zhejiang University
School of Medicine, suggesting the need for further research
with a larger sample size. The effects of bare scaffolds on the
alleviation of steroid-induced ONFH were acquiescently ruled
out in the present study and should be seriously considered in
future investigations.

Taken together, results in the present study demonstrate
that the PLLA/PLGA/PCL composite scaffold is able to
deliver BMP-2 into rats with steroid-induced ONFH, impli-
cating PLLA/PLGA/PCL composite scaffold to be a potential
carrier for BMP-2 delivery. In addition, the present study also
demonstrated the combined application of BMP-2 and LIPUS
contributed to bone formation and repair for steroid-induced
ONFH. This strategy can be potentially applied for future
clinical applications.
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