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Abstract

BACKGROUND: The delivery of growth factors using a carrier system presents a promising and innovative tool in tissue
engineering and dentistry today. Two of the foremost bioactive factors, bone morphogenetic protein-2 and vascular
endothelial growth factor (VEGF), are widely applied using a ceramic scaffold. The aim of this study was to determine the
use of hydroxyapatite microcarrier (MC) for dual delivery of osteogenic and angiogenic factors to accelerate hard tissue
regeneration during the regenerative process.

METHODS: Two MCs of different sizes were fabricated by emulsification of gelatin and alpha-tricalcium phosphate (o-TCP).
The experimental group was divided based on the combination of MC size and growth factors. For investigating the in vitro
properties, rat mesenchymal stem cells (rMSCs) were harvested from bone marrow of the femur and tibia. For in vivo experiments,
MC with/without growth factors was applied into the standardized, 5S-mm diameter defects, which were made bilaterally on the
parietal bone of the rat. The animals were allowed to heal for 8 weeks, and samples were harvested and analyzed by micro-
computed tomography and histology.

RESULTS: Improved proliferation of rat mesenchymal stem cells was observed with VEGF loaded MC. For osteogenic
differentiation, dual growth factors delivered by MC showed higher osteogenic gene expression, alkaline phosphatse
production and calcium deposition. The in vivo results revealed statistically significant increase in new bone formation
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when dual growth factors were delivered by MC. Dual growth factors administered on a calcium phosphate matrix showed

significantly enhanced osteogenic potential.

CONCLUSION: We propose this system has potential clinical utility in providing solutions for craniofacial bone defects,

with the added benefit of early availability.

Keywords Drug carriers - BMP-2 - VEGF - Drug delivery system - Bone regeneration

1 Introduction

Research is ongoing to study the effects of growth factors
incorporated with biomaterials and applied to the human
body to promote new bone formation [1]. Biomaterials
with excellent osteogenesis and angiogenesis are desirable
for the treatment of massive bone defects caused by
trauma, tumors, infections or genetic malformations [2].
During the bone repair process, osteogenesis and angio-
genesis are closely associated, and a well-coordinated
transient angiogenic response is crucial for successful bone
repair [3]. When new angiogenesis occurs, the transfer of
nutrients, oxygen, calcium, and phosphate to the bone
defect site is increased, and the mesenchymal stem cells are
transported to promote bone regeneration [4]. The devel-
opment of synthetic biomaterials coupling osteogenesis
and angiogenesis has attracted increasing attention in
recent years [2]. Local administration of growth factors
utilizing various polymeric and ceramic biomaterials has
therefore pointedly been investigated for sustained drug
delivery [5]. However, synthetic polymers have the dis-
advantage of inducing an inflammatory response during
in vivo degradation, and it is difficult to achieve a uniform
distribution and sustainable release of water-insoluble
drugs. Ceramics are inorganic biomaterials that are used as
bone replacements due to their high compressive strength,
biodegradability and osteoconductivity [5]. However,
ceramics have the disadvantage that they lack an intrinsic
mechanism for controlled delivery and are difficult to mold
into the desired defect geometry. Thus, the development of
biomaterials that are more biocompatible and capable of
controlling biodegradability remains a challenge for the
sustained delivery of growth factors.

Hydroxyapatite (HA) is widely used as a synthetic bone
graft material for periodontal and dental implant surgery,
and has added advantages of bioactivity and osteocon-
ductivity [6, 7]. The bone substitute used in the present
study is HA fabricated by the calcium phosphate cement
paste (CPC) emulsion method. Various sized microporous
microcarriers (MCs) were prepared using alpha-tricalcium
phosphate (a-TCP) with gelatin slurries at low temperature
by a water-in-oil emulsion, taking advantage of the setting
reaction of a CPC. The osteoinductive potential and
properties that allow osteoconduction into bone defect area
has resulted in the wide application of HA-MCs in tissue
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engineering [8]. In addition, their sphericity results in
better filling and maintaining irregular defect space for new
bone formation, and also provides a high surface area to
cells, enabling high yield culturing and in vivo delivery of
adherent cell types [9]. However, since the osteogenic
effect of MC is weaker than the autologous bone, bone
regeneration takes a long time for complete recovery in the
presence of such synthetic materials [6]. To overcome
some of the disadvantages and improve bone graft effi-
ciency, osteoconductive MC can be combined with mes-
enchymal stem cells (MSCs) and/or osteogenic and
angiogenic growth factors such as bone morphogenetic
proteins (BMPs) and vascular endothelial growth factors
(VEGFs). The delivery of bone matrix and cell or growth
factor complex can be applied more effectively in new
bone formation than the autologous grafts, which are
regarded as the gold standards for bone substitutes. The
MC developed by Dr. Perez has micropores on the surface
that serve as nucleation sites for biological apatite precip-
itation, and macropores that provide potential spaces for
new bone maturation and possible sites for entrapment of
growth factors [6].

A group of secreted proteins that belong to the trans-
forming growth factor-f (TGF-B) superfamily, BMPs have
been widely used to induce increased cartilage and bone
formation [10]. BMPs appear to improve initiation of
cartilage and bone formation by two different pathways,
namely, osteogenesis and angiogenesis [10]. Among the
BMP family members, BMP-2 induces the osteoblastic
differentiation in vitro and improves osteoinductive activ-
ity in vivo [10]. Moreover, BMP-2 is commonly used in
clinical conditions to effectively induce osteogenesis [11].
Although BMP-2 is an important osteogenic factor for
inducing bone formation, bone regeneration is a highly
complicated process involving various other growth factors
[10]. VEGF is the most well characterized angiogenic
factor, and is responsible for bone healing and skeletal
formation. BMP-2 enhances bone formation in the cou-
pling of angiogenesis through up-regulation of gene
expression of VEGF in osteoblast-like cells. In addition,
VEGF induces BMP-2 expression and indirectly stimulates
osteoblast differentiation. Even on their own, both BMP-2
and VEGF are involved in bone formation. However, it has
been proposed that the combined administration of BMP-2
and VEGF can obtain more effective bone regeneration as
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Fig. 1 Schematic plane of the application with two bioactive factors incorporated in the o-TCP microcarrier (magnification x 200, scale

bar = 100 pm) for bone regeneration

compared with single use [10]. Hence, more attention has
been focused in combining osteogenic and angiogenic
effects to promote bone regeneration.

Although a supraphysiologic dose of growth factor is
usually applied to effectively induce tissue regeneration in
clinical situations, it is necessary to administer the growth
factor at a lower dose to prevent possible adverse effects
[7, 11]. Studies have applied osteoconductive matrix for
surgical defects in animal models containing growth fac-
tors lower than the clinical dose [7]. Coating the grafts with
growth factor is found to be more effective than moistening
with diluted growth factor, thereby preventing incorrect
dosing and uncontrolled flow [12, 13]. This study was
therefore undertaken to investigate the potential of an HA-
MC based on o-TCP coated with two different growth
factors, and to evaluate the suitability of this carrier system
for possible clinical applications in bone tissue engineer-
ing. The mean size of MC and study scheme is summarized
in Fig. 1. In order to elucidate the efficacy of the combi-
nation of two growth factors with two different sized MCs,
in vitro studies on rat bone marrow-derived (rMSCs) were
performed, and critical sized rat calvarial defect model was
included to assess in vivo bone regeneration.

2 Materials and methods
2.1 Fabrication of calcium phosphate microcarrier

To generate MCs, powders of the relevant CPC were
obtained from the appropriate mixture of calcium hydrogen
phosphate (CaHPO4, C7263, Sigma-Aldrich, Atlanta, GA,
USA) and calcium carbonate (CaCO3, C4830, Sigma-
Aldrich) by sintering at 1400 °C and subsequent quench-
ing. The obtained o-TCP was treated with a planetary mill
(Pulverisette 6, Fritsch GmbH, Idar-Oberstein, Germany),
and a 2 wt% of precipitated HA (ref.1.02143, Merck-
KgaA, Darmstadt, Germany) was included as the seed of

the precipitation reaction in the obtained powder. To obtain
a gelatin/calcium phosphate composite paste, the complete
inorganic powder prepared in the previous step was mixed
with a gelatin solution at 5% (w/vol) by adjusting the ratio
of liquid to powder at 0.8 mL/g. The ceramic slurry was
added into heated olive oil with stirring, until setting time
was reached. Once the microspheres were formed, the MCs
were extracted by adding an ice-cold washing solution into
the oil emulsion. After cross-linking with 1.15% (w/v)
1-ethyl-3,3(3-dimethylaminipropyl) carbodiimide (EDC;
Fluka 39,391, Sigma-Aldrich) and 0.03 m N-hydroxysuc-
cinimide (13,067-2, Sigma-Aldrich) for 2 h, the super-
natant was discarded and the MCs were separated, cleaned
with acetone, and immersed in Ringers solution for 7 days
for a-TCP hydrolysis, to enable the complete transforma-
tion into HA.

2.2 Diameter and porosity of microcarrier

The MCs obtained were sieved, and MCs in the diameter
range of 100-200 um (small, S) and 300-500 um (big, B)
were selected for this study. The size of each MC was
scanned using high resolution scanning electron micro-
scopy (SEM; JEOL-JSM 6510, Tokyo, Japan) to observe
the external and internal structure. SEM images of MC
were taken randomly from each sample at 200X magnifi-
cation, and the diameters were measured for each image.
The porosity was evaluated by performing micro-computed
tomography (UCT, skyscan 1176, SkyScan, Aartselaar,
Belgium). Micro-CT images scanned at a resolution of
18 um (65 kV and 378 pA), and the region of interest
(ROI) was reconstructed from the scanned data set.
Porosity of the each MC was measured with a pCT ana-
lyzer program (CTAn, SkyScan), and the coronally sec-
tioned two dimensional (2D)-reconstructed image was
visualized using a data viewer program (SkyScan).
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2.3 Growth factor release profile

Prior to the experiment and growth factor loading, the
collected MCs were sterilized by immersing in 70% etha-
nol and placed under a UV lamp for 4 h. The sterile MCs
were then washed three times by sterile PBS. Prepared
MCs were incubated with PBS overnight before loading
with BMP-2 (Cowell Medi Implant, Busan, Korea) and
VEGF (R&D systems, Minneapolis, MN, USA). Growth
factor loaded MCs were maintained in a freezer until use;
the day before use, frozen MCs were lyophilized and used
for the release test. The MCs (quadruplicate samples from
each batch) were suspended in 1 ml PBS, and were gently
shaken in a humidified incubator at 37 °C. At defined time
intervals, all PBS was collected without removing MCs and
replaced with fresh PBS. The collected supernatants were
stored frozen at — 80 °C until the end of the experiment,
and were then assayed for growth factor content using the
human VEGF 165 (900-K10) and the human BMP-2 (900-
K255) enzyme-linked immunosorbent assay (ELISA) kit,
obtained from Peprotech Inc. (Peprotech, Rocky Hill, NJ,
USA).

2.4 Harvest and characterization of bone marrow
derived MSC from rat long bone

Animal cell primary culture was performed after receiving
approval from Korea University, Institutional Animal Care
and Use Committee, Republic of Korea. Using an explant
technique, the bone marrow derived rat mesenchymal stem
cells (rMSCs) were harvested from 5-week-old male
Sprague-Dawley (SD) rats (Daehan Biolink, Chungbuk,
Republic of Korea). Briefly, the rats were sacrificed, and
the tibia and femur from both legs were separated and soft
tissues were removed. Both ends of each bone were snip-
ped, and the bone marrow area was washed twice with
media, and digested with collagenase type I and dispase
solution. rtMSCs were cultured in controlled medium con-
sisting of a-modified minimal essential medium (o-MEM,
SH30265.02, HyClone, Logan, UT, USA) supplemented
with 10% fetal bovine serum (FBS, SH30919.03,
HyClone), and 100 U/ml penicillin and 100 mg/ml strep-
tomycin (Pen/Strep, 15,140-122, Gibco, Carlsbad, CA,
USA), at 37 °C in a humidified atmosphere containing 5%
(v/v) CO,. As opposed to hematopoietic cells, MSCs
adhere to the surface of the culture dish; twice a week, the
adherent cells were separated from the bone marrow by
adherence-separation culturing and replacing the culture
medium. For passaging, upon reaching 80% confluence,
cells were gathered by trypsinization (0.05% (w/v) trypsin—
EDTA, 25,300-062, Gibco), and re-plated in a new culture
dish. Fresh medium was replenished every 3 days, and the
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cells between passages 3 and 4 were used for the
experiments.

Before use, expression levels of the surface-antigen
markers on the isolated bone marrow-derived rMSCs were
confirmed by fluorescence-activated cell sorting (FACS)
analysis (FACSCalibur, BD Biosciences, San Jose, CA,
USA). Some characteristic surface markers for multipotent
mesenchymal stem cells analyzed were as follows: positive
for CD44 (sc7946, Santa Cruz Biotechnology Inc., Paso
Robles, CA, USA), CD73 (sc14682), CD105 (sc19793),
CD106 (sc8304), CD146 (ab75769, Abcam, Cambridge,
MA, USA), runt-related transcription factor 2 (RUNX2,
sc10758) and transforming growth factor-f receptor 1
(TGF-BR1, ab31013), and negative for CD31 (sc1506) and
CD34 (sc7045). Briefly, rMSCs were washed with cold
PBS, fixed in 4% paraformaldehyde (PFA), and stained
with primary antibodies of each factor. FITC-labeled sec-
ondary antibodies were also added, and the samples were
analyzed by FACS.

2.5 Cell proliferation

The direct effect of MCs and the indirect effect of the
released growth factors on cell proliferation were evaluated
in vitro. For the direct proliferation test, 5 x 10* rMSCs
were seeded onto each sample. At each time point, the
DNA content of the samples was evaluated through DNA
quantification using double-stranded DNA (dsDNA) fluo-
rescence kit (PicoGreen quantitation assay kit, P11496,
Invitrogen, Carlsbad, CA, USA), according to the manu-
facturer’s instructions. Briefly, the cultured cells were
lysed, followed by three freeze/thaw cycles using 0.2%
triton solution. Cell lysates were centrifuged at 12,000 rpm
at 4 °C for 15 min, and the resultant supernatants were
analyzed. PicoGreen reagent and samples were mixed in
equal volumes (50 pl each) and incubated for 5 min in the
dark. Three samples in each group were measured using a
multimode microplate plate reader (SpectraMax M2e,
Molecular Devices Corporation, Sunnyvale, CA, USA),
and the data were averaged from duplicate tests. A standard
curve was generated using the provided dsDNA standard
sample, and the intensity of the experimental samples was
interpolated to determine the cell attachment and prolifer-
ation of the rMSCs. For the indirect proliferation assay,
6 x 10° rMSCs were seeded on the culture plates, and the
cell proliferation level was quantified by cell counting kit-8
(CCK-8, Dojindo Molecular Technologies, Inc., Kuma-
moto, Japan). Briefly, cells were cultured for 1, 3, 5, 7, and
9 days, after which the plates were washed twice with PBS,
and culture media containing 10% CCK-8 reagent was
added to each well. After 2 h incubation at 37 °C, 100 uL.
aliquots from each well were transferred to a 96-well plate,
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and the proliferative activity was determined spectropho-
tometrically at 450 nm using a microplate reader.

2.6 Osteogenic differentiation

The osteogenic performance of MC and growth factor
loaded MC was compared in 3 replicates for each group.
rMSCs were seeded at a density of 4 x 104/cm2; cells were
then differentiated in osteogenic medium, with media
changes every 3 days. For osteogenic differentiation, con-
trolled medium was supplemented with 10 mM B-glyc-
erophosphate (G9422, Sigma-Aldrich), 50 pg/mL ascorbic
acid (A8960, Sigma-Aldrich), and 100 nM dexamethasone
(D4902, Sigma-Aldrich). In order to visualize the overall
cell distribution and mineralization of rtMSCs on the sam-
ples, SEM images were obtained. Briefly, the cells grown
in each sample were fixed by 4% PFA, dehydrated in a
graded series of ethanol (70, 80, 90, 95 and 100%), treated
with hexamethyldisilazane to complete dehydration of the
samples, followed by air-drying of the samples. The types
of ECM(extracellular matrix) formation and cell distribu-
tion were confirmed after carbon coating. In order to assess
the in vitro efficiency of the MCs on the osteogenic dif-
ferentiation on the rMSCs, two sets of experiments were
performed. Indirect culturing was done to verify mineral
deposition, and alkaline phosphatase (ALP), total protein,
and gene expression changes were evaluated for the direct
culture studies.

2.7 Quantitative reverse transcription-polymerase
chain reaction (qPCR) analysis

After the cells were exposed to the different growth factor
conditions, the gene expression of ALP, osteocalcin (OCN)
and osteopontin (OPN) in the rMSCs were detected by a
quantitative real-time PCR (qQRT-PCR) using specific pri-
mer sequences for the listed genes (Table 1). The rtMSCs
were collected at 10 days from each study group described

Table 1 Primer sequences for quantitative real time-PCR

Target gene Direction Primer sequence

GAPDH Forward GGCAAGTTCAACGGCACAGT
Reverse CGCTCCTGGAAGATGGTGAT

ALP Forward ACTGGTACTCGGACAATGAG
Reverse ATCGATGTCCTTGATGTTGT

OPN Forward CCAAGCAACTCCAATGAAAGC
Reverse TCCTCGCTCTCTGCATGGT

OCN Forward CAGACAAGTCCCACACAGCAA
Reverse GCCAGCAGAGTGAGCAGAGA

previously, with untreated cells as a control. To analyze
expression of genes involved in MSC osteogenic differ-
entiation, the total cellular RNA was extracted using the
RNeasy Minikit (74,106, Qiagen, Gaithersburg, MD, USA)
from each cell sample, and the cDNA was synthesized
from the total RNA. qRT-PCR was performed by using
real-time PCR equipment (StepOnePlus™, Applied
Biosystems, Waltham, MA, USA) and SensiMix™ SYBR
Kit (QT605, Bioline, London, UK).

2.8 Mineralized nodule formation by alizarin red s
staining and cetylpyridinium chloride
quantification

To demonstrate the presence of insoluble calcium deposi-
tion, the differentiated cells were assayed at days 5, 10, 15
and 20. Briefly, at the prescribed time points, the samples
were fixed in 70% ice cold ethanol for 1 h and rinsed with
distilled water. Cells were stained with 40 mM Alizarin
Red S (ARS, A5533, Sigma-Aldrich) solution (pH 4.2) at
room temperature for 10 min, with gentle agitation. Cells
were then gently rinsed with distilled water to remove any
unbounded dye. The ARS staining was photographed under
stereo microscope (JSZ-7XT; Samwon Scientific, Seoul,
Republic of Korea). For quantification of staining, ARS
was extracted with 10% (w/v) cetylpyridinium chloride
(CPC, C0732, Sigma-Aldrich) for 30 min at room tem-
perature with gentle shaking. After incubation, aliquots of
the ARS extracts were transferred to a 96-well plate, and
the concentration was determined spectrophotometrically
at 562 nm, in triplicate.

2.9 Determination of alkaline phosphatase activity

The enzymatic activity of ALP was determined by a col-
orimetric assay to check osteogenic differentiation of
rMSCs at days 7, 14 and 21, subsequent to cell seeding
under osteogenic culture conditions (control, SV, BB,
SVBB). The MCs were washed twice with PBS, and the
cell lysates were obtained from each sample. The cells
were lysed thrice by freeze-thaw cycles, followed by
addition of 0.2% triton. The sample lysates were collected
in tubes and centrifuged at 10,000 rpm for 10 min. The cell
supernatants were assessed for ALP activities using the
ALP detection reagent containing p-nitrophenyl phosphate
(p-NPP) as the substrate. Working reagent containing equal
parts (1:1:1) of 1.5M 2-amino-2 methyl-1-propanol
(A5888, Sigma-Aldrich), 20 mM p-NPP (P4744, Sigma-
Aldrich), and 1 mM magnesium chloride (208,337, Sigma-
Aldrich) were added to the samples, and incubated at
37 °C. The reaction was terminated by transferring sample
tubes on ice and adding the stop solution. The absorbance
of the resultant p-nitrophenol was quantified using a
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microplate-reader (iMark, BioRad, CA, US) at a wave-
length of 405 nm, and the concentration was calculated
from a standard ALP activity curve generated using p-ni-
trophenol stock standard (N7660, Sigma-Aldrich). The
produced ALP was normalized by dsDNA produced from
each sample, and the ALP specific activity was calculated.
Each test was performed on four replicate samples (n = 4).

2.10 Animals and in vivo design

The protocol of housing, care and experimental procedure
were approved by the Korea University, Institutional Ani-
mal Care and Use Committee, Republic of Korea; the
animal selection, management, surgical protocol, and
preparation was as per the procedure of our previous study
[14]. A total of 27 animals, 12 weeks old, 250-300 g
healthy male SD rats were included in this study. Upon
arrival, the animals were housed individually, and allowed
to acclimate for a week. The standard pellet food and water
were provided ad libitum. The first subcutaneous animal
model was used to determine tissue reactions of the cell/
scaffold tissue-engineered samples (small size MC (S), big
size MC (B), small and big size MC (SB), small size MC
with VEGF (SV), big size MC with BMP-s (BB), SV with
BB (SVBB) groups). Next, the critical sized calvarial bone
defect model (5 mm in diameter) was designed to inves-
tigate the regeneration of bone tissues by the dual growth
factor induced MCs. The experimental groups included one
study group (SVBB) and two control groups (SB and
empty control).

2.11 Surgical procedure

All surgical procedures were performed under general
anesthesia, induced with a mixture of 80 mg/kg ketamine
hydrochloride (Ketamine®, Yuhan, Seoul, Korea) and
10 mg/kg xylazine (Rumpun®, Bayer Korea, Seoul,
Korea) administered via an intramuscular injection. After
anesthetizing the animals, the back of each rat was shaved
and the surgical site was scrubbed with 10% povidone
iodine and 70% ethanol in a standard manner. A single
1.5 cm incision was made through the skin on the midline,
and four subcutaneous pouches were created using blunt
dissection laterally on the rear. A single randomized
specimen was placed in each pouch, away from the inci-
sion. Following implantation, the incision was subse-
quently sutured with 4-0 non-absorbable monofilament
suture material (Prolene, Ethicon, Somerville, NJ, USA).
The animals were sacrificed at 8 weeks after the surgery.

For the calvarial defect model, the animals were anes-
thetized by injecting ketamine and xylazine mixture during
the surgical procedure. After the surgical site was prepared,
infiltration anesthesia with 0.5% lidocaine (with 1:100,000
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epinephrine) was administrated to the surgical sites over
the calvarial bone to decrease the pain and bleeding during
operation. The animals were placed in ventral recumbency,
and their heads were shaved. The operation field was then
prepared for aseptic surgery, using 10% povidone iodine
and 70% ethanol serially. After a straight incision along the
sagittal midline of the skin, a full thickness flap (including
the skin and the periosteum) was elevated, and the under-
lying parietal bone was exposed. A 5 mm diameter tre-
phine bur was used to create a standardized, and bilateral
full-thickness round defect in each parietal bone. During
the creation of the defect, the surgical field was continu-
ously irrigated with cold sterile 0.9% saline, and the tre-
phined bony disk was carefully removed. After this
treatment, the experimental and control materials were
appropriately applied to the defect; the defects were left
empty in the ‘empty control’ group. After delivery of the
grafting material, the periosteum was repositioned and
sutured with 4-0 absorbable suture material (Vicryl, Ethi-
con), and the skin was sutured with 4-0 non-absorbable
suture materials. Post surgery, the animals were monitored
for signs of infection, inflammation and adverse effects by
visual observation, and the suture was removed after
7 days. After a healing period of 8 weeks, the animals were
sacrificed by CO, inhalation and cervical dislocation, and
the samples and surrounding tissues were harvested for
analysis.

2.12 Image analysis of Micro-CT

After obtaining block sections, including the defect and the
surrounding bone, each block section was fixed in 10%
neutralized buffered formalin for 24 h, and then transferred
to 70% ethanol until scanning. The samples were scanned
using an in vivo high resolution nCT (SkyScan 1176,
SkyScan) at a resolution of 18 pm (100 kV and 100 pA)
with a filter of 1 mm aluminum. The scanned data set were
reconstructed in the reconstruction software (NRecon,
Skyscan), and the volume of interest (VOI) was positioned
over each defect on the serial coronally sectioned images
for quantitative analyses. For quantitative analyses of
encompassing the new bone within the defect site, three-
dimensional (3D) images were created using an image
analyzer program (CTAn Skyscan) by reconstructing
images over the VOIs and analyzing for the percentage
new bone volume, the bone surface area, and the bone
surface density.

2.13 Histologic analysis
After nCT imaging, the fixed samples were decalcified in

RapidCalTM solution (BBC Chemical, Stanwood, WA,
USA), followed by dehydration in a graded series of
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increasing ethanol dilutions (from 70 to 100%). All sam-
ples were bisected in the middle of the defect and
embedded in paraffin to make blocks. Using a microtome
(RM2245, Leica, Germany), 5 um thick sections were cut
into the sagittal plane along the center of the defect in each
block. The most-central sections were placed on glass
slides and stained with hematoxylin and eosin (H&E),
using a standard techniques. The slides were then observed
under a light microscope (IX70, Olympus Co., Tokyo,
Japan) to assess biocompatibility and tissue regeneration,
and digital images were photographed using Meta-Morph
(Universal Imaging Corporation, Downingtown, PA,
USA).

2.14 Statistical analysis

Experiments were run in triplicate to account for individual
variations. Statistical analyses were performed using SPSS.
The one-way analysis of variance (ANOVA) test was
performed to determine significant differences between

Particle size
100~200 pm

small size

Porosity: 29.05%

Fig. 2 SEM micrographs of HA-MC (magnification x 200, scale
bar = 100 pm). Two resultant MCs of small (100-200 pm), and big
(300-500 pm) size with hollow internal structure are shown. No
surface morphological differences were observed between the MCs.

Inner structure of the
big particle

small : big = 1:1

Porosity: 14.19%

groups. The level of statistical significance was set at
p < 0.05, and the values are reported as mean =+ standard
deviation of the mean of three independent experiments.

3 Results
3.1 Microcarrier formation and characterization

HA-MC:s of varying sizes were fabricated by a combination
of o-TCP and gelatin emulsification, using the water-in-oil
emulsion method. During the process, MCs having an
average particle size in the range of 100-500 um were
obtained. The MCs possessing diameters of 100200 pm
(small size, S) and 300-500 um (big size, B) were col-
lected for further experiments. The MCs observed with
optical microscopy are shown in Fig. 1. No macroscopic
morphological differences were observed between MCs of
different particle size. Figure 2 shows the morphology of
the MC and their size distribution by SEM. Each MC has a

Particle size
300~500 pm

big size

Porosity: 36.32%

PCT images of MCs, and the porosity calculated from pCT data
analysis are also presented. SEM scanning electron microscopy, HA
hydroxyapatite, MC microcarrier, ¢CT: micro-computed tomography
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similar outer and hollow internal structure. The calculated
porosity of each MC is also presented. Three dimensional
PCT images were defined by scanned images, and the
porosity of the MCs were assessed using pCT image
analysis program as described in the Materials and Meth-
ods section. Big MCs had a higher porosity (36.32%)
compared to the small MCs (29.05%). When two sizes of
MCs were mixed in a 1:1 ratio (SB), the resultant porosity
was 14.19%.

3.2 Accumulated concentration of released protein

The in vitro release profile of VEGF from the small size
MC (SV), BMP-2 from big size MC (BB), and dual growth
factor loaded MCs (SVBB), were examined by an ELISA
quantification assay. Figure 3A and B show the accumu-
lative amount of growth factors released from the MCs.
After a rapid burst release (within few hours), the growth
factors retained a sustained release profile, which continued
up to 21 days. The incremental release curve re-plotted in
Fig. 3C and D further demonstrates the release behavior in
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Fig. 3 A-D In vitro growth factor release profile of VEGF and BMP-
2. A Accumulative release profiles and C released dosage profiles
from MCs containing VEGF with small size MC and B accumulative
release profiles and D released dosage profiles from MCs containing
BMP-2 with big size MC. Release profiles indicate a rapid burst
release (within few hours) of growth factor from MCs. Both single
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a time-dependent manner. The total release amount was
approximately 728.9 ng (corresponding to 72.9% of the
incorporated VEGF) from SV and 2580.2 ng (corre-
sponding to 51.6% of the incorporated BMP-2) from BB.
The total release amount from SVBB was approximately
536.8 ng (corresponding to 53.7% of the incorporated
VEGF) and 1945.6 ng (corresponding to 38.9% of the
incorporated BMP-2) (Fig. 4).

3.3 Stem cell characterization and their growth
on MCs

Prior to determining the effect of dual growth factor
incorporated MCs on the rMCSs, some representative
surface markers of multipotent MSCs were evaluated using
FACS analysis. The rMCSs expressed typical marker pat-
tern for MSCs: high levels of positive signals for TGF-BR1
(99.25%), RUNX2 (99.16%) CD44 (99.50%), CD73
(99.59%), CD105 (99.28%) CD106 (99.18%), and CD146
(99.18%), and low levels of negative signals for CD31
(3.36%) and CD34 (2.34%). These results indicate that the
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and dual growth factor loaded MCs showed a sustained release profile
that continued up to day 21. This indicates the possibility of
regulating the amount of release of two growth factors in one type of
MCs. SV: small size microcarrier with VEGF; SVBB: mixed
microcarrier with BMP-2 and VEGF; BB: big size microcarrier with
BMP-2
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Fig. 4 FACS analysis of surface antigen expression of rMSCs.
rMSCs stained positive for TGF-PR1, RUNX2, CD44, CD73, CD105,
CD106, and CD146, and negative for CD31 and CD34. rMSCs: rat

primary cultured rMSCs used in this study possess char-
acteristics of multipotency.

factor 2

bone marrow-derived mesenchymal stromal cells. TGF-BR1: trans-
forming growth factor-f receptor 1, Runx2: runt-related transcription

observed after differentiation by SEM. The MCs were

intact, and no fragments were detached from the MC.

To investigate the effect on cell proliferation with MC,

on the MCs

3.4 Cell differentiation and ECM deposition

dsDNA was quantified for rMSCs up to 21 days (Fig. 5A).
In the direct culture assay, we observed the amount of
dsDNA of rMSCs at day 7 was higher in the SV group as
compared to other groups. The SV and BB exposed cells
also grew faster than the control group. The proliferation of
cells exposed to SVBB increased more rapidly at 7 days,
but was different at days 14 and 21. The highest increase of
dsDNA amount was observed in SV at days 14 and 21,
compared to other groups. There was no significant dif-
ference in the proliferation of rMSCs between BB and
SVBB, and both showed significantly higher dsDNA
amount than the control group during the study period. The
differences between groups seemed to be more pronounced
in the indirect culture test. The cells cultured with the
released growth factors grew without reaching a plateau on
day 9 (Fig. 5B). There was no difference between the
groups until day 5, but the number of cells tended to
increase statistically in SV after 7 days (P > 0.05). Fig-
ure 5C shows the contrast microscopy images obtained for
cell culture under indirect culture conditions.

The shape of the ECM deposition on MC after osteogenic
differentiation is presented in Fig. 6. At low magnifica-
tions, integration between HA-MCs by ECM can be

Despite the qualitative nature of the images, incorporating
VEGF with MC resulted in increased ECM formation than
MC with BMP-2. Cells tended to proliferate at the interface
between the different MCs, and were aggregated.

3.5 Gene expression of rMSCs on the MCs

Since different growth factors significantly affect the dif-
ferentiation process, we investigated whether dual or single
growth factor delivery could stimulate rMSC differentiation
into the osteogenic lineage over a course of 10 days (Fig. 7).
Real time PCR (RT-PCR) analysis of gene expression,
including ALP, OCN, and OPN, were examined by qPCR.
The gene expression of each study group was normalized to
the control group. The results revealed a significant increase
in the expression of the early osteogenic differentiation
marker ALP in group BB. Although not significant, the BB
group also showed a higher expression of the late osteogenic
differentiation marker OCN. Levels of OPN expression,
another late osteogenic differentiation marker, were signif-
icantly increased in the SVBB group.

3.6 Calcium deposition during differentiation
All osteogenic differentiated conditions for rMSC demon-
strate the presence of insoluble calcium deposition, but

mineralized nodules were not detected in the undifferen-
tiated control group compared to the control medium

@ Springer



616

Tissue Eng Regen Med (2020) 17(5):607-624

A 1400 B 2.100
1200 1.800
g B°
£ _ 1000 £ o 1500
s E 23
g? 800 =C 5§ 120 uC
2 BB cQ =BB
£3 5%
e S 400 "SVBB 8 400 =SVBB
o c
- = o
3 200 %‘0 0.300
o
0 0.000
7 14 21 1 3 5 7 9
Time point (day) Time point (day)
c Day 1 3 5 7 9

Contrast light
microscopic
images

Fig. 5 A, B Proliferation after days 7, 14, and 21 under direct
condition and days 1, 3, 5, 7, and 9 under indirect conditions. C:
control; BB: big size microcarrier with BMP-2; SV: small size
microcarrier with VEGF; SVBB: mixed microcarrier with BMP-2 and
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Fig. 6 SEM images for HA-MC at 2 weeks after osteogenic
differentiation. Integration between HA-MCs by ECM can be
observed at low magnifications. S: small size microcarrier; B: big

during the study period (Fig. 8A). In all study groups,
calcium deposition was first detected at day 10, and
exhibited increasing positive staining until day 20. On day
10, the calcium deposition was significantly greater in MCs
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VEGF. Asterisks represent samples presenting significantly higher
cell growth (¥ = p < 0.05). C Contrast microscopy images obtained
for cell culture under indirect culture conditions. Magnification
x 100, scale bar = 300 um

SElI  10kV WD24mm

SEI 15KV WD24mm

size microcarrier; SB: small and big size microcarrier; SV: small size
microcarrier with VEGF; BB: big size microcarrier with BMP-2;
SVBB: mixed microcarrier with BMP-2 and VEGF

with BMP-2 (BB & SVBB) as compared to other condi-
tions. SVBB demonstrated higher calcium deposition than
the BB group on day 15, but the deposition was similar on
day 20 (Fig. 8B). SVBB demonstrated higher calcium
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Fig. 7 Real time-PCR analysis of relative fold increase in ALP, OCN, and OPN expression in rMSCs. Asterisks represent samples presenting
significantly higher gene expression compared to the other groups (* = p < 0.05). ALP alkaline phosphatase, OCN osteocalcin, OPN osteopontin
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Fig. 8 Osteogenic differentiation of rMSCs on MCs. A Alizarin Red
S (ARS) staining for insoluble calcium deposition was imaged at days
1, 3, 7, and 14. B For quantification of staining, ARS was extracted
with 10% CPC and measured. Magnification x 100, scale bar = 300
um. C Measurement of the alkaline phosphatase activity in rMSCs at
days 7, 14 and 21, subsequent to culturing with osteogenic medium.

deposition than the BB group on day 15; the difference
remained constant on day 20.

3.7 Alkaline phosphatase activity

We examined the effects of the MCs and growth factor
loading on the ALP production at days 7, 14 and 21
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Asterisks represent samples presenting significantly higher results
compared to the other groups (* = p < 0.05). MCs microcarrier,
rMSCs rat mesenchymal stem cells. CM: Conditioned medium; C:
Control; BB: big size microcarrier with BMP-2; SV: small size
microcarrier with VEGF; SVBB: mixed microcarrier with BMP-2 and
VEGF

subsequent to culturing rMSCs (Fig. 8C). ALP activity in
osteogenic medium was enhanced on day 14 in all groups,
compared to days 7 and 21. ALP activity measured over
time revealed that the cells cultured on the BMP-2 incor-
porated MCs showed significantly higher level of ALP
activity than others. In comparison with the BB group,
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SVBB showed similar ALP production on day 7, but was
comparatively significantly enhanced at days 14 and 21.

3.8 Biocompatibility and ectopic osteoinduction

The in vivo tissue responses of the MCs were first subcuta-
neously assessed in rats to analyze the osteoinductive
potential of growth factor loaded MC (Fig. 9). Twelve weeks
after implantation, residual scaffold materials remained
within the fibrous capsules in all six study group MCs. His-
tological examination showed that all implanted MCs were
biocompatible, and no immune reactions or tissue rejections
were detected. Many fibroblastic cells encapsulated the MCs
by collagenous tissue networks, and newly formed vessels
were also shown within the fibrous capsule area for all
groups. While growth factor not loaded and single growth
factor loaded MCs did not induced ectopic bone formation,
the SVBB group induced ectopic bone formation. However,
bone apposition on the surface of the MC was not observed.

3.9 Bone regeneration in critical sized rat calvarial
defect model

Based on the in vitro osteogenic differentiation and bio-
compatibility studies in subcutaneous tissues, we next
examined the in vivo bone regeneration efficacy. To study
this, only dual growth factor loaded MCs were considered.

Fig. 9 Light microscope images of the biocompatibility and
osteoinductive potential of dual growth factor loaded MCs subcuta-
neously implanted in rats. Histological sections showing the residual
scaffold materials which remained within fibrous capsule without
degradation. rMSCs extended into the MCs (arrow head). In group
SVBB, some ectopic bone formation (arrow) was observed in the
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MCs were implanted in a critical-sized bilateral parietal
bone defect in rat calvaria with a diameter of 5 mm
(Fig. 10A). For this purpose, we implanted SVBB
(Fig. 10B). As a negative control, the defect was left
empty, and SB alone was chosen as a second control group.
All animals showed normal activity after 1 day of
implantation, good healing response without adverse tissue
reactions, and gained weight. The implanted site remained
stable, and there was no evidence of inflammation in the
harvested tissue.

Three-dimensional morphometric analysis of the pCT
images gave quantification of % bone volume after
8 weeks of implantation (Fig. 10C). When SB and SVBB
groups were implanted in the defect, the values increased
significantly. The volume percentage of new bone in defect
area was 69.8 + 6.0 in SVBB as compared to both control
group EC (17.0 £ 2.9) and SB (58.4 &+ 3.8) (p < 0.05).
Significant increase in new bone formation was observed in
the SVBB group, as compared to SB (Fig. 10D).

The histologic findings of H&E stained samples around
the defect areas are presented in Fig. 11. All groups
showed new bone ingrowth from the margin of the surgi-
cally created defects. However, the empty defect could not
be healed spontaneously. Thin, loose connective tissues
covered the defect area, and limited amount of newly
formed bone could be seen along the edge of host bone.
Compared to the empty control group, the other two groups

space between MCs. H&E stain, magnification x 200, scale bar =
100 pm. S: small size microcarrier; B: big size microcarrier; SB:
small and big size microcarrier; SV: small size microcarrier with
VEGF; BB: big size microcarrier with BMP-2; SVBB: mixed
microcarrier with BMP-2 and VEGF
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Fig. 10 Critical sized calvarial defect model in rats. A Macroscopic SV and SVBB group after 8 weeks. Bone formation outside the
appearance of the standardized circular, full thickness bone defect. margins of the defect was found in all groups. D In the 8-week
B Defect was either left empty as a negative control, or MCs were healing groups, there was statistical difference in % new bone
implanted. C Three-dimensional pCT image of empty control (EC), formation between groups (* = p < 0.05). Scale bar = 1 mm

Fig. 11 Histologic findings of
rat critical sized calvarial
defects at 8 weeks. The
arrowheads indicate the margin
of the surgically created defect.
New bone ingrowth was
observed from the surgically
created defect margin, and new
bone was formed on the surface
of the graft material both in the
control (SB) and study group
(SVBB). However, delivery of
dual growth factors resulted in
abundant new bone formation.
Magnification x 200, scale

bar = 100 pm. EC: empty
control; SB: small and big size
microcarrier; SVBB: mixed
microcarrier with BMP-2 and
VEGF

EC
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showed varying degrees of increased bone regeneration. In
the SB group, better bone formation was demonstrated than
in the empty control, but loose connective tissue was still
found profoundly. In the SVBB group, abundant newly
formed bone was observed on the surface of MC, and
mature lamellar bone was identified in between the MCs.
However, the particle size of MCs were not reduced.

4 Discussion

A variety of new materials have been introduced for bone
regeneration, but research in tissue engineering and
regenerative medicine continues, in an endeavor to find an
optimal bone substitute. In the present study, spherical HA-
MCs were obtained using oil emulsion of o-TCP paste, and
two different osteogenic and angiogenic growth factors
were successfully incorporated into the HA-MCs. These
MCs, when used for bone tissue-engineering scaffold,
showed a sustained release of the growth factors. In vitro,
the MCs with double growth factors enhanced the osteo-
genic differentiation of rMSCs. The in vivo results
demonstrated osteoinduction at the ectopic site with MCs,
and enhanced bone regeneration in critical-sized rat cal-
varial defects model at 8 weeks post-implantation.

We studied calcium phosphate as a means of improving
bioactivity and mechanical properties, and mimicking the
extracellular matrix of bone. The scaffold composed of
synthetic HA-MC showed tremendous potential in bone
tissue engineering. The MC, composed of fully hydrolyzed
HA from o-TCP, was obtained by an emulsion process.
The spherical shape was revealed by SEM observations, as
shown in Fig. 2. The effect of oil viscosity and rotation
speed on MC mean size and sphericity for making HA-
MCs from gelatin was a homogenously incorporated o-
TCP paste, and has been summarized previously [6]. Pre-
vious studies have shown that varying particle size of MCs
can be obtained by controlling the solution concentration
and production speed. MCs of various sizes, from tens of
micrometers to hundreds of micrometers, have been man-
ufactured and used for bone tissue engineering. For this
study, two different MC sizes (100200 pm and
300-500 pum) were chosen to compare bone regenerative
characteristics for dual growth factor delivery. MCs of both
sizes exhibited different porosity, which could be con-
trolled by using them in combination (Fig. 2). Our future
study plans include the effect of controlling porosity on
bone formation, to help find the optimal bone tissue engi-
neering effect by promoting the growth of newly generated
tissues, and promoting the distribution of osteoprogenitor
cells and endothelial cell migration into the matrix.

In this study, dual growth factors were incorporated into
the MC. The concentration of growth factors used in this
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experiment was determined according to previous studies,
with BMP-2 corresponding to bone formation and VEGF
corresponding to angiogenesis [15]. We observed burst
release from the MCs for the first few hours, after which a
sustained release of both growth factors was observed for
up to 3 weeks. Since high-concentrations of growth factors
can cause cytotoxicity, controlled release from such HA-
Gel MCs is desirable for bone formation and angiogenesis.
The addition of gelatin aims to control the drug release
process of a-TCP [2]. Gelatin acts as a buffer system to
inhibit burst release by interacting between growth factors
and the matrix, slowing the drug release rate, and pro-
longing the total drug release time. Prolonged delivery of
growth factors reduces inflammation due to excessive
administration, promotes tissue formation, and stimulates
the remodeling of newly formed bone tissue. Figure 3C, D
show the rate at which the growth factors were released
from the MC. The simultaneous release of two growth
factors exhibited a reduced release pattern, wherein the
reduction of VEGF was greater than that of BMP-2.
Bone marrow mesenchymal stem cells have the poten-
tial to differentiate into multilineage types such as osteo-
blasts, chondrocytes, and fibroblasts, and the differentiation
into each cell type depends on the culture environment.
rMSCs also show in vitro osteogenic differentiation under
osteogenic media condition with dexamethasone [16] and
in vivo bone formation in rat calvarial defect model [17]. It
is important to establish a stabilized environment to enable
bone tissue regeneration by promoting the activity of cell
proliferation and differentiation in vivo or in vitro [10]. We
investigated cell proliferation of MCs with dual growth
factors with osteoconductive biomaterials, to provide a
viable means of addressing the aforementioned regenera-
tive conditions. Growth factor-loaded MCs showed a sig-
nificant increase in cell growth, while VEGF single-loaded
MCs showed the highest growth for rMSCs on both direct
and indirect proliferation test. DNA quantification of direct
proliferation test at day 7 showed that SVBB supports the
highest proliferation of rMSCs compared to other MCs
(Fig. 5A). However, no significant difference was detected
between rMSCs proliferation on single growth factor loa-
ded MCs which, in both cases, was significantly higher
compared to control. However, this situation changed
fundamentally between days 14 and 21, since VEGF alone
supported better proliferation of rMSC compared to other
groups. No significant differences were found between BB
and SVBB during the study period, but SVBB supported
maximum proliferation of rMSCs in the indirect test, as
compared to other groups (Fig. 5B). VEGF is reported to
have a dose-dependent proliferative effect, and we
observed maximum proliferation at a concentration of
hDPSCs of 40 ng/mL in vitro [18]. In the in vivo study, the
possibility of dose-dependent potency of delivering VEGF
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for bone regeneration has also been reported. In irradiated
calvarial defect of 3.5 mm diameter, angiogenesis-en-
hanced bony bridging was similar to the sample non-irra-
diated by delivery of 3 ng of VEGF-containing scaffold
[19]. Compared to BMP-2, VEGF provides a significant
advantage for its proliferation by allowing expansion of
undifferentiated rMSCs.

The surface properties of the scaffold provide physical
cues to enable cell proliferation on the surface of the
structure, which is influenced by several parameters
including the culture and the seeding conditions of the cells
[20]. Since an important application of MC could be its use
as a cell delivery system for tissue engineering in in vivo
applications, we investigated the possibility of rMSC to
deposit mineralized ECM on MCs. Scanning Electron
Microscopy (SEM) revealed that MCs with growth factors
allowed cell growth on MC, and that the cells on the sur-
face produced large amounts of ECM and aggregated them,
as shown in Fig. 6. This also means that our HA-MCs
exhibit excellent biocompatibility and osteoconductivity
when used with gelatin. Compared to irregularly shaped
microparticles, our spherical MCs can be applied through a
minimally invasive route and provide additional mechani-
cal support. Also, due to the predictable nature of
implantation during filling, MCs can be used for bone
defect filling applications in dentistry and orthopedics [21].

We further evaluated the regulation of osteogenic genes
for osteogenic protein expression. The expression levels of
osteogenesis-related genes, including ALP, OCN, and OPN
in rMSCs cultured with MCs, were examined to determine
the potential osteogenic effects of delivering two growth
factors with two different size MCs. Growth factors
affected the differentiation behavior of rMSCs, and mRNA
expression tended to be up-regulated compared with con-
trol group. As a result, expressions of ALP were enhanced
in MCs with single use BMP-2 on day 10. ALP is an early
differentiation marker that indicates the state of differen-
tiation. Activated ALP regulates the Wnt signaling path-
way and plays an important role in mineralization of the
ECM [22]. As a late indicator of osteoblast differentiation,
OCN is a protein associated with hard tissue maturation
[23]. The mRNA expression of OCN also increased under
the same culture conditions, but the level was not signifi-
cantly different between study groups. BMP-2 promotes
osteoblast differentiation by increasing the expression of
osteogenic genes through the activation of the TGF[f
receptor or BMP receptor signaling pathways [24]. The
Smad protein is phosphorylated by BMP-2, binds to the
receptor II on the cell membrane, and activates the receptor
kinases. This complex is translocated to the nucleus to
regulate the transcriptional activity of the target genes. The
results of this experiment also revealed an upregulation in
the OPN mRNA, the main non-collagenous protein of the

mineralized matrix, in the rMSCs cultured with dual
growth factor. This indicates that SVBB plays an important
role in promoting rtMSC differentiation and osteogenesis,
and that the growth factors released from the MCs main-
tained their biological activities effectively on the rMSCs,
to induce osteogenic differentiation. VEGF binds to the
tyrosine kinase receptors of VEGF receptor -1, -2 and -3 as
an essential growth factor that induces and regulates
angiogenesis by affecting endothelial cells. However,
rMSCs were used in this experiment, and no genes asso-
ciated with VEGF were evaluated.

Consistent with gene expression studies, we further
evaluated the common markers in osteogenesis research:
ARS for mineralized nodule formation and ALP activity
(Fig. 8). We found that the rMSCs treated with SVBB
exhibited significantly enhanced ALP activity when com-
pared to other study groups. BMP-2 loaded MCs showed
higher ALP activity over the entire experimental period, and
peak ALP activity of rMSC was observed at day 14 in SVBB
compared to other groups. This data suggests that the bio-
logical activity of VEGF and BMP2 released from SVBB
promotes the induction of rMSC osteogenic differentiation
of rMSCs, and synergistically enhanced mineralization [9].
Although VEGEF is an essential regulator of extracellular
matrix remodeling and angiogenesis, it inhibits MSC dif-
ferentiation; hence, SV exhibits the lowest ALP activity on
day 7. We also observed increased mineralization in rMCS
when BMP-2 was involved. BMP-2 is involved in the initi-
ation of mineralization, but VEGF did not induce mineral-
ization in human dental pulp stem cells or human adipose-
derived stem cells [25]. The positive alizarin red staining
results were similar in both BB and SVBB, suggesting that
mineralization by BMP-2 is similar to the effect seen in
BMP-2 and VEGF combined. Compared to other MCs,
mineralization level is significantly increased in SVBB after
day 15. This may be due to the combined effects of VEGF
and BMP-2, in which VEGF acts in the early proliferation
stage and BMP-2 acts in the late differentiation stage in
osteogenesis differentiation of MSCs [26]. Low levels of
mineralization of SV may be associated with VEGF, which
inhibits differentiation at later stages but promotes the pro-
liferation of rMSC at an early stage [9]. SVBB increased the
expression of ALP, the major enzyme involved in ECM
maturation, and showed calcium deposition in the ECM.
This indicates that the differentiation and maturation of
rMSCs to osteoblasts induced by BMP2 and VEGF can be
combined [9]. These in vitro results suggest the possibility of
delivering dual growth factors using MCs as bone tissue
engineering constructs.

Since BMP-2 and VEGF were released from MCs in
controlled profiles and the released growth factors were
effective in rMSCs, we further investigated whether these
MCs could induce osteogenic responses in vivo. The
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ectopic bone formation, a critical parameter of osteoin-
duction for comparing MCs, was confirmed in rat subcu-
taneous pouch after 8 weeks of implantation. The
controlled delivery of bone regenerative factors through the
carrier system facilitates infiltration and proliferation of
cells into the target site by local delivery of certain
regenerative agents, facilitates the repair of defects by
biodegradation, and replaces them with new regenerated
tissue [5]. Unlike other MCs, despite the burst release
characteristics, SVBB induced ectopic bone formation
(Fig. 9). No significant effect was observed in the use of
VEGF or BMP-2 alone in ectopic bone formation. Of the
various biomaterials, HA-gelatin composite MCs are
reportedly superior to stem cell differentiation and
osteoinduction in vivo, and the VEGF-BMP-2 combination
was seen to enhance the angiogenic and osteogenic effects
[27, 28]. Our MCs provide ectopic osteoinductive ability
during spontaneous bone formation while maintaining the
BMP-2 bioactivity over a longer period of time, and VEGF
supported the bone tissue indirectly by increasing the
vascular network and vascular permeability. VEGF-medi-
ated vascular changes and chemoattractant activity can lead
to efficient ectopic bone formation induced by BMP-2 by
enhancing the local blood flow and improving local cell
recruitment of osteoprogenitors.

We compared the osteogenic effect of dual growth
factor incorporated MCs using not only ectopic implanta-
tion, but also critical sized calvarial defect models in rat.
For this purpose, two study groups were selected from the
previous experiments, namely SB and SVBB. To evaluate
the ability of HA incorporated with dual growth factors to
regenerate bones, two groups of MCs were implanted in
bilateral cranial defects into the bilateral calvarial defects
in rat, with a critical-size diameter of 5 mm. The critical-
size defect (CSD), the smallest diameter intraosseous
defect that does not heal spontaneously, was used as a
model to evaluate bone healing. Without treatment, bone
defects are filled with fibrous connective tissue, rather than
regenerated bone, due to the limited ability to regenerate
due to poor blood supply and a relative deficiency of bone
marrow. As a result of implantation of SB and SVBB into a
rat calvarial defect by pCT and subsequent histological
assessments, SVBB showed better bone regeneration and
angiogenesis than SB. The precise quantified result of new
bone growth in defects was defined by 3D image analysis
using pCT (Fig. 10). The CSD in rat calvaria is well suited
for placing particulate materials, and because it has a thin
structure, high-resolution radiographic image analysis
could easily assess bone healing by the implanted material.
The total amount of bone, including newly regenerated
bone and implanted MCs, was observed to have increased
to some extent. However, new bone formation was sig-
nificantly greater in the SVBB group after 8 weeks than in
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the SB and empty control groups, and the difference in
osteogenic potential between SVBB and SB was clearly
apparent. Although the volume of the new bone was lower
on SB, the MCs alone also showed better osteogenic
potential than the empty control group. Bone apposition
was highest in SVBB followed by SB, and significantly
less bone was observed in empty defects (Fig. 10).
Histological analysis showed that degradation of the
scaffold was not evident, and MCs were present in the bone
defect after 8 weeks healing periods. The MCs were cov-
ered with new bones, but the resorption of the MCs was not
clear. No replacement of MCs with newly formed bones
was observed, as the generated bone was stacked to the
surface of the MCs. This shows that biodegradation did not
promote the release of growth factors, similar to the in vitro
release conditions. These results indicate that dual growth
factors induce rapid bone formation and remodeling at an
earlier stage. As shown in Fig. 11, newly formed bone
appeared to begin from the surgically created defect mar-
gin, and woven bone covered the bone graft materials. This
may be due to the osteoconductive role of the released
growth factor from the MCs [14]. A large amount of
osteoids undergoing calcification process are present in
new bone tissue near and adjacent to the scaffold. Both
chemical properties of the graft materials and biological
properties of the growth factors may influence the in vivo
osteogenic potential, and this is consistent with findings of
a previous study [29]. Wenjie Zhang et al. reported that
BMP-2 enhanced the recruitment of circulating or sur-
rounding MSCs to the implantation sites, and promoted
bone regeneration in addition to osteoinductive effects on
local MSCs [30]. Improved regeneration of critical size
bone defects is due to the effective enhancement of
angiogenesis essential for bone regeneration by VEGF
delivered by MCs [27]. VEGF can be used in combination
with osteoinductive factors to improve cell recruitment and
lead to more efficient bone regeneration [27]. According to
Song et al., the specific role of VEGF in bone healing has
not yet been elucidated, but an interaction with other fac-
tors such as BMP-2 should lead to a greater effect of bone
regeneration [31]. These results suggest that the locally
released growth factors from MCs in the bone defects
effectively promote new bone formation by acting on the
osteogenic and angiogenic processes of the stem cells
present in the surrounding tissues. The bone regeneration
was enhanced by the synergistically coordinated osteo-
conduction effects of HA, osteogenic effects of BMP-2,
angiogenic effects of VEGF, and rMSCs recruitment by
both growth factors. Better bone regeneration was possible
by the interaction between osteogenesis and angiogenesis.
However, these results cannot be interpreted that more
graft materials were substituted with new bone. We deduce
that the bone graft materials coated with growth factors
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showed better osteoconductive potential than bone graft
materials alone.

In the present study, an HA microcarrier was con-
structed by a combination of o-TCP and gelatin emulsifi-
cation using the water-in-oil emulsion method.
Furthermore, both osteogenic and angiogenic growth fac-
tors were successfully incorporated into small and big size
HA-MCs, and these MCs showed osteogenic and angio-
genic activities concurrently. The small and big size
combination and stand-alone MCs represented a sustained
release of VEGF and BMP-2 for 21 days. Released growth
factors showed increased osteoblast differentiation, exhib-
ited by enhanced ECM formation, osteogenic genes, and
accelerated mineralization. More importantly, combination
of MCs induced ectopic bone formation and enhanced the
bone regeneration. These findings are considered a
promising therapeutic application of MCs with double
growth factors, as a therapeutically relevant tissue engi-
neered construct for bone regeneration by simultaneously
enhancing osteogenesis and angiogenesis.
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