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In this study, recombinant human bone morphogenetic protein-2 (rhBMP-2) delivery system with slow mode
was successfully developed in three-dimensional (3D) printing-based polycaprolactone (PCL)/poly(lactic-co-
glycolic acid) (PLGA) scaffolds for bone formation of critical-sized rabbit segmental diaphyseal defect. To
control the delivery of the rhBMP-2, collagen (for long-term delivery up to 28 days) and gelatin (for shor-term
delivery within a week) solutions encapsulating rhBMP-2 were dispensed into a hollow cylinderical type of
PCL/PLGA scaffold. An effective dose of 5mg/mL was determined by measuring the alkaline phosphatase and
osteocalcin gene expression levels of human nasal inferior turbinate-derived mesenchymal stromal cells
(hTMSCs) seeded on the PCL/PLGA/collagen scaffold in vitro. However, it was found that a burst release of
rhBMP-2 from the PCL/PLGA/gelatin scaffold did not induce the osteogenic differentiation of hTMSCs in vitro
at an equivalent dose. In the in vivo animal experiements, microcomputed tomography and histological analyses
confirmed that PCL/PLGA/collagen/rhBMP-2 scaffolds (long-term delivery mode) showed the best bone
healing quality at both weeks 4 and 8 after implantation without inflammatory response. On the other hand, a
large number of macrophages indicating severe inflammation provoked by burst release of rhBMP-2 were
observed in the vicinity of PCL/PLGA/gelatin/rhBMP-2 (short-term delivery mode) at week 4.

Introduction

Repair of critical-sized bone defects caused by con-
genital deformation, trauma, and tumor ablation is still a

challenge in orthopedics.1,2 In these cases, the Ilizarov bone
transport technique,3 autologous bone,4 and artificial bone
grafts5 are mainly used to restore the critical-sized bone de-
fects. However, each method has drawbacks. A critical
problem of the Ilizarov technique is the patient’s inconve-
nience from the external fixation.6 On the other hand, sig-
nificant donor site morbidity is always mentioned as a main
drawback of autologous bone grafting to be used in critical-
sized defects.7 Nondegradability is a critical limitation pre-
venting artificial bone grafts consisting of metal or ceramic
from being a a gold standard in orthopedics.8 Thus, tissue
engineering has been considered to be a promising thera-
peutic approach for reconstructing an extensive bone loss.

In tissue engineering, a biocompatible three-dimensional
(3D) porous scaffold is required to regenerate and repair

tissue loss.9 Moreover, its pores should be fully inter-
connected. Adequate mechanical property is an essential
requirement for bone tissue regeneration. In addition, the
customized scaffold is particularly required to be used in
bone regeneration of critical-sized defects having complex
geometry. In light of this, 3D printing technology enabling
the fabrication of customized 3D scaffolds that are geo-
metrically complex using a layer-by-layer process has been
widely utilized as an effective technology in tissue engi-
neering.10–12 Indeed, a commercially available 3D poly-
caprolactone (PCL) scaffold (Osteopore International Pte)
approved by the Food and Drug Administration (FDA) for
bone tissue engineering has been developed based on fused
deposition modeling, a type of 3D printing technology.13 In
addition, 3D-printed cranial implants using polymethyl-
methacrylate (OXPEKK-IG OsteoFab; Oxford Performance
Materials) was recently approved by the FDA for implan-
tation in human skulls.14 Three-dimensional printing-based
scaffolds have demonstrated a remarkable potential for bone

1Department of Mechanical Engineering, Korea Polytechnic University, Siheung, South Korea.
2Department of Surgery, College of Veterinary Medicine, Chonnam National University, Gwangju, South Korea.
3Division of Integrative Biosciences and Biotechnology, Pohang University of Science and Technology (POSTECH), Kyungbuk, South Korea.
4Department of Mechanical Engineering, Pohang University of Science and Technology (POSTECH), Kyungbuk, South Korea.
5Department of Otolaryngology-Head and Neck Surgery, Seoul St. Mary’s Hospital, College of Medicine, The Catholic University of

Korea, Seoul, South Korea.
*These authors contributed equally to this work.

TISSUE ENGINEERING: Part A
Volume 20, Numbers 13 and 14, 2014
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.tea.2013.0513

1980



formation and healing.15,16 Research interest in 3D printing-
based scaffold is now focused on how to functionalize the
scaffolds to accelerate the bone healing process.

Meanwhile, recombinant human bone morphogenetic
protein-2 (rhBMP-2) is recognized as the most potent
growth factor for bone formation and repair due to its
powerful osteoinductive ability.17 The rhBMP-2, which is
clinically approved by the FDA, has been used for various
clinical applications such as intervertebral spinal fusion,18

open tibia fracture,19 and dental bone graft.20 Despite its
efficacy, it has been reported that sustained and local de-
livery of rhBMP-2 using a suitable carrier is essentially
required to accelerate bone healing.21,22 Recently, a variety
of sustained rhBMP-2 delivery systems based on 3D print-
ing technology have been introduced.23–25 Park et al. de-
veloped an solid freeform fabrication-based 3D scaffold
consisting of poly (lactic-co-glycolic acid) (PLGA) grafted
with hyaluronic acid, in which an intact BMP-2/poly
(ethylence glycol) complex was encapsulated.23 In addition,
Lee et al. developed poly(propylene fumarate)/diethyl fu-
marate scaffolds embedded with rhBMP-2 delivering PLGA
microspheres using a microstereolithography system.24 Al-
though new bone formation was enhanced by the rhBMP-2-
loaded scaffolds, toxic organic solvent was used in both
fabrication processes, which can be an obstacle for clinical
applications due to the health risks associated with the re-
sidual organic solvent. On the other hand, it was reported
that the 3D printing-based medical grade PCL-tricalcium
phosphate scaffold filled with dried collagen was immersed
into rhBMP-2 solution for a delivery system.25 However, the
dipping method could cause inconsistent loading quantity of
rhBMP-2 in the scaffold and a waste of rhBMP-2 exceeding
the amount necessary. To overcome these limitations, we
developed a 3D printing-based rhBMP-2 delivering scaffold
with only clinically relevent biomaterials and processes
using a multi-head deposition system (MHDS). Notably,
controllable delivery systems were simply implemented by
dispensing collagen and gelatin solution into hollow cylin-
drical PCL/PLGA scaffolds. An effective in vitro rhBMP-2
dose was investigated by measuring the expression level of
osteogenic gene markers of human nasal inferior turbinate-
derived mesenchymal stromal cells (hTMSCs). Moreover,
the effects of sustained and burst releases of rhBMP-2 on
the formation of bone were studied by implanting the PCL/
PLGA (group 1), PCL/PLGA/gelatin/rhBMP-2 (group 2),
and PCL/PLGA/collagen/rhBMP-2 (group 3) scaffolds into
a 20-mm segmental diaphyseal defect in a rabbit. At that
time, customized 3D scaffold whose shape was the same as
diaphyseal defect of rabbit was fabricated using 3D printing
technology. Microcomputed tomography (mCT), histology,
and immunohistochemical analyses were utilized to analyze
the degree of bone formation and inflammatory response
in vivo.

Materials and Methods

Fabrication of 3D printing-based PCL/PLGA scaffolds
encapsulating intact rhBMP-2

Preparation of blended PCL/PLGA materials. PCL
(19561-500G, Mw 43,000–50,000; Polysciences) and PLGA
(430471-5G, molar ratio of PLA to PGA 85:15, Mw 50,000–
75,000; Sigma-Aldrich) were blended using a melting

process.26 Briefly, PCL and PLGA granules were melted
and mixed in a glass container at 130�C for 10 min, where
the mixing weight ratio was 1 to 1. The PCL/PLGA mixture
was loaded into a 10-mL steel syringe installed in the dis-
pensing head of the MHDS and maintained at 135�C for
dispensing.

Preparation of collagen and gelatin solution encapsulating
intact rhBMP-2. Clinically injectable 3% neutralized solu-
tion type atelocollagen (Koken) extracted from young
calfskin was purchased. A 20% (w/v) gelatin solution was
prepared by dissolving powdered gelatin (Yakuri Pure
Chemicals) in deionized water. A 10 mg/mL aliquot rhBMP-
2 solution was mixed with the collagen and gelatin solution
for homogeneous distribution. All blending processes were
conducted under aseptic condition. The relative volumes of
aqueous rhBMP-2 solution and collagen or gelatin solution
were adjusted to achieve the desired concentration. The
rhBMP-2-loaded collagen and gelatin solutions were trans-
ferred into a sterilized 10-mL polypropylene (PP) syringe
installed in another dispensing head of the four-head
MHDS.

Three-dimensional printing-based scaffold fabrication us-
ing MHDS. Three-dimensional porous scaffolds were fab-
ricated using two dispensing heads of the MHDS.27 In the
printing process, all labware including tweezers, slide glass,
nozzle, and syringe was sterilized by UV exposure overnight
prior to printing. Moreover, we did our best to keep the
printing environment clean to retain the sterility. Therefore,
during sterilization, the printed collagen and rhBMP-2 were
not directly exposed to UV light, which might change the
function of protein. We designed a hollow cylindrical
scaffold for in vitro experiments. The outer and inner di-
ameters of the scaffolds were fixed at 4 and 2 mm, respec-
tively, while height of the scaffold was 3 mm. The internal
empty space at the center of the scaffold was planned to be
filled with the collagen or gelatin solution encapsulating
intact rhBMP-2. The scaffold fabrication process for in vitro
experiments consists of two sequential dispensing steps.31

First, the blended PCL/PLGA fibers dispensed from the steel
nozzle with a size of 250mm were repeatedly deposited to
construct the 3D porous scaffold where the fabrication
temperature and pressure were 120�C and 650 kPa, respec-
tively. Next, the end of the PP nozzle was placed at the
center of the scaffold, and a collagen or gelatin solution with
intact rhBMP-2 was sequentially dispensed into the hole.
The temperature and pressure used for dispensing the col-
lagen solution were 20�C and 30 kPa, respectively, whereas
the temperature of the syringe was maintained at 37�C and
the dispensing pressure was 60 kPa for dispensing the gel-
atin solution. The dispensed collagen solution was physi-
cally gelled at 37�C in the incubator for sustained delivery.
In contrast, the dispensed gelatin solution quickly gelled at
room temperature and was stored at 4�C without the cross-
linking process to realize burst delivery. The scaffold whose
shape was different from that of in vitro scaffold was sep-
arately fabricated by the same process introduced above for
the in vivo experiments. The shape of the scaffold was
specifically customized for the 20-mm segmental diaphyseal
defect of a rabbit.
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In vitro release profile analysis of rhBMP-2

PCL/PLGA scaffolds containing collagen or gelatin gel
(loaded with intact rhBMP-2) were incubated in 10 mL
phosphate-buffered saline (PBS) solution (pH 7.4) with
2.0 mM sodium azide and 0.01%(w/v) bovine serum albumin
(BSA) at 37�C. Three different physical gelation times (0.5, 1,
and 2 h) were used for collagen gel formation, whereas the
gelatin gel was uncross-linked. Each scaffold was loaded with
15 ng of rhBMP-2. At predetermined points in time (day 1, 3,
5, 7, 14, 21, and 28), 1 mL of solution was harvested and
stored at - 20�C until quantification. The solution was re-
placed with a similar volume of fresh buffer. Sterile conditions
were applied to prevent any contamination of the samples.
The release amount of the total rhBMP-2 was determined by
an enzyme-linked immunosorbent assay (ELISA) develop-
ment kit specific for rhBMP-2 (Peprotech) according to the
manufacturer’s protocol. A calibration curve was obtained
using standard preparations of rhBMP-2 of known concen-
tration. Each sample was assayed in triplicate (n = 3) and
means – standard deviation (SD) values were reported.

In vitro cellular activity test

Cell isolation. hTMSCs were isolated as described pre-
viously.28–30 The isolation procedures were approved by the
Institutional Review Board of Seoul St. Mary’s Hospital, the
Catholic University of Korea (KC08TISS0341). Briefly,
inferior turbinate tissues were obtained from a patient who
underwent partial turbinectomy with an informed consent
before surgery. The inferior turbinate tissue obtained after
surgery was washed five times with saline solution con-
taining gentamicin (Kukje Pharmaceutical Industries). The
inferior turbinate tissue was washed at room temperature
thrice with antibiotic-antimycotic solution (Gibco) and
twice with PBS, and then cut into 1 mm3 pieces. The pieces
were placed into a culture dish, and the dish was covered
with a sterilized glass cover slide. Dulbecco’s modified
Eagle’s medium (Gibco) containing 10% fetal bovine serum
was added, and the tissues were incubated at 37�C in a 5%
CO2 atmosphere. After 3 weeks of culture, the glass cover
slide was removed, and tissues floating in the culture me-
dium were removed by washing. The hTMSCs that had
attached to the bottom of the culture dish were detached
using 3 mL of 0.25% trypsin in 1 mM EDTA. The hTMSCs
were cultured to the third passage for use in experiments.

Cell seeding and culture. The isolated hTMSCs were
seeded onto the PCL/PLGA/collagen/rhBMP-2 (rhBMP-2
concentrations of 0, 0.5, 1.5, 4.5, 5.0, and 7.5 mg/mL) and
PCL/PLGA/gelatin/rhBMP-2 (rhBMP-2 concentrations of 0,
5.0mg/mL) by pipetting 10mL of a cell suspension containing
1 · 105 cells.30 Before seeding the cells, the sterilized scaf-
folds were prewetted in culture medium for 3 h. Osteogenic
medium containing 50mM l-ascorbic acid-2-phosphate (Sig-
ma Aldrich), 10 mM b-glycerophosphate (Sigma Aldrich),
and 100 nM dexamethasone (Sigma Aldrich) in complete
alpha minimum essential medium was used to induce the
osteogenic differentiation of the hTMSCs, and the culture
medium was changed every 2 days.

RNA extraction and real-time PCR of hTMSCs on the
rhBMP-2-loaded scaffolds. Total RNA was extracted from

the hTMSCs and seeded onto the 3D printing-based scaffold
having various rhBMP-2 doses (in triplicate), using TRIzol
reagent (Invitrogen) and was reverse-transcribed with Su-
perScript II Reverse Transcriptase (Invitrogen) at day 14
after treatment with osteoblast differentiation medium. The
expression of osteoblast marker genes such as alkaline
phosphatase (ALP) and osteocalcin (OC) was analyzed us-
ing real-time quantitative reverse transcription–polymerase
chain reaction (RT-PCR). The amplification primers were
designed for human ALP (5¢ primer, ATG TCA TCA TGT
TCC TGG GAG AT; 3¢ primer, TGG AGC TGA CCC TTG
AGG); human OC (5¢ primer, AAC CCA CGA ATG CAC
TAT CCA; 3¢ primer, CGG ACA TAC CGA GGG ACA
TG); and human GAPDH (5¢ primer, CCA GGT GGT CTC
CTC TGA CTT C; 3¢ primer, GTG GTC GTT GAG GGC
AAT G). Real-time PCR analysis using SYBR Green was
conducted with a Light Cycler 2.0 (Roche).

In vivo new bone formation in a rabbit radius defect

Experimental animals. Thirty healthy male New Zeal-
and white rabbits, 12 weeks of age and weighing 3.3–3.5 kg
were used. They were purchased from Samtaco Bio Korea
experimental animal breeding center. All rabbits were kept
in private cages in an air-conditioned environment (room
temperature 20�C – 2�C, humidity 40–60%) and illuminated
between 08:00 and 20:00 (150–300 Lux) in the laboratory
animal research center of Chungbuk National University
(CBNU). All rabbits were fed with a commercial pellet diet
(Sam Yang Feed Co.) during the entire study period. The
thirty rabbits were randomly divided into three groups, with
ten animals in each group. The three experimental groups
were PCL/PLGA scaffolds (group 1), PCL/PLGA/gelatin/
rhBMP-2 scaffolds (group 2), and PCL/PLGA/collagen/
rhBMP-2 scaffolds (group 3). Five out of the 10 animals
were sacrificed at week 4, and another 5 animals at week 8.

Surgical procedure. Prior to surgery, the rabbits were
fasted for 12 h to prevent any possible adverse effects as-
sociated with anesthesia. The rabbits were premedicated by
the subcutaneous injection of 0.05 mg/kg of atropine sul-
fate (Atropine Sulfate; Huons), 10 mg/kg of enrofloxacin,
and an intramuscular injection of 3 mg/kg of ketoprofen
(UniketoPro INJ; UNIBIOTech). Anesthesia was performed
with 5 mg/kg of xylazine hydrochloride (Rompun�; Bayer
Korea) and 35 mg/kg of ketamine HCl (Ketar�; Yu-han
Yanghang Co. Ltd.) by intramuscular injection.

The surgical area was shaved and disinfected with 70%
ethanol and povidone-iodine solution. Under sterile condi-
tions, a longitudinal incision was made along the radius. The
radius was exposed by dissecting the muscles. A segmental
defect of 20 mm was created in the middle of the radius
using an oscillating saw. The 20-mm-long scaffolds were
placed on the radius defect without an outer fixture. The
incision was then closed. Postoperatively, 5 mg/kg of enro-
floxacine (Baytril�; Bayer Korea) and 2.2 mg/kg of car-
profen (Rimadyl�; Pfizer Animal Health) was administered
orally twice daily for 7 days. Fifteen animals were sacrificed
at week 4, and the other 15 at week 8.

Analysis of in vivo bone formation. The degree of bone
formation was investigated by microcomputed tomography
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(mCT, Skyscan 1173; Skyscan) and histological analyses
with hematoxylin–eosin (H&E) and Masson’s trichrome
(MT) staining. The new bone volume (NBV) and bone
mineral density (BMD) of the samples were analyzed using
the mCT Analyzer (ver. 1.4; Skyscan).

Immunofluorescence staining for confirmation of inflam-
matory response. To detect macrophage in the site of
scaffold transplanted, we performed immunofluorescence
staining for F4/80 using paraffin sections. Paraffin sections
were deparaffinized and fixed with 10% formalin for 1 h.
After blocking with 1% (w/v) BSA for 1 h, tissue slides were
incubated overnight with fluorescently conjugated F4/80
antibody (1:200, #53-4801; eBioscience). After washing
thrice with PBS buffer, stained slides were mounted with
mounting medium with DAPI (#E19-18; GBI-Golden
Bridge International) and observed under a confocal micro-
scope (LX71; Olympus).

Scanning electron microscope

The morphology of the 3D printing-based scaffolds was
observed using a scanning electron microscope (SEM, JSM-
5300; JEOL) at 10 kV. The scaffolds were freeze-dried and
coated with gold using a sputter coater for 15 s.32

Statistical analysis

All data were expressed as mean – SD. Tukey’s post hoc
test of one-way analysis was performed using MINITAB
ver. 14.2 software. Values of p < 0.05 were considered to be
statistically significant.33

Results and Discussion

Scaffold fabrication for in vitro and in vivo experiments

The 3D printing-based scaffolds releasing intact rhBMP-2
were successfully fabricated using the MHDS equipped with
four dispensing heads having individual temperature and
pneumatic pressure controllers (Fig. 1). It was previously
demonstrated that the MHDS is an effective 3D printing
system for dispensing various biomaterials including syn-
thetic polymers and natural hydrogel into a 3D scaffold for
tissue engineering.30 In this study, a cylindrical hollow 3D
scaffold with 4 mm of outer diameter, and 2 mm of inner
diameter was intentionally designed for in vitro experiments
(Fig. 2A). The line width and pore size of the PCL/PLGA
hollow cylindrical 3D scaffold were 150 and 250 mm, re-
spectively (Fig. 2A). After completing the fabrication of the
PCL/PLGA scaffold, the internal empty space of the scaf-
fold was filled with collagen or gelatin solution containing
rhBMP-2 using another dispensing head of the MHDS with
a single injection (Fig. 2B). After calculating the volume of
the internal space with computer aided design (CAD)
modeling, it was found that *10mL of collagen or gelatin
solution could be consistently injected into the internal
space using the MHDS. It was observed that the collagen
was placed in the internal space with no excess (Fig. 2C).

In addition, 3D scaffolds resembling the 20-mm-long
rabbit diaphyseal defects were fabricated using the MHDS
for in vivo experiments. The 3D CAD modeling of a rabbit
radius and ulna was prepared before fabrication (Fig. 2D).
Then, the CAD model was converted into a G-code using

software developed in house.10 The 3D scaffolds for the
in vivo experiments were also designed for the hollow cy-
lindrical PCL/PLGA scaffolds where the gel with rhBMP-2
was dispensed into the internal space (Fig. 2D). The scaffold
fabrication process specified for the in vivo experiment was
described in Figure 2E–G. The PCL/PLGA fibers were de-
posited with a layer-by-layer process to form a 3D scaffold
until the internal space of the scaffold was not entirely
closed in the vertical direction of the working substrate (Fig.
2E). The unclosed internal space was filled with the gel
using another dispensing head of the MHDS (Fig. 2F). After
that, the rest of the PCL/PLGA part was completely fabri-
cated (Fig. 2G). Porous PCL/PLGA scaffolds for in vivo
experiments were successfully fabricated (Fig. 2H). The
internal space at the center of the scaffold (Fig. 2H) and
PCL/PLGA/collagen scaffolds with internal spaces filled
with collagen gel were observed using SEM (Fig. 2I). The
volume of the dispensed gel for the in vivo experiments was
fixed at 50mL. There was no excess of gel over the holes
(Fig. 2I). The consistency of the dispensing volume of the
gel with rhBMP-2 could be very important for bone tissue
engineering. It is well known that the total dose of rhBMP-2
sensitively affects the osteogenesis.33 Therefore, the precise
control of the rhBMP-2 dose should be guaranteed. Other-
wise, osteogenesis behavior could be unpredictable. In that
sense, the scaffolds fabricated by the MHDS enabling con-
sistent dispensing of biomaterials could be advantageous
for obtaining reliable information on rhBMP-2 in bone
regeneration.

In vitro release profile of rhBMP-2 from PCL/PLGA/
collagen and PCL/PLGA/gelatin scaffolds

The in vitro release profile of encapsulated rhBMP-2 from
PCL/PLGA/collagen and PCL/PLGA/gelatin scaffolds was
investigated. The PCL/PLGA scaffold filled with collagen

FIG. 1. Images of multi-head deposition system (MHDS).
Color images available online at www.liebertpub.com/tea
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gel showed an initial burst release of rhBMP-2 during the
first 24 h (*20%), possibly due to nonencapsulated rhBMP-
2 on the surface of the gel (Fig. 3).

After the initial burst release, the release showed con-
trolled delivery over time for all the three types of the
collagen gel-based scaffolds. The collagen gels cross-linked
for 0.5 h at 37�C showed a faster release rate compared with
the gels cross-linked for 1 and 2 h. The burst release of the
rhBMP-2 at 37�C from the uncross-linked gelatin gel was
evident. The release profile showed that *88% of the loa-
ded rhBMP-2 was released within 24 h from the PCL/
PLGA/gelatin scaffolds. The remaining rhBMP-2 was re-
leased subsequently and almost the entire quantity of
rhBMP-2 was released within a week from the gelatin gels.
The possible mechanisms hindering the release of proteins
from the collagen structures might be due to reduced de-
gradability, and electrostatic interactions between entrapped
proteins and cross-linked collagen meshwork.35 The desired
dosage for inducing bone formation can be greatly reduced
when rhBMP-2 is combined with an appropriate delivery
system that retains rhBMP-2 at the grafted site sufficient for
inducing bone formation.36,37 The release kinetics of the
rhBMP-2 from the delivery system (hydrogel matrix) and
the retention of its biological activity are critical factors for
successful and efficent in vivo bone formation.38 Overall,

rhBMPs are components of the biologically inspired strat-
egies aiming to promote and facilitate the bone healing
process in critical-sized bone defects.

Effect of rhBMP-2 dose and release rate
on in vitro osteogenic differentiation

Effective rhBMP-2 dose for in vitro osteogenic differenti-
ation of hTMSCs. Effects of rhBMP-2 released from the
PCL/PLGA/collagen and PCL/PLGA/gelatin scaffolds on
the osteogenic differentiation of hTMSCs were investigated
by measuring the gene expression levels of ALP and OC
from the cells. The ALP and OC expression levels of the
hTMSCs seeded on the 3D scaffolds were detected by RT-
PCR at day 14 after seeding. To determine an effective dose
of rhBMP-2 loaded on the PCL/PLGA/collagen scaffold,
four different scaffolds with different rhBMP-2 concentra-
tions of 0, 1.5, 4.5, and 7.5 mg/mL were prepared. As seen
in Figure 4A, relative gene expression levels of ALP from
the hTMSCs on the scaffolds with rhBMP-2 concentrations
of 0, 1.5, 4.5, and 7.5 mg/mL were 1 – 0.02, 2.45 – 0.29,
2.60 – 0.57, and 3.13 – 0.43, respectively. The ALP expres-
sion levels in the scaffolds having 1.5, 4.5, and 7.5 mg/mL of
rhBMP-2 were significantly higher than those in the scaf-
folds without rhBMP-2. However, there was no significant

FIG. 2. Fabricated scaffold
for in vitro experiments: (A)
No gel polycaprolactone
(PCL)/poly(lactic-co-glycolic
acid) (PLGA) scaffold,
(B) PCL/PLGA/collagen hy-
brid scaffold, (C) atelocolla-
gen gel inside the PCL/
PLGA scaffolds (magnified
image). Fabrication process
of three-dimensional (3D)
PCL/PLGA/hydrogel using
the MHDS: (D) computer
aided design modeling for
the radius of a rabbit seg-
mental defect, (E) first step in
building the porous PCL/
PLGA framework, (F) dis-
pensing of hydrogel solution
encapsulating growth factors
into open spaces of a PCL/
PLGA framework. (G) Fab-
rication of incomplete parts
of PCL/PLGA framework.
Fabricated scaffold for
in vivo experiments and iso-
metric scanning electron mi-
croscope views of (H) the
PCL/PLGA and (I) PCL/
PLGA/collagen. Color ima-
ges available online at
www.liebertpub.com/tea
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difference in ALP expression levels between scaffolds with
1.5, 4.5, and 7.5 mg/mL of rhBMP-2. Meanwhile, the OC
gene expression levels from the hTMSCs on the scaffolds
with rhBMP-2 concentrations of 0, 1.5, 4.5, and 7.5 mg/mL
were 1 – 0.23, 7.47 – 2.14, 12.60 – 1.40, and 14.47 – 0.81,
respectively. The OC expression levels of the hTMSCs on
the scaffolds with rhBMP-2 were also significantly higher
than those of the hTMSCs on the scaffolds without the
rhBMP-2 (Fig. 4B).

In contrast to the result of ALP, the OC expression levels
of the hTMSC on scaffolds with 4.5, and 7.5 mg/mL of
rhBMP-2 were significantly higher than those of the
hTMSCs on the scaffolds with 1.5 mg/mL (Fig. 4B). How-
ever, the effect of 4.5 and 7.5 mg/mL of rhBMP-2 on OC
expression of hTMSCs was not significantly different from
each other (Fig. 4B). This indicates that an rhBMP-2 dose
higher than 4.5 mg/mL could actively promote the induction
of osteogenic differentiation of hTMSCs in vitro. However,
it was reported that an rhBMP-2 dose exceeding an optimal
dose did not ensure a greater degree of osteogenic differ-
entiation of MSCs in vitro.39 Therefore, it is recommended
that the dose of rhBMP-2 be minimized as far as possible
due to its high cost and possible adverse effects of rhBMP-2,
if the threshold dose can be determined.40 Hence, 5.0 mg/mL
of rhBMP-2, which is one of the commonly used doses in
rhBMP-2 study, was determined to be an effective dose for
promoting the osteogenic differentiation of hTMSCs in 3D
printing-based scaffolds.

Effect of the rhBMP-2 release rate on in vitro osteogenic
differentiation of hTMSCs. To show the effect of the re-
lease rate of rhBMP-2 on osteogenic differentiation of
hTMSCs, collagen and gelatin solutions were used for sus-
tained and burst rhBMP-2 delivery systems, repectively.
The 5.0 mg/mL of rhBMP-2 was encapsulated in both col-
lagen and gelatin solutions. ALP and OC expression levels
of hTMSCs seeded on the PCL/PLGA/collagen and PCL/
PLGA/gelatin scaffolds with and without rhBMP-2 were
measured by RT-PCR at day 14 after the initial seeding. In
ALP and OC gene expression levels, there were no signifi-
cant differences between PCL/PLGA/gelatin scaffolds with
and without rhBMP-2 (Fig. 4C, D). This means that the burst
release of rhBMP-2 did not affect the induction of the oste-
ogenic differentiation of hTMSCs. On the other hand, a sus-
tained release of rhBMP-2 with a concentration of 5.0mg/mL

FIG. 3. In vitro recombinant human bone morphogenetic
protein-2 (rhBMP-2) release profile from the 3D printing-
based PCL/PLGA/hydrogel scaffolds. Approximately 88% of
rhBMP-2 loaded on the PCL/PLGA/gelatin scaffolds was
initially release within 24 h. In contrast, the controlled release
of rhBMP-2 up to 28 days was measured from the PCL/PLGA/
collagen scaffolds. The procedure was performed in triplicate.
Color images available online at www.liebertpub.com/tea

FIG. 4. Normalized gene expression
levels of alkaline phosphatase (ALP)
and osteocalcin (OC) from the human
nasal inferior turbinate-derived mes-
enchymal stromal cells seeded on the
PCL/PLGA/collagen/rhBMP-2 and
PCL/PLGA/gelatin/rhBMP-2 for in-
vestigation of the optimal dose (A, B)
and release rate (C, D) at day 14 after
seeding *p < 0.05, **p < 0.005.
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from the PCL/PLGA/collagen scaffold showed 7 and 13
times higher ALP and OC expression levels, respectively,
compared with the PCL/PLGA/collagen scaffold without
the rhBMP-2 (Fig. 4C, D). It was confirmed that the bio-
activity of rhBMP-2 from the 3D printing-based scaffolds
was intact. The fabrication process did not cause denatur-
ation of the loaded proteins. In addition, the ALP and OC
expression levels of the sustained releasing system were 12
and 35 times higher, respectively, than those of the burst
releasing system at an equivalent concentration (Fig. 4C, D).
These results could be interpreted as follows: RhBMP-2 is
known to promote the osteogenic differentiation of MSCs at
an early stage, and to upregulate the calcification of bone
defects.41 However, *90% of rhBMP-2 was initially re-
leased within 24 h from the PCL/PLGA/gelatin scaffolds.
Moreover, the osteogenic media for culturing the hTMSCs
were changed every 2 days. Therefore, most of the burst
released rhBMP-2 from the gelatin gel could have been
washed away by the medium change at day 2. The osteo-
genic induction effect might have thereby been diminished.

In vivo new bone formation results according
to the different release rates of rhBMP-2
from 3D printing-based scaffolds

A segmental defect of 20 mm was created in the middle of
the radius using an oscillating saw under copious irrigation
with saline solution (Fig. 5A). The 20-mm size of the seg-
mental diaphyseal defect could have been a more chal-
lenging critical defect size for a rabbit compared with the
sizes used in other studies.

The sterilized scaffolds of groups 1, 2, and 3 were placed
into the defect. A negative control group (defect only),
which has been widely reported on, was intentionally ex-
cluded to reduce the number of experimental animals. The

20-mm scaffolds were very well matched with the size of
the defects (Fig. 5B). The implanted scaffolds and native
bone were tightly connected to each other with no gap. The
tightness of the contact between the scaffold and native bone
can significantly affect the bone formation. It is reported that
3D scaffolds play an important role as matrices for attach-
ment and proliferation of anchorage-dependent osteoblasts,
which tend to grow over the scaffolds.42 Therefore, new
bone formation can occur outward from the native bone
when the scaffolds meet the native bone with no gap. In this
respect, the 3D printing technology enabling the fabrication
of a customized 3D scaffold with complex geometry is su-
perior to other traditional methods for manufacturing 3D
scaffolds. In addition, no remaining bone debris was ob-
served in radiographs taken immediately after implantation
at the defect site (Fig. 5C). Any remaining bone debris
produced by surgery can facilitate new bone formation it-
self, which can produce misleading experimental results.43

The mCT analysis was carried out to evaluate the bone
formation at both weeks 4 and 8 after surgery (Supple-
mentary Videos S1–S6; Supplementary Data are available
online at www.liebertpub.com/tea).

Little bone formation was observed in group 1 or 2 at
week 4 (Fig. 6A, B). Interestingly, despite substantial use of
rhBMP-2 (5 mg/mL), the defect site of group 2 remained
almost empty at week 4 (Fig. 6B). In comparison, new bone
formation, which was thought to have been generated from
the native radius parts, was obviously observed in group 3 at
week 4 (Fig. 6C). At week 8 after surgery, newly re-
generated bone was detected at the defect site in group 1
(Fig. 6D). Notably, new bone was observed at the interface
between the radius and ulna in group 1. New bone formation
tends to progress from native bone tissues surrounding the
defect.44 The progress in bone healing observed in group 2
at week 8 was remarkable compared to that of week 4

FIG. 5. (A) In vivo rabbit
radius segmental defect, and
(B) implanted scaffold at the
20-mm defect site. (C) Two-
dimensional X-ray images
taken immediately after im-
plantation at the defect site. It
was confirmed that no re-
maining bone debris was ob-
served at the defect site.
Color images available on-
line at www.liebertpub
.com/tea
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(Fig. 6E). The 20-mm defect site was partially regenerated
by newly formed tissue that appeared to be ‘‘bone,’’ and the
new bone was fused with the native bone parts such as the
ulna and remaining radius (Fig. 6E). However, it seems that
the posterior area of the radius still needed to be regenerated
more extensively (Fig. 6E). Group 3 demonstrated out-
standing new bone formation at week 8. Both ends of the
native radius bone had been completely bridged by newly
regenerated bone, and the new bone exhibited complete
bony fusion with the native bone (Fig. 6F). The quantitative
analyses of the NBV and BMD were performed using
software with the mCT, in which NBV indicates a ratio of
the NBV to the defect volume. The NBV and BMD values
are presented in Figure 6G and H, respectively. The NBV
values in groups 1, 2, and 3 at 4 weeks after surgery were
15.11 – 4.08, 4.77 – 4.06, and 25.17% – 2.83%, respectively
(Fig. 6G). The NBV of group 3 was significantly higher than
that of group 1 ( p < 0.05) and group 2 ( p < 0.005). It is to be
noted that the NBV of group 2 was significantly lower
than that of group 1, which did not even use the rhBMP-2.
It may have been that the burst release of rhBMP-2 ex-
hibited an adverse effect on new bone formation until
week 4 after surgery. In contrast, group 3 with the sus-
tained release of rhBMP-2 showed 1.67 and 5.28 times
higher NBV values than group 1 and group 2. In addition to
NBV, the BMD values indicating the degree of calcification
were evaluated. The BMD values of groups 1, 2, and 3 at
week 4 after surgery were 0.037 – 0.028, 0.014 – 0.021, and
0.179 – 0.054 g/cm3, respectively (Fig. 6H). The BMD of
group 3 was significantly higher than that of groups 1 and 2
( p < 0.05). There was no significant difference between group
1 and 2. The higher BMD values of group 3 might be as-
cribed to the sustained release of rhBMP-2 promoting the
osteogenic differentiation process including the calcification
of MSCs.

At week 8 after surgery, the NBV value of group 3
(43.17% – 2.43%) was significantly higher than that of
group 1 (25.13% – 2.26%, p < 0.005) and group 2 (37.53% –
1.40%, p < 0.05) (Fig. 6G). In particular, the NBV value of
group 2 showed a rapid and substantial increase (7.87-fold)
at week 8 compared with that of week 4. The NBV of group
2 was significantly higher (1.5-fold) than that of group 1 at
week 8 ( p < 0.005). In addition, the BMD values at week 8
after surgery showed a similar tendency with the NBV. The
BMD values of groups 1, 2, and 3 were 0.165 – 0.047,
0.272 – 0.017, and 0.351 – 0.044 g/cm3, respectively (Fig.
6H). There was a significant difference between each of the
groups ( p < 0.05). Moreover, both the NBV and BMD val-
ues of group 3 at week 4 were comparable to those of group
1 at week 8. From these results, it can be concluded (stated)
that the sustained release of rhBMP-2 as in group 3 accel-
erates bone formation, resulting in a far reduced healing
period.

Meanwhile, the bone formation of groups 1, 2, and 3 was
also analyzed by histological analyses with H&E and MT
stainings (Fig. 7). A cross section of the implanted scaffold
and ulna was stained and observed. In both H&E and MT
stainings, there was no noticeable new bone formation in-
side the scaffolds of groups 1 and 2 at week 4 (Fig. 7A, B,
D, E). Instead, little new bone formation was observed in the
space between the scaffold and ulna. In particular, a mass of
soft tissue was observed in the vicinity of the scaffolds in
group 2 at week 4 (Fig. 7B, E). On the other hand, active
new bone formation was markedly observed even inside of
the scaffold and around it in group 3 (Fig. 7C, F). At week 8
after surgery, calcified and matured new bone that infiltrated
into the scaffolds was observed in all of the groups (Fig.
7G–L). In group 1, a substantial amount of new bone was
observed in the interface between the ulna and radius (Fig.
7G, J). Further, an ingrowth of new bone inside the scaffold

FIG. 6. Microcomputed tomography images were taken at weeks 4 (A–C) and 8 (D–F) after surgery. (A, D) group 1, (B, E)
group 2, (C, F) group 3. Quantitative analyses including new bone volume (G) and bone mineral density (BMD) (H) for the
in vivo experiments were performed (repeated five times). In Figure 8A, L and M indicate lateral and medial, respectively.
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was also observed. The active ingrowth of bone inside the
scaffold can be attributed to the fully interconnected pores,
which is an intrinsic characteristic of the 3D printing-based
scaffold.45 However, the ingrowth of new bone that might
have started from the ulna did not reach the periphery of the
radius (far away from the ulna), which was consistent with
the Figure 6D (Fig. 7G, J). Group 2 exhibited corticalized
bone formation along the border of the scaffold at week 8 in
both H&E and MT stainings (Fig. 7H, K). As mentioned in
Figure 6E, newly regenerated tissue on the posterior side of
the radius was premature (Fig. 7H, K). On the other hand,
considerably mature bone formation could be clearly ob-
served throughout the scaffolds in group 3 (Fig. 7I, L).
Overall, the sustained release of rhBMP-2 of 5mg/mL from
the 3D printing-based scaffolds remarkably promoted and
accelerated new bone formation without adverse effects
until week 8 after surgery. The 3D printing-based PCL/
PLGA scaffold (group 1) itself also showed the promising
possibility for regenerating new bone tissue. However, it

seems that a healing period of 8 weeks was insufficient to
heal the 20-mm radius defect using the scaffolds of group 1.
Interestingly, the NBV of group 2 (5 mg/mL with burst re-
lease) was significantly lower than that of group 1 (no
rhBMP-2) and group 3 (5mg/mL with burst release) at week
4, whereas the NBV and BMD values of group 2 were
higher than those of group 1 at week 8. The degree of new
bone formation may have rapidly increased from week 4 to
8. The curiosity of this phenomenon was solved by the
histological and immunohistochemical analyses in Figures 8
and 9. Massive soft tissue was specifically observed in the
vicinity of the scaffolds in group 2 (Fig. 8A).

It was noted that a large number of macrophages were
recruited into the soft tissue, indicating severe inflamma-
tion (Fig. 8B, C). In addition, the presence of macrophages
in the soft tissue around the scaffold was also confirmed
by the immunohistochemical staining analysis, in which
F4/80 molecules were stained by green fluorescence. The
F4/80 molecule is known to be expressed by a variety of

FIG. 7. Histological analyses of regenerated bones at week 4 with hematoxylin–eosin (H&E) staining (A–C) and Mas-
son’s trichrome (MT) (D–F) of groups 1 (A, D), 2 (B, E), and 3 (C, F) from the radius segmental defects in rabbits. In
particular, massive soft tissue where a large number of neutrophils were densely recruited was observed in the vicinity of
group 2. Histological analyses of regenerated bones at week 8 with H&E staining (G–I) and MT ( J–L) of groups 1 (G, J), 2
(H, K), and 3 (I, L) from the radius segmental defects in rabbits. Matured and calcified bone regeneration was observed in
all of the groups. However, the degree of bone formation was the best in group 3. In the lower-right corner, L, M, P, and A
indicate lateral, medial, posterior, and anterior, respectively. Color images available online at www.liebertpub.com/tea
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FIG. 8. H&E staining result of group 2 at week 4 (A). Magnified views (B, C) of massive soft tissue found in the vicinity
of the scaffolds in group 2 at week 4. The recruited cells were identified as typical macrophages indicating a typical
inflammatory response. Color images available online at www.liebertpub.com/tea

FIG. 9. Immunohisto-
chemical staining results of
soft tissue in the vicinity of
the scaffolds. DAPI (A–C,
and J–L) and F4/80 (D–F,
and M–O) staining exhibit
blue and green fluorescence,
respectively. Merged images
(G–I, and P–R) were also
shown. Large number of cells
were particularly detected in
group 2 (B) compared to
group 1 (A) and 3 (C) at
week 4. Moreover, highly
expressed green fluorescence
was clearly observed at the
same site where the large
number of cells were de-
tected in group 2 (E) at week
4, while that was not ob-
served in group 1 (D) and 3
(F). On the other hand, there
was no significant F4/80 ex-
pression in any of the groups
at week 8 (M–O). Color
images available online at
www.liebertpub.com/tea
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macrophages.46 As shown in Figure 9, a large number of
cells identified by DAPI staining were particularly observed
in group 2 (Fig. 9B) at week 4, whereas few cells were
detected in groups 1 (Fig. 9A) and 3 (Fig. 9C).

Moreover, F4/80 (stained by green fluorescence) was
highly expressed at the same site where the large number of
cells were observed (Fig. 9E) in group 2 at week 4. Thus, it
is obvious that the recruited cells in the soft tissue were
macrophages as we supposed. Interestingly, F4/80 expres-
sion was not detected in group 2 at week 8 (Fig. 9N). On the
other hand, no significant expression of F4/80 was observed
in group 1 (Fig. 9D, M) or in group 3 (Fig. 9F, O) at either
week 4 or 8. Hence, the poor bone regeneration of group 2 at
week 4 could be ascribed to the severe inflammatory re-
sponse provoked by the burst release of rhBMP-2. It has
been reported that rhBMP-2 can induce an exaggerated in-
flammatory reaction resulting in massive edema and sub-
sequent axillary vein compression at an early stage.47

Moreover, the severe inflammatory response is known to
inhibit bone regeneration.48 Therefore, it could be con-
cluded that the burst release of 5 mg/mL rhBMP-2 can hinder
new bone formation at an early stage by provoking an in-
flammatory response. Additionally, it was reported that the
inflammatory response provoked by a treatment of rhBMP-2
had completely resolved within a few weeks after the
treatment.47 That is, the inflammatory response provoked at
the early stage had been naturally alleviated after 4 weeks.
At the same time, it has been reported that a modulation of
the pro-inflammatory cytokines expressed by inflammatory
cells has a capacity to stimulate osteogenesis.48,49 Indeed, in
the case of group 2, the bone formation was surprisingly
increased at week 8, although it was the poorest at week 4. It
is believed that the alleviated inflammatory response after
week 4 may have played an important role in the rapid
bone regeneration at week 8 in group 2. Therefore, it is
concluded that the burst release of rhBMP-2 can provoke an
inflammatory response that could hinder new bone forma-
tion at an early stage, but bone regeneration could be
strongly stimulated as the inflammatory response is gradu-
ally moderated.

Conclusion

In the present study, 3D controlled rhBMP-2 delivery
systems based on 3D printing technology were successfully
developed to enhance segmental bone regeneration without
inflammatory response. Sustained and burst releases of
rhBMP-2 were realized by dispensing collagen and gelatin
gel, respectively, into a PCL/PLGA framework. In the
in vitro release tests, it was confirmed that rhBMP-2 from
the PCL/PLGA/collagen was controllably released for more
than a month. In contrast, *88% of loaded rhBMP-2 from
the uncross-linked gelatin gel was released within 24 h.
Overall, sustained release of rhBMP-2 from group 3 induced
the osteogenic differentiation of hTMSCs in vitro and ac-
celerated the new bone formation in the 20-mm rabbit radius
defect without significant inflammatory response. On the
other hand, the burst release of rhBMP-2 from group 2 did
not cause an enhancement of segmental bone regeneration in
a rabbit model at week 4 due to the severe inflammatory
response provoked by burst release of rhBMP-2. In con-
clusion, 3D printing-based rhBMP-2-loaded scaffolds with a

sustained release rate could be a clinically relevent alter-
native for segmental bone regeneration in orthopedics.
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