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ABSTRACT

The purpose of this study was to develop bone morphogenic protein-2 (BMP-2) immobilized PCL fibers
to induce osteogenic differentiation of periodontal ligament cells (PDLCs). The PCL fiber surface was
modified with heparin-dopamine (Hep-DOPA) (Hep-PCL) and further immobilized with BMP-2 (BMP-
2/Hep-PCL). PCL fibers and surface-modified PCL fibers (Hep-PCL and BMP-2/Hep-PCL) were characterized
by X-ray photoelectron spectroscopy (XPS) and contact angle. Osteogenic differentiation of PDLCs was
demonstrated by alkaline phosphatase (ALP) activity, calcium deposition, and gene expression. The
results of XPS and contact angle revealed that Hep-DOPA and BMP-2 were successfully immobilized
onto the PCL surface and that the BMP-2/Hep-PCL fibers have more hydrophilic surface properties than
PCL fibers alone. ALP activity, calcium deposition, and gene expression on BMP-2/Hep-PCL fibers showed
significantly induced osteogenic differentiation relative to PCL fibers. Therefore, we suggest that BMP-

2/Hep-PCL fibers have the potential to effectively induce osteogenic differentiation of PDLCs.

© 2013 Published by Elsevier Ltd.

1. Introduction

Bone regeneration in alveolar bone defect/loss arising from
inflammation, surgical resection, or trauma is important in
periodontal tissue regeneration therapy and in pre-prosthetic,
pre-implant surgery (Orciani et al., 2009; Wang et al., 2009).
Many approaches have been developed to repair alveolar bone
defect/loss, including autologous bone grafts, distraction osteo-
genesis, and guided bone regeneration (GBR) (Buser, Bragger,
Lang, & Nyman, 1990; Chiapasco, Romeo, & Vogel, 2001; Cordaro,
Amadé, & Cordaro, 2002; Schliephake, Neukam, & Wichmann,
1997). However, these methods have limitations such as exten-
sive harvest of healthy tissue, intraoral distraction devices, and
secondary infections.

Periodontal ligament cells (PDLCs), which display mesenchy-
mal stem cell properties, are considered to be the key cell
type involved in the regeneration of periodontal tissues. Recent
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studies demonstrated that PDLCs have the potential to differen-
tiate into osteoblasts, chondrocytes and adipocytes (Gay, Chen, &
MacDougall, 2007; Zhou et al., 2008). However, periodontal tissue
regeneration using PDLCs alone requires a relatively long healing
period.

Bone morphogenetic proteins (BMPs) belong to the trans-
forming growth factor-f3 superfamily and are known as potential
inducers of bone and cartilage regeneration. In addition to
their role during tooth development, BMPs also play impor-
tant roles in regulating morphogenesis and differentiation of
many organs (Hogan, 1996; Wan & Cao, 2005; Xu et al., 2003;
Yamashiro, Tummers, & Thesleff, 2003). Among the BMPs, BMP-
2 has very strong osteoinductive properties. BMP-2 can improve
gene expression during osteogenic differentiation in vitro including
that of osteopontin, osteocalcin, bone sialoprotein, and alka-
line phosphatase (Diefenderfer, Osyczka, Garino, & Leboy, 2003;
Lecanda, Avioli, & Cheng, 1997). Recent studies reported that
BMP-2 has the ability to stimulate the regeneration of bone
and periodontal tissues in vivo (Jovanovic et al., 2003; Selvig,
Sorensen, Wozney, & Wikesjo, 2002; Sorensen, Wikesjo, Kinoshita,
& Wozney, 2004). Although BMP-2 and/or PDLCs have been
successfully used to stimulate periodontal tissue regeneration,
BMP-2 has a short half-life in vivo, and few studies have


dx.doi.org/10.1016/j.carbpol.2013.08.053
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.08.053&domain=pdf
mailto:kspark1223@kbsi.re.kr
mailto:sjnb2@khu.ac.kr
dx.doi.org/10.1016/j.carbpol.2013.08.053

S.E. Kim et al. / Carbohydrate Polymers 99 (2014) 700-709 701

linked grafting of PDLCs with periodontal defects (Lang, Schiiler,
& Nolden, 1998; Nakahara et al., 2004; Sellers et al., 2000;
vanDijk, Schakenraad, van der Voort, Herkstroter, & Busscher,
1991).

To overcome these drawbacks, tissue engineering strategies
have been suggested as an effective approach for regenerating
periodontal tissue following alveolar bone defect/loss. Akizuki
et al. (2005) and Hasegawa, Yamato, Kikuchi, Okano, and Ishikawa
(2005) reported that PDLCs sheets can regenerate periodontal
tissue and cementum in canine and rat models. BMP-2 loaded
microspheres seeded with PDLCs have been shown to enhance
periodontal healing and regeneration in animal models (Chen
et al, 2005). Currently, nanofibrous scaffolds produced by an
electrospinning process are being explored as scaffolds for tis-
sue engineering. In addition, nanofibrous scaffolds can serve as
suitable carriers to support initial cell adhesion similar to the
extracellular matrix (ECM), and allow for diffusion of nutrients
and metabolites during in vitro culture. Electrospun nanofiber
poly(pL-lactide-co-glycolide, PLGA) scaffolds support PDLC adhe-
sion, viability, and osteogenic differentiation (Inang, Arslan, Seker,
El¢in, & Elgin, 2009).

To facilitate bone tissue response to scaffolds, various growth
factor delivery systems have been developed by modifying and
functionalizing with polysaccharides. For example, in our previous
studies, we developed a heparinized titanium implant to deliver
growth factors directly to the implant site (Kim et al., 2011). Hep-
arin has high binding affinity with growth factors (Sasisekharan,
Ernst, & Venkataraman, 1997), and immobilization of heparin can
minimize the rapid diffusion or release of proteins from substrates
and improve the efficacy of proteins (Zhao et al., 2006; Bhakta et al.,
2012).

Herein, we prepared fibrous scaffolds using polycarprolactone
(PCL) as a carrier material for the proliferation and differentiation
of PDLCs. PCL is a biodegradable and biocompatible polymer and is
widely used in biomedical applications as a drug delivery carrier or
scaffold for the proliferation and differentiation of a variety of cell
types. Importantly, PCL has been approved by the Food and Drug
Administration (FDA) (Ekaputra, Prestwich, Cool, & Hutmacher,
2011; Li et al., 2005; Porter, Henson, Ryan, & Popat, 2009). To
effectively induce osteogenic differentiation, we functionalized
the surface of PCL fibers with heparin and further immobilized
them with BMP-2. We then characterized the functionalized
PCL fibers and evaluated the release of BMP-2 from PCL fibers.
Moreover, we investigated differentiation of PDLCs including cell
proliferation, ALP activity, mineralization, and gene expression of
osteocalcin and osteopontin.

2. Materials and methods

2.1. Materials

Heparin (average MW ca. 12,000 Da) was purchased from Phar-
macia Hepar Co. (Franklin, OH). Polycarprolactone (PCL), dopamine
hydrochloride, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) were obtained from Sigma
Chemical Co. (St. Louis, MO). Escherichia coli-derived recombinant
human bone morphogenetic protein-2 (BMP-2) was donated by
Cowellmedi (Busan, Korea). Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), phosphate-buffered saline
(PBS), and penicillin-streptomycin were purchased from Gibco-
BRL (Rockville, MD, USA). The cell counting kit-8 (CCK-8) was
purchased from Dojindo (Tokyo, Japan). BMP-2 ELISA kit was
purchased from PeproTech Inc. (Rocky Hill, NJ, USA). All other
chemicals were of the purest analytical grade available.

2.2. Cells isolation and culture

This study protocol was approved by the Institutional Review
Board of Kyung Hee University Hospital at Gangdong (KHNMC MD
IRB 2012-002). Periodontal ligament (PDL) tissues were obtained
from premolar teeth extracted for orthodontic reasons. PDL tissues
were dissected from the middle third of the root using a sterile
scalpel blade, and the harvested PDL tissue was placed in a 4-
cm-diameter culture plate. Tissues were left in the culture plate
for 5-10min and then the culture plate was flooded with com-
plete medium (C-medium) [Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotics (penicillin 100 U/mM, streptomycin 0.1 mg/mL)]. The
culture plate was kept in a humid incubator (37 °C with 5% CO,).
When the periodontal ligament cells (PDLCs) had grown to a con-
fluence of approximately 70-80% (at 1 x 106 cells/mL), cells were
detached using 0.05% trypsin-EDTA. PDLCs from passages 3 through
5in a T-75 cm? flask were used.

2.3. Preparation of PCL fiber

PCL fibers were fabricated using the electrospinning method.
In brief, PCL at a concentration of 20 wt% was dissolved in chloro-
form/DMF (2:1, v/v). The resulting solution was loaded into a 10 mL
glass syringe equipped with an 18 gauge needle. The loaded syringe
was placed in a syringe pump (KD-200, KD Scientific, Inc., USA). The
distance between the syringe needle tip and collector was 10 cm,
and the tip of the syringe was connected to the positive output of a
high-voltage power supply (12 kV). The flow rate was set at 1 mL/h.

2.4. Flow cytometry

Adherent PDLCs were harvested in DMEM supplemented with
10% FBS and 1% antibiotics and resuspended at a concentra-
tion of 1 x 106 cells/mL in PBS with 5% FBS. Aliquots containing
1x 108 cells were incubated with fluorescein isothiocyanate-
conjugated mouse specific monoclonal antibodies (BD Biosciences,
USA)directed against CD34, CD45, CD44, CD73, and CD90 for 30 min
at room temperature (RT). Cells were washed three times in PBS
solution with 5% FBS. Labeled cells were fixed in 1% formaldehyde
in PBS prior to analysis using a FACs Calibur Cytometer (FC 500;
Beckman Coulter, Fullerton, CA, USA).

2.5. Preparation of heparin-dopamine (Hep-DOPA) and surface
modification of PCL fibers

To immobilize BMP-2 onto the surface of PCL fibers
(WxLxH=1cm x 1cm x 0.01 cm), the surface of PCL fibers was
modified with heparin-dopamine (Hep-DOPA). BMP-2 was subse-
quently immobilized onto the surface of the heparin-modified PCL
fibers.

To functionalize and immobilize heparin to the surface of
PCL fibers, heparin was conjugated with dopamine using EDAC
(Lee, Yun, Park, & Kim, 2012). In brief, heparin (400 mg), EDAC
(190.6 mg), and NHS (115mg) were dissolved in 10 mL of MES
buffer (pH 4.5) and allowed to react for 10 min. Dopamine
hydrochloride (102.2 mg) dissolved in 1 mL of MES buffer (pH 4.5)
was added to the heparin solution and allowed to react overnight.
The mixture was dialyzed (MWCO 2000; spectrum®) against acid-
ified distilled water for 2 days and lyophilized. The synthesis
of Hep-DOPA was confirmed by 'H NMR spectroscopy with the
intrinsic peaks of dopamine appearing at 6.7-7.0 ppm. The num-
ber of dopamine molecules conjugated in each heparin chain was
4.6+0.8.

To functionalize the surface of PCL fibers with highly negative-
charged heparin, PCL fibers were immersed in a solution of
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Hep-DOPA (2 mg/mL) dissolved in 10 mM Tris-HCl at pH 8.0, and
gently shaken overnight in the dark. Heparin-modified PCL fibers
(Hep-PCL) were washed with water and dried with N, gas. To
quantify the immobilized amount of heparin on the PCL fibers,
the toluidine blue method was used. Briefly, heparin-modified PCL
(Hep/PCL) fibers were immersed in 1 mL of 0.2% (v/v) NaCl solution
containing 1 mL of 0.005% (wt/v) toluidine blue solution. After gen-
tle shaking for 30 min, 2 mL of hexane was added. Hep/PCL fibers
were removed from the solution, and the absorbance of the aqueous
phase was measured using a microplate reader (Bio-Rad, Hercules,
CA, USA) at a wavelength of 620 nm. The amount of heparin from
Hep/PCL fibers was calculated from a calibration curve that was
constructed using various concentrations of heparin. The deter-
mined amount of heparin immobilized on the surface of PCL fibers
was 10.2 + 0.4 pg/sample.

To immobilize BMP-2 onto the surface of Hep-PCL fibers, BMP-
2 at concentrations of 10 or 50 ng/mL was added to the Hep-PCL
fibers immersed in 0.1 M MES buffer (pH 5.6) overnight with gentle
shaking, then washed and dried.

2.6. Characterization of fibers

Surface morphologies of PCL, Hep-PCL, BMP-2 (10 ng)/Hep-PCL,
and BMP-2 (50 ng)/Hep-PCL fibers were determined by scanning
electron microscopy (SEM, S4800, Hitachi, Japan). Specimens were
coated with gold using a sputter-coater (Eiko IB, Japan), and the
SEM was operated at 3kV. The surface composition of PCL, Hep-
PCL, BMP-2 (10ng)/Hep-PCL, and BMP-2 (50 ng)/Hep-PCL fibers
were analyzed by X-ray photoelectron spectroscopy (XPS) on a K-
alpha spectrometer (ESCALAB250 XPS System, Theta Probe AR-XPS
System, Thermo Fisher Scientific, UK) with an Al Ka X-ray source
(1486, 6eV photons) at the Korea Basic Science Institute Busan
Center. The Cl1s hydrocarbon peak at 284.84 eV was used as the
reference for all binding energies. The area of each peak was nor-
malized to the total peak area of all atomic elements to calculate
surface atomic percentages. To confirm the hydrophilic properties
of PCL and surface-modified PCL fibers, contact angles were mea-
sured with a goniometer (SEO Phoenix 300, Suwon, Korea). These
experiments were repeated thrice.

2.7. Invitro BMP-2 release test

To evaluate the amount of BMP-2 released from BMP-2
(10ng)/Hep-PCL fibers and BMP-2 (50ng)/Hep-PCL fibers, each
sample was soaked in a 50 mL conical tube (Falcon, USA) contain-
ing 1mL PBS (pH 7.4) with gentle shaking at 100 rpm at 37°C. At
predetermined time intervals of 1, 3,5, 10h, and 1, 3, 5, 7, 14, 21,
and 28 days, the supernatants were collected and replaced with
fresh PBS solution. The amount of BMP-2 released was evaluated
with an enzyme-linked immunosorbent assay (ELISA) kit according
to the manufacturer’s instructions using a microplate reader (Bio-
Rad, Hercules, CA, USA) at 450 nm. This experiment was repeated
thrice.

2.8. Cytotoxicity test

To evaluate the cytotoxicity of PCL fibers and surface-modified
PCL fibers, we performed cytotoxicity tests according to the ISO/EN
10993 guidelines. PDLCs were seeded on 96-well plates at a con-
centration of 1 x 10% cells/well and incubated for 24 h at 37 °C with
C-medium. PCL fibers and surface-modified PCL fibers were soaked
in C-medium and incubated for 24 h at 37°C. After 24 h of incu-
bation, the C-medium in the PLDCs was aspirated, and PDLCs were
washed with PBS and replaced with C-medium from the substrates.
PDLCs were incubated for 48 h. At 24 and 48h, the extraction
medium was aspirated and CCK-8 proliferation kit (Dojindo, Japan)

reagents were added to the PDLCs. PDLCs were then incubated for
1h at 37°C, and the optical density of live PDLCs was measured
using a microplate reader at a wavelength of 450 nm. This experi-
ment was repeated thrice.

2.9. F-actin staining

In order to observe the morphology of PDLCs grown on PCL, Hep-
PCL, BMP-2 (10ng)/Hep-PCL, and BMP-2 (50 ng)/Hep-PCL fibers,
PDLCs were seeded at a concentration of 1 x 104 cells/cm? on the
surface of substrates into a 24-well tissue-culture plate. After 24 h
of incubation, the cells/substrates were rinsed with PBS and fixed in
3.7% formaldehyde for 30 min. After fixation, cells/substrates were
immersed in a cytoskeleton buffer (5 x 103 M NaCl, 150 x 103 M
MgCl,, 5 x 1074 M Tris-base and 0.5% triton X-100) for 5min at
4°C, followed by blocking buffer (5% FBS, 0.1% Tween-20 and 0.02%
sodium azide in PBS) for 30 min at 37 °C. The cells/substrates were
incubated with rhodamine-phalloidin (1:200) and DAPI(1:10,000).
Substrates were mounted on microscope slides using mount-
ing medium and observed by confocal laser scanning microscopy
(LSM700, Zeiss, Germany).

2.10. PDLCs proliferation

PDLCs were seeded at a density of 1 x 10° cells/mL onto the
surface of PCL, Hep-PCL, BMP-2 (10ng)/Hep-PCL, and BMP-2
(50 ng)/Hep-PCL fibers in 24-well tissue-culture plates and main-
tained in C-medium. At 1, 3, and 7 days, substrates were rinsed
with PBS and CCK-8 proliferation kit reagents were added to the
substrates and were incubated for 1h. Reagents were carefully
transferred to 96-well plates. Optical density was measured using a
microplate reader at a wavelength of 450 nm. This experiment was
repeated thrice.

2.11. Alkaline phosphate (ALP) activity assay

To evaluate the early osteogenic differentiation of PDLCs, ALP
activity was measured. In brief, cells were seeded at a density of
1 x 10° cells/mLon the surface of PCL, Hep-PCL, BMP-2 (10 ng)/Hep-
PCL, and BMP-2 (50 ng)/Hep-PCL fibers in a 24-well tissue-culture
plate and maintained in osteogenic medium (DMEM supplemented
with 10% FBS, 50 pg/mL ascorbic acid, 10 nM dexamethasone, and
10 mM (-glycerophosphate in the presence of 100 U/mL penicillin
and 100 pg/mL streptomycin) for 14 days. At predetermined time
intervals of 3, 7, 10, and 14 days, PDLCs were washed with PBS, and
1X RIPA buffer was added to the cells. Cell lysates were centrifuged
at 13,500 rpm at 4°C for 3 min to remove cell debris. The super-
natants were incubated with p-nitrophenyl phosphate solution for
30min at 37 °C. The reaction was stopped by adding 500 L of 1N
NaOH. ALP activity was determined by measuring the conversion
of p-nitrophenyl phosphate to p-nitrophenol. Optical density was
determined using a microplate reader at a wavelength of 405 nm.
This experiment was repeated thrice.

2.12. Calcium deposition

To assess the late osteogenic differentiation, PDLCs were seeded
at a density of 1 x 10° cells/mL on the surface of PCL and surface-
modified PCL fibers in a 24-well tissue-culture plate and cultured
in an osteogenic medium. At 21 days of culture, cells/substrates
were washed with PBS, 0.5 N HCl was added to the cells/substrates,
and PDLCs were harvested by centrifugation at 13,500 rpm for
1 min. The resulting supernatant was used for calcium deposition
measurements using the QuantiChrom™ Calcium Assay Kit (DICA-
500, BioAssay Systems, USA) according to the manufacturer’s
instructions. The amount of calcium produced was estimated by
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Surface elemental compositions of various PCL fibers.
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Substrate

C% N%

0% S%

PCL

Hep-PCL

BMP-2 (10 ng)/Hep-PCL
BMP-2 (50 ng)/Hep-PCL

78.83 £ 0.98
73.43 £ 1.39
71.88 + 1.57
70.61 + 2.26

1.00 £ 0.02
2.78 £ 0.26
4.02 £+ 0.52
6.14 + 0.63

20.18 = 1.00 -

21.77 + 0.62 2.03 +£ 049
20.78 £ 0.33 3.32+£0.72
20.00 £ 0.13 3.26 + 1.50

measuring the absorbance at 612 nm using a microplate reader.
This experiment was repeated thrice.

2.13. Quantitative real-time polymerase chain reaction (PCR)

The mRNA expression levels of osteogenic differentiation
markers such as osteocalcin (OCN) and osteopontin (OPN) were
investigated at 21 days by real-time PCR. In brief, 1 x 10°> PDLCs
were seeded on the surface of the PCL and surface-modified PCL
fibers in a 24-well tissue-culture plate. After a 21-day incuba-
tion, cDNA was synthesized using the Superscript First-Strand
Synthesis System (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions using 1 g total RNA with
oligo (dT). cDNA was amplified via PCR, using an RNA PCR kit
(Bioneer Inc., Daejeon, South Korea), according to the manufac-
turer’s instructions. The following oligonucleotide primers were
used: OCN [(F) 5-TGAGAGCCCTCACACTCCTC-3/, (R) 5'-ACCTTT-
GCTGGACTCTGCAC-3’], OPN [(F) 5-GAGGGCTTGGTTGTCAGC-3',
(R) 5-CAATTCTCATGGTAGTGAGTTTTCC-3’], GAPDH [(F) 5'-ACTT-
TGTCAAGCTCATTTCC-3’, (R) 5-TGCAGCGAACTTTATTGATG-3'].
Real-time PCR reactions were performed with the above-
mentioned specific primers. PCR amplification and detection
were carried out on an ABI7300 Real-Time Thermal Cycler
(Applied Biosystems, Foster, CA, USA) using the DyNAmo™ SYBR®
Green gPCR Kit (Finnzymes, Espoo, Finland). The relative mRNA
expression levels of OCN and OPN were normalized to GAPDH.
This experiment was repeated thrice.

2.14. Statistical analysis

Quantitative data are presented as means + standard deviation,
and comparisons were carried out using one-way ANOVA (Systat
Software, Inc., IL, USA). Differences were considered statistically
significant at *P<0.05 and **P<0.001.

3. Results
3.1. Surface protein expression

To investigate stem cells using cell surface markers, flow cytom-
etry was performed. The positive surface protein markers CD 90,
CD73, and CD 44 were present in 95.8 +6.08%, 96.23 4+ 3.78%, and
97.9 +3.64% of cells, respectively (Fig. 1). In contrast, the nega-
tive surface protein markers CD 34 and CD 45 were present in
0.06 £ 0.05% and 0% of cells, respectively.

3.2. Characterization of PCL and surface-modified PCL fibers

The surface morphologies of PCL, Hep-PCL, BMP-2 (10 ng)/Hep-
PCL, and BMP-2 (50 ng)/Hep-PCL fibers were investigated by SEM.
The surface of PCL fibers immobilized with heparin and BMP-2
showed a similar morphology to that of PCL fibers (Fig. 2A). To eval-

96.23 %
—
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Events

s 10 10° 10° To* 10° 10" 10° Tot

10°
FITC-CO%0 FITC-CO73

CD90-FITC CD73-FITC

u 97.9%
P

Everts

O 4= 0 s
10° 10 10° 10° 10
FITC.CO4

CD44-FITC

256

0.06 %

w1

10° [
PELOM

CD34-PE

0
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CD45-PE

Fig. 1. Flow cytometry analysis of PDLCs labeled with CD 90, CD 73, CD 44, CD 34,
and CD 45 antibodies (all antibodies with FITC conjugated).

shown in Fig. 2B and Table 1, respectively. Successful heparin mod-
ification on the surface of PCL fibers was confirmed by a increase
of the O content from 20.18 +£1.00% to 21.77 £ 0.62%, a increase
of the S content from 0 to 2.03 +0.49%, and a increase of the N
content from 1.00+0.02% to 2.78 +0.26% compared to PCL fibers
(Table 1). Moreover, successful immobilization of BMP-2 onto the
surface of Hep-PCL fibers was confirmed by a decrease in the C con-
tent and increase in the N content compared to Hep-PCL fibers. The
means =+ standard deviation of the contact angle of PCL, Hep-PCL,
BMP-2 (10 ng)/Hep-PCL, and BMP-2 (50 ng)/Hep-PCL fibers were
104.17 +£4.9,84.3+6.4,75.6 +7.6,51.4 + 21.8, respectively (Fig. 2C
and Table 2). We also observed that PCL fibers containing BMP-2
were more hydrophilic than PCL fibers.

Table 2
The mean + standard deviation contact angle of PCL fibers and surface-modified PCL
fibers.

uate the elemental chemical compositions of PCL, Hep-PCL, BMP-2 Conditions Contact angle (©)
(10ng)/Hep-PCL, and BMP-2 (50 ng)/Hep-PCL fibers, an XPS anal- PCL 104.17 + 4.9
ysis was conducted. The XPS wide-scan spectra of PCL, Hep-PCL, Hep-PCL 843 + 64
BMP-2 (10ng)/Hep-PCL, and BMP-2 (50 ng)/Hep-PCL fibers and BMP-2(10 ng)/Hep-PCL 756 £ 7.6
BMP-2(50 ng)/Hep-PCL 51.4 + 218

their corresponding surface elemental chemical compositions are
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Fig. 2. (A) SEM images of PCL and surface-modified PCL fibers: (a) PCL, (b) Hep-PCL, (c) BMP-2 (10 ng)/Hep-PCL, and (d) BMP-2 (50 ng)/Hep-PCL fiber. (B) Representative
XPS wide-spectra of PCL and surface-modified PCL fibers: (a) C1s, (b) O1s, (c¢) N1s and (d) S2p spectra. (C) Contact angles of PCL and surface-modified PCL fibers: (a) PCL, (b)

Hep-PCL, (c) BMP-2 (10 ng)/Hep-PCL, and (d) BMP-2 (50 ng)/Hep-PCL fiber.
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(a) (b)

(€)

Fig. 2. (Continued ).

3.3. Invitro BMP-2 release study

The BMP-2 release profiles of BMP-2 (10 ng)/Hep-PCL fibers
and BMP-2 (50 ng)/Hep-PCL fibers are shown in Fig. 3. Over the
28-day study period, BMP-2 (10ng)/Hep-PCL fibers and BMP-
2 (50ng)/Hep-PCL fibers exhibited sustained release. On day 1,
1.29+0.82ng and 1.98+1.04ng of BMP-2 was released from
BMP-2 (10 ng)/Hep-PCL fibers and BMP-2 (50 ng)/Hep-PCL fibers,
respectively. Over the 28-day study period, 3.74+0.89ng and
14.1 £ 0.82 ng of BMP-2 was released from BMP-2 (10 ng)/Hep-PCL
fibers and BMP-2 (50 ng)/Hep-PCL fibers, respectively.

3.4. Cytotoxicity test and F-actin staining

Cytotoxicity tests for PCL, Hep-PCL, BMP-2 (10ng)/Hep-PCL
and BMP-2 (50 ng)/Hep-PCL fibers were performed using PDLCs
(Fig. 4A). Cell viability in all groups was maintained above 98%
compared to that in control group after a 48-h incubation time.
No significant cytotoxic effects were observed during incuba-
tion periods of up to 48 h. The adhesion of PDLCs was observed
after seeding PDLCs onto the surface of PCL, Hep-PCL, BMP-2
(10ng)/Hep-PCL and BMP-2 (50 ng)/Hep-PCL fibers, by performing
F-actin staining. More adhesion was observed in PDLCs seeded onto
the surface of PCL fibers containing BMP-2 than for PDLCs seeded
onto the surface of PCL fibers (Fig. 4B).
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Fig. 5. Cell proliferation of PDLCs grown on PCL, Hep-PCL, BMP-2 (10 ng)/Hep-PCL,
and BMP-2 (50 ng)/Hep-PCL fibers against PDLCs after 1, 3, and 7 day incubation.
The error bars represent mean + SD (n=5). These experiments were repeated thrice
(*P<0.05 and **P<0.001).

3.5. Cell proliferation

PDLC proliferation on PCL, Hep-PCL, BMP-2 (10 ng)/Hep-PCL and
BMP-2 (50 ng)/Hep-PCL fibers was evaluated. PDLC proliferation
gradually increased in all groups throughout the incubation period,
up to 7 days (Fig. 5). At 1 day, there were no significant differences
in PDLC proliferation between any of the groups. There were signifi-
cant differences in PDLC proliferation between PDLCs grown on PCL
fibers containing BMP-2 and those grown on PCL fibers (*P<0.05
and **P<0.001) at 3 and 7 days of culture. Moreover, there were
significant differences in PDLC proliferation between the PDLCs
cultured on BMP-2 (10 ng)/Hep-PCL fibers and those cultured on
BMP-2 (50 ng)/Hep-PCL fibers at 3 and 7 days (*P<0.05).

3.6. Osteogenic differentiation of PDLCs

We evaluated ALP activity as a marker of early osteogenic dif-
ferentiation at 3, 7, 10, and 14 days (Fig. 6A). At 3 days, there were
no significant differences in ALP activity among all groups. At 7
days, ALP activity of PDLCs in PCL fiber containing BMP-2 group
was higher compared to that of PDLCs in PCL fiber group, but the
difference was not statistically significant. At 10 and 14 days, ALP
activity was significantly different between PDLCs in the PCL fiber-
containing BMP-2 group and the PCL fiber group (*P<0.05 and
**P<0.001). Furthermore, the ALP activity of PDLCs between the
BMP-2 (10 ng)/Hep-PCL fiber group and the BMP-2 (50 ng)/Hep-PCL
fiber group was significantly different at 10 and 14 days (*P<0.05).
After treating with noggin as a BMP-2 inhibitor, ALP activities
of PDLCs grown on two BMP-2/Hep-PCL fibers were markedly
increased compared to those on PCL and Hep-PCL fiber groups (see
Supporting Information, Fig. S1) suggesting that osteogenic differ-
entiation of PDLCs is mainly due to the released BMP-2 from PCL
fibers, not from cells.

To investigate the late osteogenic differentiation, the amount of
calcium deposited on PCL, Hep-PCL, BMP-2 (10 ng)/Hep-PCL and
BMP-2 (50ng)/Hep-PCL fibers after culturing PDLCs for 21 days
was determined (Fig. 6B). There was a statistically significant dif-
ference in the amount of calcium deposited on PDLCs between
the PCL fiber containing BMP-2 groups and the PCL fiber group
(*P<0.05). Additionally, calcium deposition on PDLCs grown on
BMP-2 (10 ng)/Hep-PCL fibers was significantly greater than that in
PDLCs grown on BMP-2 (50 ng)/Hep-PCL fibers (*P<0.05). To eval-
uate the mRNA expression levels of OCN and OPN for osteogenic
differentiation of PDLCs cultivated in all groups, we conducted real-
time PCR after incubation for 21 days. OCN and OPN expression

levels in PDLCs grown on BMP-2 (10 ng)/Hep-PCL fibers were sig-
nificantly higher than those in PDLCs grown on PCL fibers (*P<0.05)
(Fig. 6C-a and b). Also, OCN and OPN expression levels in PDLCs
grown on BMP-2 (50 ng)/Hep-PCL fibers were markedly higher
than those in PDLCs grown on PCL fibers (**P<0.001). Further-
more, OCN and OPN expression levels in PDLCs cultivated on BMP-2
(50 ng)/Hep-PCL fibers were significantly higher compared to those
in PDLCs cultivated on BMP-2 (10 ng)/Hep-PCL fibers (*P<0.05).

4. Discussion

Periodontal ligament (PDL), alveolar bone and cementum are
important tooth-supporting tissues. PDL defects from inflamma-
tion, if left untreated, can lead to the loosening and subsequent loss
of teeth. PDLCs, with their strong proliferation and differentiation
potential in the periodontium, play a key role in the regeneration of
periodontal defects. Although the use of PDLCs in the regeneration
of PDL defects has many advantages, there are also some problems
associated with their use such as the insufficient availability of cells,
the difficulty in harvesting them, and time-consuming cell culture.
Because of these problems for clinical treatments, we prepared
BMP-2-delivering heparinized PCL (BMP-2/Hep-PCL) fibers via the
successive immobilization of heparin-dopamine and BMP-2 on the
surface of PCL fibers for enhancing proliferation and osteogenic
differentiation of PDLCs.

We synthesized a heparin-dopamine (Hep-DOPA) conjugate by
a 1-ethyl-3-dimethylaminopropyl carbodiimide (EDC)-mediated
reaction between the carboxylic groups of heparin and the amine
groups of dopamine so as to immobilize heparin onto the sur-
face of PCL fibers. As previously reported, this is a very simple
method to immobilize heparin onto the surface of substrates (Lee
et al., 2012) because the ortho-dihydroxyphenyl (catechol) func-
tional group in dopamine can form strong covalent and noncovalent
bonds with inorganic, organic, and metallic materials (Fan, Lin,
Dalsin, & Messersmith, 2005; Lee, Dellatore, Miller, & Messersmith,
2007; Lee, Scherer, & Messersmith, 2006). BMP-2 was subsequently
immobilized onto the surface of Hep-PCL fibers via electrostatic
interactions between positively charged BMP-2 and negatively
charged heparin. After the sequential immobilization of heparin
and BMP-2 on the surface of PCL fibers, the characterization of
PCL and surface-functionalized PCL fibers was confirmed with XPS
and contact angle measurement. Following the immobilization of
Hep-DOPA, N and S contents increased on the surface of Hep-PCL
fibers compared to PCL fibers. Moreover, after the immobiliza-
tion of BMP-2 onto the surface of Hep-PCL fibers, the N content
increased, whereas the C and O contents decreased compared to
that in the Hep-PCL fibers, indicating that BMP-2 was success-
fully immobilized onto the surface of Hep-PCL fibers. The BMP-2
immobilized Hep-PCL fiber surfaces showed a significantly smaller
water contact angle than that of the PCL fiber surfaces, indicat-
ing that the Hep-PCL fiber surface with immobilization of BMP-2
was more hydrophilic compared to the PCL fiber surface. Previous
studies reported that BMP-2 immobilized carboxymethyl chitosan
(CMCS)-grafted Ti surface or heparin-grafted Ti surface were more
hydrophilic than pristine Ti (Shi, Neoh, Kang, Poh, & Wang, 2009a,
2009b).

BMP-2 is known as one of the most potent osteoinductive
growth factors. It has been used for the treatment of spinal fusion
and bone fracture healing (De Biase & Capanna, 2005; Westerhuis,
van Bezooijen, & Kloen, 2005). Although BMP-2 has been commer-
cially available for use in clinical treatments, there are limitations to
its use due to requirement for large doses of BMP-2 (2.1-12 mg), its
short half-life in vivo, and its side effects such as immune response
and bone over-growth from the defect site due to its rapid diffu-
sion in large amounts (Gautschi, Frey, & Zellweger, 2007; Shields
et al., 2006). To date, various biomaterials, including collagen
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Fig. 6. (A) ALP activity of PDLCs grown on PCL, Hep-PCL, BMP-2 (10 ng)/Hep-PCL, and BMP-2 (50 ng)/Hep-PCL fibers against PDLCs after 3, 7, 10, and 14 day incubation. (B)
Calcium deposition of PDLCs grown on PCL, BMP-2 (10 ng)/Hep-PCL, and BMP-2 (50 ng)/Hep-PCL fibers against PDLCs after 21 day incubation. (C) Real-time PCR analysis
of gene expressions of (a) osteocalcin and (b) osteopontin of PDLCs grown on PCL, BMP-2 (10 ng)/Hep-PCL, and BMP-2 (50 ng)/Hep-PCL fibers against PDLCs after 21 day
incubation. The error bars represent mean +SD (n=5). These experiments were repeated thrice (*P<0.05 and **P<0.001).

gels, sponges, hyaluronic acid, dextran, chitosan, poly (lactic-co-
glycolic) acid, and fibrin scaffolds have been used as BMP-2 delivery
systems (Chua, Neoh, & Kang, 2008; Kim et al., 2007; King, King,
Cruchley, Wozney, & Hughes, 1997; Lee, Ho, et al., 2006; Shen, Hu,
Yang, Bei, & Wang, 2009; Shi, Neoh, Kang, Poh, & Wang, 2009a,
2009b). However, some of these BMP-2 delivery systems exhibit
problems such as uncontrolled release rates, rapid release of BMP-2,
and high initial burst releases (Jeon et al.,2008). We overcame these
problems with the addition of heparin. Heparin, which is composed
of many sulfate and carboxyl groups, is known to have high bind-
ing affinities for various growth factors and the ability to regulate
the release of growth factors (Ishibe et al., 2009; Kim et al., 2011;
Park et al., 2008; Sasisekharan et al., 1997). In our release study, we
observed a sustained release of BMP-2 with no high initial burst
release pattern of BMP-2, which may be due to the strong electro-
static interactions between the highly negatively charged heparin
and the highly positively charged BMP-2. These data support our
previous study in which we showed that Hep-DOPA grafted tita-
nium (Hep-Ti) substrates allowed for sustained release of BMP-2
and gentamicin (Lee et al., 2012).

We evaluated PDL cell proliferation on all substrates and found
that it increased in a time-dependent manner. Additionally, PDL
cell proliferation on BMP-2/Hep-PCL fibers increased significantly
compared to that on PCL fibers at days 3 and 7. These results
indicated that BMP-2 has a definite effect on PDL cell proliferation;
this result is consistent with a report from Park et al. (2006).
However, other studies demonstrated that cell proliferation on
rhBMP-2 immobilized Ti substrates did not show a significant

increase compared to that on pristine Ti discs (Kim et al., 2011;
Shi, Neoh, Kang, Poh, & Wang, 2009a, 2009b). Therefore, the effect
of BMP-2 on cell proliferation is still under debate.

To understand the osteogenic differentiation of PDLCs on all
substrates, we evaluated ALP activity and calcium deposition.
ALP activity and calcium deposition are widely used as markers
for early and late differentiation of osteoblast-like cells, respec-
tively (Turksen, Bhargava, Moe, & Aubin, 1992; van den Beucken
et al., 2006). ALP activity of PDLCs cultured on all substrates was
increased by the released BMP-2 from BMP-2/Hep-PCL fibers in
a time-dependent manner. There was no significant difference in
the ALP activity of PDLCs grown on PCL fibers and those grown
on BMP-2/Hep-PCL fibers at days 3 and 7. In contrast, there was
a significant difference in the ALP activity of PDLCs grown on PCL
fibers and those grown on BMP-2/Hep-PCL fibers after 10 days or
14 days of culture. The ALP activity of PDLCs cultured on BMP-2
(50 ng)/Hep-PCL fibers was significantly higher than that in those
cultured on BMP-2 (10 ng)/Hep-PCL fibers after 10 days or 14 days
of culture. As expected from the ALP activity data, the amount of
calcium deposition on PDLCs grown on BMP-2/Hep-PCL fibers was
significantly higher than that on PDLCs grown on PCL fibers. Kim
et al. (2011) reported that the ALP activity and the amount of cal-
cium deposited on MG-63 cells cultured on BMP-2-immobilized Ti
surface were significantly different as compared to those on MG-63
cells cultured on pristine Ti. Taken together, these results indicate
that BMP-2 stimulates osteogenic differentiation of PDLCs.

We evaluated the induction of osteogenic differentiation of
PDLCs on all substrates by measuring gene expression levels
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of osteocalcin and osteopontin. It has been reported that the
expression of osteocalcin and osteopontin as markers of osteoblast
differentiation is upregulated after osteoblast differentiation
(Diefenderfer et al., 2003; Lecanda et al., 1997). mRNA expres-
sion levels of osteocalcin and osteopontin in PDLCs grown on
BMP-2/Hep-PCL fibers were markedly increased as compared
to those in PDLCs grown on PCL fibers. These results indicated
that BMP-2/Hep-PCL substrates directly enhanced the osteogenic
differentiation of PDLCs. The effects of BMP-2/Hep-PCL sub-
strates on osteogenic differentiation of PDLCs were significantly
greater than those seen on PCL substrates. In particular, the
BMP-2 (50 ng)/Hep-PCL substrates showed significantly enhanced
osteogenic differentiation of PDLCs compared to that of the PCL
and BMP-2 (10 ng)/Hep-PCL substrates.

We found that use of BMP-2/Hep-PCL substrates was an effec-
tive option for the regeneration of periodontal defects. To achieve
more conclusive outcomes for periodontal therapy, further in vivo
studies are needed to optimize dose levels and to determine the
best mechanism to control the release of BMP-2.

5. Conclusions

In the present study, we successfully immobilized BMP-2 onto
the surface of heparinized PCL fibers to prepare BMP-2/Hep-PCL
fibers. The BMP-2/Hep-PCL fibers showed sustained BMP-2 release
profiles over 28 days with no cytotoxicity against periodontal
ligament cells (PDLCs). We showed that BMP-2/Hep-PCL fibers
significantly induced osteogenic differentiation of PDLCs with a
significant increase in ALP activity and calcium deposition com-
pared to that in PCL fibers. In addition, BMP-2/Hep-PCL substrates
effectively induced osteogenic differentiation of PDLCs with a
significant increase in the mRNA expression levels of osteocalcin
and osteopontin. Therefore, we suggest that BMP-2/Hep-PCL fibers
can induce the osteogenic differentiation of PDLCs. However,
further in vivo evaluations are required to optimize the dose of
BMP-2 and the efficacy of BMP-2/Hep-PCL fibers to achieve more
conclusive outcomes for the clinical use of BMP-2/Hep-PCL fibers
in the regeneration of periodontal defects.
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