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immobilized polycaprolactone nanofibrous
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irradiation
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Polycaprolactone (PCL) has been considered a useful material for orthopedic devices and osseous implants

because of its biocompatibility and bone-forming activity. However, PCL-based scaffolds have

hydrophobic surfaces that reduce initial cell viability. In this study, we fabricated surface-modified PCL

nanofibers for tissue engineering using radiation technology. We supplemented the hydrophilicity of the

PCL nanofibers by introducing 2-aminoethyl methacrylate (AEMA) through gamma-irradiation and

subsequently immobilized heparin onto the nanofibers using the EDC/NHS reaction. The SEM images

show that there is almost no change in the morphology of nanofibers after radiation grafting of AEMA

and heparin-immobilization onto PCL nanofibers. The surface properties of the scaffolds were

characterized by ATR-FTIR, XPS, and fluorescamine staining in order to confirm the successful grafting of

AEMA onto the PCL nanofibers. Immobilization of heparin was also confirmed by the amide I (1650

cm�1) and amide II group (1550 cm�1) from ATR-FTIR. The amounts of heparin were drastically

increased on the AEMA–PCL nanofibers as revealed by TBO assay. The initial cell viability of hMSCs was

significantly increased on the AEMA grafted nanofibers but grew slowly on heparin-immobilized

nanofibers. The cumulative release of bone morphogenetic protein-2 (BMP-2) was slow and continuous

onto the heparin-immobilized nanofibers (18.13 � 3.87 mg mL�1) compared to PCL nanofibers (20.25 �
1.45 mg mL�1). Therefore, heparin-immobilized nanofibers may be a good tool for tissue engineering

applications using radiation technology.
1. Introduction

For successful engineering of damaged tissues or organs, such
as bone, blood vessels, and skin, the appropriate cells, growth
factors, and synthetic or naturally derived scaffolds should be
combined.

Recently, more focus has been given to studying bone repair
due to an aging population and an increase in social activities
that lead to frequent accidents. For example, damage caused by
bone fractures and ligament ruptures results in increased pain
in elderly individuals who have serious health problems, such
as osteoporosis. Teams of tissue engineers have been actively
developing three-dimensional (3D), highly porous structures to
nment, Advanced Radiation Technology

stitute (KAERI), 29 Gumgugil, Jeongeup,

kaeri.re.kr; Tel: +82-63-570-3065

Applied Chemical and Bio Engineering,

ic of Korea

ring, Gwangju Institute of Science and

ic of Korea

o this work.

hemistry 2017
act as bioactive scaffolds for bone tissue engineering that can
promote new tissue growth by assisting and speeding up the
healing process.1,2 An ideal articial scaffold should be
designed to mimic the native extracellular matrix (ECM) struc-
ture as much as possible. Scaffolds for bone regeneration need
to be three-dimensional and highly porous to support uniform
cell attachment and proliferation, and also need to have an
interconnected and permeable pore network to promote
nutrient and waste exchange. Many methods to prepare porous
three-dimensional biodegradable scaffolds have been devel-
oped in bone tissue engineering, including gas forming, salt
leaching/particulate leaching, overrun process, phase separa-
tion, and electrospinning.3–7

Electrospinning is an efficient way of producing nanobrous
structures for natural and synthetic polymers. Large pore size,
thickness, and a tunable surface area to volume ratio of elec-
trospun scaffolds are important features of tissue-engineered
scaffolds that strongly enhance cellular adhesion, prolifera-
tion, and inltration.8,9 Typical biocompatible synthetic poly-
mers such as poly (L-lactic acid) (PLLA), poly (glycolic acid)
(PGA), poly (lactic-co-glycolic acid) (PLGA), and
RSC Adv., 2017, 7, 8963–8972 | 8963
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polycaprolactone (PCL) have been electrospun for bone tissue
engineering.10–12

Among the synthetic biopolymers, the FDA-approved PCL
has a good mechanical strength, unique elasticity, and hard-
ness similar to that of bone, and it degrades faster than either
homopolymer. Biodegradable synthetic polymer scaffolds from
electrospun PLLA nanobers, PLGA/hydroxyapatite composites,
and HA–titanium have been used for the controlled, sustained,
and localized release of BMP-2.13–15

Bone morphogenetic protein-2 (BMP-2) is known to increase
bone formation signicantly and to improve the adhesion,
proliferation, differentiation and mineralization of osteoblasts
when incorporated within the scaffold. The advantages of using
BMP-2 have also been demonstrated on nanobrous scaffolds
for bone tissue engineering. However, the release of BMP-2 was
uncontrolled due to a rapid release and a short half-life of
activity. To overcome these weakness, the use of heparin in
creating heparin-immobilized titanium surfaces and heparin-
conjugated PLGA scaffolds has been studied.16,17

Heparin is a sulfated glycosaminoglycan (GAG), and it has
a variety of biological activities, such as the ability to induce
diverse changes in the chemical structure and structural spec-
icity of anionic functional groups. The biological activity of
heparin is associated with the interaction and binding affinity
to different proteins.18 However, when introducing additional
heparin, the existing heparin conjugated onto the surface of
biomaterials can result in problems such as high toxicity and
non-uniform surface treatment by chemical agents, UV irradi-
ation, and thermal discharge plasma.11,19 To overcome these
problems, gamma-irradiation can be used to increase the
graing efficiency of biomaterial surfaces and also the unifor-
mity of graed bio-active molecules such as proteins and
peptides, which can increase hydrophilicity and cell
viability.20,21

Radiation-based modication of biomaterial surfaces
should be rapidly performed in order to minimize free radical
formation, as well as be carried out without chemical additives
such as initiators and catalysts. In addition, it has the
advantage of being able to be performed at low temperatures
in gas, solid, or liquid state.22,23 In a previous study, bacterial
cellulose and PLCL lm surface were graed with acrylic acid
using gamma-irradiation, and then gelatin was conjugated
using the EDC/NHS reaction.24 Based on this and other
research, the use of radiation techniques seems promising for
tissue engineering applications. In this study, we fabricated
surface-modied PCL nanobers using radiation techniques
for bone tissue engineering. The PCL nanobers were
prepared by electrospinning, hydrophilicity was modied by
graing 2-aminoethyl methacrylate (AEMA) using gamma-
irradiation, and heparin was immobilized using the EDC/
NHS reaction. There is study that how to modify on the
surface of PCL nanobrous scaffolds using gamma-
irradiation. Especially the irradiated PCL scaffolds can be
little effected by the properties induced crosslinking and chain
scission through the radiation.25 However, this study focused
on control release of BMP-2 from immobilized heparin via
AEMA graed PCL scaffolds using gamma-irradiation.
8964 | RSC Adv., 2017, 7, 8963–8972
Therefore, our strategy using radiation technology could be
a promising tool for designing biomimetic scaffolds.
2. Experimental
2.1. Materials

Polycaprolactone (PCL) with a molecular weight (Mn) from
70 000 to 90 000 g mol�1, 2-aminoethyl methacrylate hydro-
chloride (AEMA), toluidine blue O (TBO), uorescamine, N-
(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride
(EDC) and 2-(N-morpholino)ethanesulfonic acid sodium salt
(MES) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Tetrahydrofuran (THF) and N,N-dimethyl formamide (DMF)
were purchased fromDuksan reagent (Ansan, Korea) and Showa
Chemical Co. (Tokyo, Japan). Dulbecco's phosphate buffered
saline (DPBS), Dulbecco's modied eagle's medium (DMEM),
fetal bovine serum (FBS) and streptomycin were obtained from
GIBCO (Carlsbad, CA, USA). All other reagents and solvents were
of analytical grade and used as received.
2.2. Preparation of AEMA-g-PCL nanobrous scaffolds and
gamma-irradiation

To prepare the PCL solution, PCL was dissolved in a mixture of
THF and DMF (70 : 30, v/v) at room temperature (RT) to a nal
concentration of 13% (w/v). The PCL solution was loaded into
a 12 mL plastic syringe (Henke Sass Wolf, Germany) with
a blunt stainless-steel needle (20G, NanoNC, Seoul, Korea). The
plastic syringe was then placed in an infusion pump (SHB366,
Sckjmoter, China) and the needle connected to a high-voltage
power supply (ESR-200RD, NanoNC, Korea). The solution ow
rate, applied voltage, and spinning time were xed to 1 mL h�1,
11.3 kV, and 10 h, respectively. The distance between the needle
and aluminum foil-wrapped rotating drum collector was xed
15 cm. To evaporate the solvent, the PCL nanobrous scaffolds
were dried at 40 �C overnight in vacuum oven.26 Aer fabrica-
tion, the samples were placed in AEMA/methanol solutions with
AEMA concentrations of 1, 5 and 7% (w/v) in 10 mL glass vial.
The AEMA was graed onto PCL nanobrous scaffolds by 60Co
gamma-irradiation at 25 kGy and a dose rate of 10 kGy h�1 at
RT. All samples were washed with distilled water (DW) for 48 h
at RT to remove the unreacted monomers and homopolymers.
Aer washing, AEMA-graed PCL nanobers (AEP) were freeze-
dried for 48 h.
2.3. Immobilization of heparin onto AEMA–PCL nanobers
using EDC/NHS reaction

To immobilize heparin onto AEMA–PCL nanobers (H-AEP),
the samples were immersed in 0.1 M MES buffer solution (pH
5.07, 5 mgmL�1) for 1 h, and aer that it was immersed in EDC/
NHS (3 mg mL�1) and heparin (2 mg mL�1) dissolved in 0.1 M
MES buffer solution for 12 h at RT. The samples were washed
with DW to remove the unreacted monomers and homopoly-
mers for 48 h. Aer washing, the H-AEP was freeze-dried for
48 h.
This journal is © The Royal Society of Chemistry 2017
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Table 1 Characteristic of heparin immobilized AEMA grafted PCL
nanofibrous scaffolds

Sample Concentration of AEMA (wt%) Immobilization of heparin

PCL — —
1AEP 1 —
5AEP 5 —
7AEP 7 —
H-1AEP 1 O
H-5AEP 5 O
H-7AEP 7 O
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2.4. Characterization of nanobers

2.4.1. Scanning electron microscopy. The morphologies of
all samples were investigated using scanning electron micros-
copy (SEM, JSM-6390, JEOL, Japan) with an electron-beam of 10
kV and working distance of 8.1 mm. To observe the high-
resolution images of the AEP and unmodied PCL nanobers,
the samples were covered with a layer of gold for 60 seconds by
sputter coating.

2.4.2. Attenuated total reection Fourier transform
infrared spectroscopy. Infrared spectra of all samples were
recorded using Bruker TEMSOR 37 (Bruker AXS. Inc., Germany)
equipped with ATR mode over the range of 500–4000 cm�1 and
a resolution of 4 cm�1 averaged over 64 scans.

2.4.3. X-ray photoelectron spectroscopy. Analysis of AEP
was carried out by X-ray photoelectron spectroscopy (XPS, Theta
Probe AR-XPS System, Thermo Fisher Scientic, UK) tted with
an Al Ka source (so X-ray source at 1486.6 eV, which is mon-
ochromated). The anode was operated at 150 W (15 kV). The
binding energy shis due to surface charging were corrected
using the C1s level at 284.6 eV, N1s level at 400 eV, and O1s level
at 532.3 eV as an internal standard.

2.4.4. Fluorescamine staining. Levels of free primary
amino groups conjugated onto AEP was determined using u-
orescamine staining. Each sample was soaked in 350 mL of
borate buffer (0.2 M boric acid, pH 9.2), and 150 mL of 0.01%
uorescamine in acetone. The samples were vortex mixed for
1 min, and then rapidly placed on a glass slide. The uores-
cence was visualized and photographed using a Leica DM1400B
Fig. 1 Schematic diagram for the preparation of heparin-immobilized A

This journal is © The Royal Society of Chemistry 2017
(Leica Microsystems GmBh, Wetzlar, Germany) at lex 392 nm
and lem 480 nm.27

2.4.5. Mechanical properties. The AEP and PCL nanobers
were evaluated for their mechanical properties by using
a Universal Testing Machine (Instron 5569, Instron, USA) with 5
kN load cell and crosshead speed of 10 mmmin�1. The samples
were cut into 5 mm width � 30 mm length.

2.4.6. Toluidine blue O (TBO) assay. The amounts of H-AEP
were quantied via TBO assay. Each sample was immersed in
500 mL of TBO solution (0.1 M HCl, 20 mg NaCl, and 4 mg
toluidine blue O chloride) for 4 h at room temperature. The
samples were washed with DW to remove the unreacted TBO
solution for 24 h. Aer washing, H-AEP was dissolved in
a mixture of 0.1 M NaOH and ethanol (1 : 4, v/v) until complete
decolorization occured. The TBO was quantied by measuring
the absorbance of each well at 530 nm using microplate reader
(Powerwave XS, Biotek, VT, USA).
EMA–PCL nanofibers by using gamma-irradiation.

RSC Adv., 2017, 7, 8963–8972 | 8965
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2.5. Characterization of in vitro culture of hMSCs on the
nanobers

2.5.1. Human mesenchymal stem cells (hMSCs) culture.
The hMSCs (CC-2519, Lonza Group Ltd., Basel, Switzerland)
were seeded on the nanobers (diameter of 10 mm, n ¼ 5) at
a density of 2 � 104 cells per cm2 and then were incubated at
37 �C with 5% CO2 atmosphere. The media was changed every
two days.

2.5.2. Scanning electron microscopy. On day 1 of cell
culture, the morphology of the cells on the nanobers was
investigated using SEM (JSM-6390, JEOL, Japan). The cells on
the nanober constructs were xed with 3.7% para-
formaldehyde for 15 min at RT and then dehydrated by sub-
jecting them to increasing concentrations of ethanol (60, 70, 80,
90, 95, and 100%). The nanobers were covered with a layer of
gold for 60 seconds by sputter coating with an electron-beam of
15 kV at a working distance of 10 mm.
Fig. 2 SEM images of AEMA-grafted PCL nanofibers: (a) PCL, (b) 1AEP, (c)
nanofibrous scaffolds.

8966 | RSC Adv., 2017, 7, 8963–8972
2.5.3. Fluorescence staining. To observe the adherent
morphology of hMSCs on the nanobers, F-actin staining and
nuclear staining was performed. Aer 1 day, the cells were xed
with 3.7% paraformaldehyde for 15 min at RT, then per-
meabilized with cytoskeletal buffer solution (10.3 g sucrose,
0.292 g NaCl, 0.06 g MgCl, 0.476 g HEPES buffer, and 0.5 mL
Triton X-100 in 100 mL water, pH 7.2) for 10 min at 4 �C and
blocked with 5% FBS in PBS for 1 h at 37 �C. The samples were
incubated for 1 h at 37 �C in rhodamine-phalloidin (1 : 100,
Molecular probes, Eugene, OR) and Hoechst 33258 (1 : 1000,
Molecular probes, Eugene, OR). Aer washing with PBS, the
samples were mounted on glass slides with mounting buffer
(Vector Laboratory, UK). Immunouorescent images were
acquired using uorescence microscope (TE2000, Nikon, Japan).

2.5.4. Cell counting kit-8 assay. On days 1, 4, and 7 of cell
culture, the proliferation of the cells on the nanobers was
conrmed using CCK-8 assay. CCK-8 solution was added to
nanobers to a ratio of 9 : 1, and then incubated for 2 h at 37 �C.
5AEP, (d) 7AEP, and (e) ATR-FTIR spectra of PCL, 1AEP, 5AEP, and 7AEP

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XPS spectra of AEMA-grafted PCL nanofibers from 200 to
600 eV.

Fig. 4 Fluorescamine staining of AEMA-grafted PCL nanofibers: (a)
PCL, (b) 1AEP, (c) 5AEP, and (d) 7AEP.
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Aer the reaction, the supernatant was replaced with fresh
solution and the absorbance was recorded at 450 nm.

2.6. Release test

The release of BMP-2 from PCL, 7AEP, and H-7AEP nanobrous
scaffolds was determined. All samples (diameter of 10 mm, n ¼
5) were sterilized with 70% ethanol for 12 h and then washed 3
times with PBS. The BMP-2 (25 mg mL�1, Pepro Tech, Rocky Hill,
NJ, USA) were incubated and completely absorbed into the
nanobers until in PBS solution for 1 h at 4 �C. The samples
were incubated at 37 �C in 5 mL DMEM for 14 days and gently
shaking at 100 rpm during incubating. The acquired samples
through the time intervals of 1 and 12 h, and 1, 2, and 4 days
were taken and replaced with PBS solution. The released BMP-2
solution into scaffolds was measured using an enzyme-linked
immunosorbent assay (ELISA) development kit (Pepro Tech,
Rocky Hill, NJ, USA) in a microplate reader and then the
absorbance was recorded at 405 nm.28

2.7. Statistical analysis

All data were presented as means � standard deviation (SD) for
n ¼ 4. A two-tailed unpaired Student's t-test (Excel, Microso)
was used to assess statistical signicance of the results (p < 0.05
was considered to be signicant).

3. Result and discussion
3.1. Fabrication of heparin immobilized AEMA-graed PCL
nanobers

A general schematic diagram and abbreviated samples of the H-
AEP is shown in Fig. 1 and Table 1. The electrospun PCL
nanobers are characterized by a wide range of pore size
distribution, high porosity, and high surface area to volume
ratio, which are favorable parameters for cell attachment,
growth, and proliferation. Scaffolds for tissue regeneration
need to be three-dimensional and highly porous to support
uniform cell attachment, proliferation, and need to have an
interconnected and permeable pore network to promote
nutrient and waste exchange. The design of an articial bone
substitute is to construct a scaffold for the attachment and
growth of bone osteoblasts other than a permanent implant.
Therefore, it can be concluded that extensive chain entangle-
ments are necessary to produce the continuous bers by elec-
trospinning. Moreover, the interconnected porous structure in
the scaffold would provide a chance for cytokines and growth
factors to modulate bone formation. The goal of this work was
threefold: (1) to prepare by deposition PCL nanobers gener-
ated by electrospinning equipment, (2) to determine the
capacity for cell adhesion and proliferation on electrospun and
methacrylated PCL scaffolds, which would subsequently be
radiation-graed, and (3) to incorporate heparin into the scaf-
folds to provide sustained release of growth factors.29–31 PCL
nanobers were prepared by electrospinning and then AEMA
was graed onto the PCL scaffolds to gra amino groups using
gamma-irradiation. Aer AEMA-graing, heparin was then
immobilized by constituting amide bonds between the amino
This journal is © The Royal Society of Chemistry 2017
groups of AEP and the carboxylic acid groups of heparin using
the EDC/NHS reaction. The BMP-2 loaded H-AEP allowed the
controlled release of BMP-2 over a longer duration. There seems
to be a benet of the stably induced release of BMP-2, especially
regarding the acceleration of cell adhesion and proliferation on
the scaffolds.
3.2. Characterization of AEMA-graed PCL nanobers

The pore size was also an important determinant for the cell
migration rate inside the scaffold, as well as the time constant
of biodegradation. The surface morphologies of AEP were
observed by SEM with different amounts of AEMA among the
RSC Adv., 2017, 7, 8963–8972 | 8967
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Fig. 5 Mechanical properties of AEMA-grafted PCL nanofibers: (a) tensile curve, (b) tensile strain, (c) tensile stress, and (d) Young's modulus.

Fig. 6 (a–c) SEM images and (d) ATR-FTIR spectra of H-1AEP, H-5AEP, and H-7AEP nanofibrous scaffolds.

8968 | RSC Adv., 2017, 7, 8963–8972 This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) Staining and (b) uptake amounts of toluidine blue O (TBO) of
PCL, H-1AEP, H-5AEP, and H-7AEP nanofibrous scaffolds.“*” Indicates
statistical significance relative to the PCL, and “‡” relative to the H-1AEP
(p < 0.05).
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PCL, 1AEP, 5AEP, and 7AEP groups as shown in Fig. 2(a–d). All
scaffolds appeared in the interconnected network pore cong-
uration, characterized by its membrane-like structure. The
structure was uniformly distributed, and formed an inter-
connected pore structure. There were no obvious morphological
differences between the different AEP groups, and the diame-
ters of the brous structures were similar in all the groups: PCL
(226.58 � 6.08 nm), 1AEP (220.41 � 3.44 nm), 5AEP (222.53 �
8.36 nm), and 7AEP (228.91� 3.77 nm). Therefore, there was no
breakage or deformation of nanobers aer graing AEMA
using gamma-irradiation. Previously, gelatin-immobilized
acrylic acid (AAc)-graed PLCL substrates and Arg-Gly-Asp
(RGD)-immobilized AAc-graed PLLA/BCP scaffolds were also
observed to have similar surface morphologies.26,32–35 As shown
in Fig. 2(e), the chemical properties of AEP were identied by
ATR-FTIR, with the typical peaks of the carbonyl groups from
PCL at 1700 cm�1. Aer graing AEMA, the amino groups of
AEMA were observed at 1610 cm�1. In addition, when the
graed AEMA content increased from 1 to 7 wt%, the peaks of
strongest intensity were at 1610 cm�1 (–NH2 stretching).36,37

Thus, we found that the AEMA was successfully graed onto the
PCL. The ATR FT-IR spectra were similar to those of AEMA that
include AEMA substrates.38

The surface composition aer graing AEMA on the PCL was
observed by XPS, as shown in Fig. 3. The binding energy of PCL
was located in the carbon peak (C1s peak at 287.5 eV) and oxygen
peak (O1s peak at 532.3 eV), respectively. The nitrogen peak (N1s
peak at 399 eV) was observed at 400 eV for the AEP.39 While the
nitrogen peak was not found in PCL, the peak intensity of
nitrogen was strongest in the 7AEP group, which had a higher
concentration of AEMA compared to the 1AEP and 5AEP groups.
These results suggest that the radiation-induced polymerization
of AEMA-graed PCL is successful at presenting methacrylate
domains at the surface of PCL nanobers without chemical
additives such as initiators and catalysts.

Qualication of AEMA graed onto PCL nanobrous scaf-
folds was conrmed with uorescamine staining. The uo-
rescamine reacts with amino groups, as conrmed by use of
a Leica DM1400B.27,34 As shown in Fig. 4, pure PCL scaffolds are
black in color, while the AEP uniformly exhibited green staining
which increased with increasing AEMA concentrations. The
7AEP scaffolds exhibited higher intensity than 1AEP and 5AEP.
This noticeable amount of graing may result from a higher
number of amino groups from AEMA induced by gamma-
irradiation.

As shown in Fig. 5, the mechanical properties of PCL, 1AEP,
5AEP, and 7AEP were analyzed by UTM. The tensile stress of
PCL was 23.97� 1.52 MPa, but for AEP was slightly decreased to
23.37 � 1.52, 22.49 � 0.47, and 22.46 � 1.58 MPa according to
AEMA contents of 1, 5, and 7 wt%, respectively. In addition,
tensile strain and Young's modulus of AEP was also slightly
decreased compared to PCL. The mechanical properties of
irradiated PCL could be also decreased with increasing in irra-
diation dose due to signicantly reduced nanobers through
both hardness and strength owing to increasing in crystallinity
aer irradiation.40 Although tensile stress, tensile strain, and
Young's modulus were slightly decreased, there was almost no
This journal is © The Royal Society of Chemistry 2017
change in mechanical properties aer AEMA was graed using
gamma-irradiation within the margin of error.
3.3. Characterization of heparin immobilized AEMA-graed
PCL nanobers

The immobilization of heparin on the AEP was activated by
EDC/NHS reaction, and the heparin was immobilized by
composing amide bonds between amino groups of AEP and the
carboxyl groups of heparin.24 As shown in Fig. 6(a–c), the H-AEP
was identied by SEM, and the surface morphologies and ber
diameters of different H-AEP groups were similar, in keeping
with the results shown in Fig. 2(a–d). In addition, the chemical
properties of H-AEP were analyzed by ATR-FTIR as shown in
Fig. 6(d). The amide I group (C]O stretching) and amide II
group (N–H bending) were observed at 1650 cm�1 and 1550
cm�1, respectively,41–43 and peak intensities of amide I and
amide II were increased aer heparin immobilization. However,
the amino group peak was decreased due to amide bond
RSC Adv., 2017, 7, 8963–8972 | 8969
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formation. In addition, the intensity of the peaks increased with
increasing AEMA content.

To quantify the carboxylic acid groups of heparin, a toluidine
blue O (TBO) assay was used. As shown in Fig. 7(a), whereas PCL
was not changed in color, the H-AEP was stained blue, with
intensity also increasing according to AEMA content.44 When
the AEMA content was increased, as shown in Fig. 7(b), the
amounts of TBO from the PCL and H-AEP were approximately 0,
0, 4.62 � 1.64, and 7.35 � 0.32 mM mg�1, respectively. There-
fore, heparin was successfully introduced by the EDC/NHS
reaction, as conrmed by positive results from the TBO assay.
3.4. Human mesenchymal stem cell viability

The AEP allowed increased cell adhesion and proliferation of
hMSCs, which highlights the importance of developing tissue
engineering applications that focus on initial adhesion in order
to regulate cell survival. As shown in Fig. 8(a–h), when hMSCs
were cultured aer 1 day, there was more adhesion on the AEP
compared to PCL, as conrmed by SEM images and uores-
cence photomicrographs;39 as the AEMA content increased, the
adhesion of hMSCs also increased slightly. In addition, as
shown in Fig. 8(i), the cell viability of hMSCs on PCL and 7AEP
was 0.96 � 0.23 and 1.05 � 0.14, respectively, indicating that
Fig. 8 SEM images and fluorescence photomicrographs of hMSCs cultu
scaffolds stained with rhodamine-phalloidin and DAPI. Scale bars repre
scaffolds for 1, 4, and 7 days.“*” Indicates statistical significance relative to

8970 | RSC Adv., 2017, 7, 8963–8972
hMSC proliferation on 7AEP was greater than on PCL, as
conrmed by CCK-8 assay. This result suggests that the radia-
tion technology used for surface modication can modify
a hydrophobic surface to a hydrophilic surface without chem-
ical additives such that cell adhesion and proliferation could be
increased. However, as shown in Fig. 9(a–f), adhesion of hMSCs
on the H-AEP was less spread out than on PCL, indicating that
hMSCs on the H-AEP were growingmore slowly as time went on.
The proliferation of hMSCs is presented in Fig. 9(g); initial
proliferation on the H-AEP was slow compared to the PCL.
Results from the assay demonstrated signicantly greater cell
adhesion and proliferation on the heparin-modied materials
compared to the unmodied. Also, we wanted to determine the
effect of released BMP-2 from the scaffolds on hMSCs prolifer-
ation. By day seven, all scaffolds releasing BMP-2 resulted in
increased cell number compared to the control (PCL), and there
was increased cell number in the heparin-modied scaffold
condition compared to the unmodied scaffold condition
(Fig. 10).
3.5. Release test

BMP-2 was loaded for 1 h to bind with heparin and later allowed
to release for 14 days. Aer 1 day, the cumulative release of
red on (a, e) PCL, (b, f) 1AEP, (c, g) 5AEP, and (d, h) 7AEP nanofibrous
sent 50 mm. (i) CCK-8 assay of hMSCs cultured on these nanofibrous
the PCL, “§” relative to the 1AEP, and “‡” relative to the H-1AEP (p < 0.05).

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 SEM images and fluorescence photomicrographs of hMSCs
cultured on (a, d) H-1AEP, (b, e) H-5AEP, and (c, f) H-7AEP nanofibrous
scaffolds stained with rhodamine-phalloidin and DAPI. Scale bars
represent 50 mm. (g) CCK-8 assay of hMSCs cultured on these nano-
fibrous scaffolds for 1, 4, and 7 days.“*” Indicates statistical significance
relative to the PCL, “§” relative to the 1AEP, and “‡” relative to the H-
1AEP (p < 0.05).

Fig. 10 Cumulative release profiles of BMP-2 from PCL, 7AEP, and H-
7AEP nanofibrous scaffolds for 336 h (14 days) “*” indicates statistical
significance relative to the PCL, “§” relative to the 7AEP (p < 0.05).
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BMP-2 from PCL, 7AEP, and H-7AEP was approximately 81.02 �
5.79, 85.30 � 9.81, and 72.53 � 15.48%, respectively. Therefore,
BMP-2 release was decreased in H-7AEP compared to PCL,
This journal is © The Royal Society of Chemistry 2017
suggesting that the BMP-2 was being slowly and continuously
released from the H-7AEP as time went on due to controlling
effect of heparin.

4. Conclusion

In this study, to develop a biomaterial for effective regeneration
in tissues, the PCL nanobrous scaffolds were prepared by
electrospinning to gra with AEMA using gamma-irradiation
without chemical additives. Aer graed AEMA, the heparin
was then immobilized to the AEMA graed PCL scaffolds by
EDC/NHS reaction for the purpose of bone tissue engineering.
The surface, chemical, and physical properties, and of these
scaffolds were observed by characterization. Thus there were
conrmed that AEMA and heparin were successfully and
uniformly immobilized onto the PCL scaffolds through the
gamma-irradiation. The modied scaffolds are successfully
promoted functionalized with AEMA and heparin by radiation,
and the controlled release of BMP-2 depending on immobilized
heparin that was slowly released in a more biocompatible
manner. Therefore, this strategy using radiation technology
could be useful biomimetic scaffold applications.
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