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Abstract The concept of guided bone regeneration facilitated
by barrier membranes has been widely considered to achieve
enhanced bone healing in maxillofacial surgery. However, the
currently available membranes are limited in their active reg-
ulation of cellular activities. In this study, we fabricated
polycaprolactone/gelatin composite electrospun nanofibers
incorporated with basic fibroblast growth factor (bFGF) to
direct bone regeneration. The fibrous morphology was
maintained after the crosslinking and subsequent conjugation
of heparin. Release of bFGF from electrospun nanofibers
without heparin resulted in a spontaneous burst, while the
heparin-mediated release of bFGF decreased the burst release
in 24 h. The bFGF released from the nanofibers enhanced the
proliferation and migration of human mesenchymal stem cells
as well as the tubule formation of human umbilical cord blood
cells. The subcutaneous implantation of fibers incorporated
with bFGF mobilized a large number of cells positive for
CD31 and smooth muscle alpha actin within 2 weeks. The
effect of the nanofibers incorporated with bFGF on bone
regeneration was evaluated on a calvarial critical size defect
model. As compared to the mice that received fibers without
bFGF, which presented minimal new bone formation (5.36+
3.4 % of the defect), those that received implants of heparin-
ized nanofibers incorporated with 50 or 100 ng/mL bFGF
significantly enhanced new bone formation (10.82+2.2 and
17.55+£6.08 %). Taken together, our results suggest that the
electrospun nanofibers incorporating bFGF have the potential
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to be used as an advanced membrane that actively enhances
bone regeneration.

Keywords Electrospun - Basic fibroblast growth factor -
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Introduction

Due to the increasing demand for treatment of large bone
defects in maxillofacial and orthopedic surgery, the concept
of guided bone regeneration (GBR) has been considered as a
potential approach [1, 2]. The successful bone regeneration
often relies on the use of membranes that can prevent fibrous
tissue in-growth and facilitate bone formation into defect sites.
Although various membranes have been developed in labora-
tories and some have been available for clinical applications,
all have specific indications and limitations [3]. For example,
an expanded polytetrafluoroethylene membrane is inert and
compatible with bone growth, but it is a non-degradable
substance that requires removal [4]. Degradable polymers
such as collagen and polylactide are also great candidates,
but have several drawbacks related to biocompatibility and
mechanical properties [5]. In addition, they are limited in
providing instructive signals to actively regulate the migra-
tion, proliferation, and differentiation of bone-forming cells.
The incorporation of growth factors into membranes may
be an alternative strategy to accelerate bone regeneration,
since various growth factors such as bone morphogenetic
protein-2 and vascular endothelial growth factor have been
widely reported to play roles in osteogenesis during bone
development [6—8]. Basic fibroblast growth factor (bFGF) is
also a well-known cytokine that regulates the proliferation of
endothelial cells and fibroblasts, the migration of osteoblasts
and cochlear ganglion neurons in mice, and the differentiation
of neuroepithelial cells [9—13]. More importantly, bFGF acts
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as a strong angiogenesis inducer implicated in enhanced bone
repair [14—19]. However, the intravenous administration of
bFGF may lead to spontaneous diffusion and early degrada-
tion due to its short half-life in blood, which results in insuf-
ficient stimulation for regeneration [20, 21]. Therefore, the
design and development of delivery vehicles for the local and
controlled release of bFGF has been actively pursued. For
example, bFGF placed within gelatin microspheres was
sandwiched with collagen sponge membranes, which were
used in the regeneration of alveolar bone defects [22]. Another
study showed that bFGF incorporated into a collagen hydro-
gel enhanced the proliferation and osteogenic differentiation
of rat mesenchymal stem cells (MSCs) [23].

The electrospinning technique has been widely used to
fabricate highly porous fibrous meshes for tissue engineering
applications [24]. Besides their sufficient porosity and flexi-
bility, electrospun fibers may be prepared to exhibit small pore
sizes (in the range of a few micrometers) that selectively allow
for nutrient diffusion while inhibiting the penetration of con-
nective tissue, which is important for a GBR membrane [25].
The most important feature of electrospun fibers is their ability
to mimic the complex three-dimensional structure of matrix
fibrils in native tissue with a high surface area that may serve
as a depot to store or liberate instructive molecules [26, 27].
Therefore, bFGF was incorporated onto electrospun fibers by
simple physical adsorption, which enhanced the proliferation
and sprout extension of human umbilical vein endothelial
cells (HUVECSs) [28]. An additional study involved the direct
electrospinning of bFGF with biodegradable polymers or a
dual syringe electrospinning technique to load bFGF onto
electrospun fibers [29]. Both of these fiber types released
bFGF within 1 to 2 weeks, which enhanced the proliferation,
collagen production, and gene expression of the ECMs of
bone marrow stem cells. However, to our knowledge, the
application of a fibrous membrane incorporated with bFGF
specifically for the regeneration of bone has yet to be reported.

In our previous study, we developed polycaprolactone
(PCL)/gelatin composite fiber meshes for the sustained deliv-
ery of bFGF via heparin to improve therapeutic angiogenesis
[30, 31]. The results showed that the sustained release of bFGF
from heparinized PCL/gelatin composite fiber meshes en-
hanced the proliferation of HUVECs and human MSCs
(hMSCs) as well as in vivo angiogenesis in nude mice. Hep-
arin, the highly negative sulfated glycosaminoglycan, can pro-
vide binding moieties for the stabilization and sustained release
of growth factors [32]. Heparin can mediate growth factor
delivery by acting as an anchoring molecule for growth factors,
enabling them to diffuse out in a sustained manner with struc-
ture and bioactivity stabilization [10, 33, 34]. With all these,
the objectives of this study are: (1) to evaluate the loading
efficiency and initial release amount of bFGF from heparinized
PCL/gelatin composite fiber meshes, (2) to investigate the
effect of bFGF released from the fiber meshes on the

proliferation and chemoattraction of hMSCs and the tubule
formation of HUVECs, (3) to analyze the effect of bFGF
incorporated into fiber meshes on angiogenesis after subcuta-
neous implantation, and (4) to investigate its effect on bone
regeneration in a mouse calvarial critical size defect (CSD)
model.

Experimental part
Materials

PCL (M,,=80,000), gelatin type B (from bovine skin),
2-(N-morpholino)ethanesulfonic acid (MES) sodium salt,
1-ethyl-3-(3-dimethylaminopropyl)-1-carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS),
ethylenediaminetetraacetic acid (EDTA), and polyoxyethylene
bisamine (PEG-diamine) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Genipin and 1,1,1,3,3,3-hexafluoro-2-
propanol (HFP) were purchased from Wako Pure Chemical
Industries (Chuo-ku, Osaka, Japan). Heparin sodium salt was
purchased from Acros Organics (Geel, Belgium), and bFGF
and a bFGF ELISA development kit were purchased from
Peprotech (Rocky Hill, NJ, USA). Dulbecco’s modified Ea-
gle’s medium (DMEM), Dulbecco’s phosphate-buffered saline
(PBS), and fetal bovine serum (FBS) were purchased from
Gibco BRL (Carlsbad, CA, USA). Endothelial cell basal
medium-2 (EBM-2) was purchased from Lonza Group Ltd.
(Miinchensteinerstrasse, Basel, Switzerland). Sucrose and bo-
vine serum albumin (BSA) were purchased from Amresco
(Solon, OH, USA).

Methods

Preparation of PCL/gelatin fibrous matrices with immobilized
bFGF

PCL and gelatin were dissolved in HFP by stirring with 4 %
(w/v) concentrations for each. The 10 mL of mixed solution
was placed in a syringe with a stainless needle and
electrospun to the collector (flow rate 1 mL/h, applied
voltage 15-20 kV, 25 cm collector distance). The fabricated
PCL/gelatin (PG) fiber meshes were dried overnight at room
temperature and underwent a crosslinking with 2.0 % (w/v)
genipin in ethyl alcohol (EtOH) for 72 h, and then the
remaining genipin was removed by washing several times
with EtOH. The crosslinked fibrous meshes were punched
into squares (1010 mm) and immersed in an EDC/NHS
solution (0.1 M, pH=5.0, MES buffer) to activate the car-
boxylic groups. PEG-diamine was then subsequently conju-
gated for 6 h and rinsed with MES buffer for 12 h. The PEG-
diamine-conjugated samples were reacted with activated
heparin (10> M) in the EDC/NHS solution for 3 h and
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washed with MES buffer overnight. The prepared samples
(PH) were sterilized with 70 % EtOH and UV irradiation for
cell culture before immobilization of bFGF. To immobilize
the bFGF, the heparinized fibrous meshes were immersed in
500 uL of bFGF solutions (50 or 100 ng/mL bFGF in 0.1 %
(w/v) BSA, 5 % (w/v) sucrose, and 0.01 % (w/v) EDTA)
with different concentrations for 24 h at room temperature.
Sample codes are shown in Table 1. To compare their fiber
morphologies, the electrospun fibers were freeze-dried and
then examined using scanning electron microscopy (SEM;
JEOL, JSM-6300, Tokyo, Japan).

Measurement of bFGF immobilization yield and initial release

After immobilization of bFGF for 24 h, supernatants were
collected and the remaining fiber meshes were washed twice
with PBS and then incubated in 1 mL of PBS at 37 °C for
24 h to allow the release of bFGF from the fiber meshes.
The solutions containing the released bFGF were then col-
lected, and the amounts of immobilized bFGF were indi-
rectly measured using the supernatants. The amounts of
bFGF in the collected supernatants and the solutions were
determined using the bFGF ELISA kit. The absolute amount
of bFGF in the collected supernatants was calculated by
substitution into standard curve gradient.

Mitogenic effect of the released bFGF

The hMSCs (Cambrex Inc., Charles City, 1A, USA) were
used to examine the effect of the bFGF released from the
electrospun fiber meshes on cell proliferation. Briefly, the
cells were maintained in DMEM supplemented with 10 %
FBS and 1 % penicillin/streptomycin under standard culture
conditions (37 °C and 5 % CO,). After the cell density
reached 70 % confluency, the cells were enzymatically
detached and seeded onto the culture plates at a density of
5x10* cells/cm? with DMEM containing 2 % FBS and 1 %
PS. After 24 h, the transwell inserts (6.5-mm Transwell®
with 8.0-um pore polycarbonate membrane insert; Corning
Inc., Tewksbury, MA, USA) were placed on the culture
plate after changing to fresh media with the prepared square
shape (1x1 cm) fiber meshes to allow the release of bFGF.
An WST-1 assay (EZ-Cytox, Itsbio, Seoul, South Korea)

Table 1 Sample preparation conditions and sample codes

Sample code Composition bFGF conc.* (ng/mL)
PH PCL/gelatin/Hep 0

PH-b50 PCL/gelatin/Hep 50

PH-b100 PCL/gelatin/Hep 100

#The concentration of bFGF used for incorporation into heparinized
PCL/gelatin fibrous mesh (PCL/gelatin/Hep)
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was performed after 24 h of culturing to examine the pro-
liferation of the hMSCs. Briefly, the cells were incubated
with water-soluble tetrazolium salts for 1 h at 37 °C, and
200 pL of reacted solutions was transferred into a 96-well
culture plate. Optical density was detected at 440 nm wave-
length, and the values were normalized with the value of the
PH group to represent relative proliferation.

Chemoattraction assay of hMSCs

To examine the chemoattractive effect of the bFGF released
from the heparinized fiber meshes, 2x10* cells/cm® of
hMSCs were seeded onto the transwell inserts (0.33 cm?)
with DMEM containing 2 % FBS and 1 % PS. After 24 h,
each fibrous mesh was placed in the lower well of a
transwell culture plate with changing media to allow cell
migration to the underside of the membrane for the transwell
insert. The transwell inserts were separated from the culture
plates after 24 h of migration. Then, the cells on the upper
side of the insert membrane were removed by cotton swabs
leaving only the cells that had migrated to the underside.
The cells were fixed with 4 % paraformaldehyde for 30 min
and stained with hematoxylin for 10 min. The membranes
were directly mounted on a slide glass with mounting solu-
tion and observed under an optical microscope (Nikon TE
2000, Tokyo, Japan). The stained cells for each group were
counted for three regions in each of five samples and nor-
malized with the number of cells for the control group to
represent a migrated cell index.

Tubule formation assay of HUVECs on Growth Factor
Reduced Matrige[™

The in vitro angiogenic effects were examined by tubule
formation assays on Growth Factor Reduced Matrigel™ (BD
Biosciences, San Jose, CA, USA). To prepare the Matrigel™
matrix on culture plates, 200 puL of Matrigel™ was added to a
pre-chilled 24-well (1.99 cm?) culture plate after slow thawing
and solidified at 37 °C for 1 h. HUVECs were seeded onto a
solidified Matrige]™ matrix with EBM (2.5x10* cells/cm?).
After 24 h, the prepared fiber meshes were placed on the top of
the culture plate within transwell inserts. The tubule formation
was observed with a phase-contrast microscope (Olympus
CKK 41, Hauppauge, NY, USA) after 17 h of release, and
the pictures were taken using a digital camera (Infinityl,
Lumenera Corp., Ottawa, ON, Canada). The analysis of tubule
formation was automatically performed using Wimtube soft-
ware (Wimasis, Munich, Germany).

In vivo angiogenesis assay

The angiogenic activity of bFGF from heparinized PG fiber
meshes was investigated by subcutaneous implantation in an
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animal model. All animal experiments were approved by the
Institutional Animal Care and Use Committee of Hanyang
University (HY-IACUC 11-017) and followed the guidelines
for the care and use of laboratory animals. The prepared fiber
meshes were implanted on the dorsal sites of six male Institute
of Cancer Research (ICR) mice (6 weeks old, 25 g body
weight; Orient Bio, Seoul, South Korea), and all animals were
kept in a specific pathogen-free barrier facility. For the study
of angiogenesis induced by bFGF from fibers, we prepared
four square-shaped fiber meshes (5%5 mm), which were
overlaid to each other. The mice were anesthetized with
xylazine (10 mg/kg) and zoletil (60 mg/kg), and the four-
layered implants were subcutaneously placed into two sepa-
rate sites per mouse by minimal skin incision and sutured
using 60 silk sutures (Ethicon, Somerville, NJ, USA). All
animals received humane care in compliance with “the Guide
for the Care and Use of Laboratory Animals” (NIH publica-
tion no. 85-23, revised 1996). After 2 weeks, the mice were
sacrificed and their skin samples were harvested and fixed
with 10 % neutralized formalin. The tissues underwent a
dehydration and paraffination process to make paraffin
blocks, and the tissues embedded in paraffin were cut into
10-um-thick slices. Sectioned tissues were stained with he-
matoxylin and eosin after deparaffination to observe the cell
distributions and rough vessel formations surrounding the
implanted fibers. Immunofluorescence staining was
performed with sections for anti-smooth muscle «-actin and
anti-CD31 to stain the arterioles and capillaries, respectively,
near the fibrous matrices. Then, the sections were sequentially
reacted with fluorescein isothiocyanate-conjugated secondary
antibodies and counterstained with 40,6-diamidino-2-
phenylindole. For the quantification of the arterioles and cap-
illaries surrounding the fiber meshes, ten randomly selected
fluorescence images of sections per sample were counted
under a fluorescence microscope (TE-2000; Nikon Corp.).

Mouse calvarial critical size defect model

For the in vivo bone regeneration test, the samples were
implanted into a calvarial critical size defect model of 6-
week-old ICR mice. The mice underwent anesthetization
with xylazine (20 mg/kg) and zoletil (60 mg/kg), and scalp
hair was shaved for head skin incisions. Each cranium was
exposed by incision from the middle site of the eyes to the
nuchal region after sterilization using 70 % EtOH. Two
critical size defects were made on the skull by a 4-mm-
diameter surgical trephine bur (Marathon 3 Champion, Fo-
shan Core Deep Medical Apparatus Co., Ltd., China). The
fibers were cut into round shape (5 mm in diameter) and
implanted onto the right defect only as a GBR membrane,
while the left defect was left without fiber implantation as a
control group. Then, the surgery region was sutured with
suture silk, and the animals were kept for 2 months.

Radiological analysis

The mice were sacrificed using CO, gas to analyze bone regen-
eration at 2 months post-implantation. The mouse skulls with
the implanted fibers were extracted and fixed with 10 % neutral
formalin at 4 °C immediately after being washed with PBS. To
obtain an X-ray image, the skulls were placed on the X-ray
cassette and exposed to X-ray irradiation for 90 s at 24 kV and
2 mA. The regenerated bone area was measured by Photoshop
CSS5 software (Adobe, San Jose, CA, USA) using five different
X-ray images for each group with the same threshold value. The
micro-CT images were obtained under 80 kV and 124 pA
using a Skyscan1172 (Bruker microCT, Belgium).

Histological analysis

The skulls were subject to a decalcification process by a
decalcification solution (Rapidcal, BBC Chemical, Stanwood,
WA, USA) for histological analysis after the radiological
analysis. The skulls were dehydrated and paraffinated for
paraffin embedding, and the paraffin blocks were sectioned
into 6-um-thick slices. The sections were deparaffinated and
stained with Goldner’s trichrome staining method. The images
were obtained with a Nikon 2000 microscope.

Statistical analysis

Quantitative values are shown as averages + the standard
deviation of the average, and the data were analyzed with
Student’s ¢ test or ANOVA. A p value less than 0.05 was
considered significant.

Results and discussion

We fabricated PCL/gelatin composite fiber meshes by the
electrospinning technique. SEM micrographs showed smooth
and homogeneously distributed non-woven fibers without the
formation of beads, and the diameters of the fibers ranged from
approximately 400 to 700 nm (Fig. 1a). The composite fiber
meshes were then crosslinked with a 2 % genipin solution to
prevent the collapse and dissolution of the gelatin in aqueous
solution. Crosslinking with genipin appeared to slightly in-
crease the diameter of individual fibers and to reduce the pore
size. However, the overall structure of the electrospun fibers
was maintained (Fig. 1b). In order to incorporate bFGF revers-
ibly onto the electrospun fiber meshes via affinity binding, we
chemically conjugated heparin onto the crosslinked fibers. As
shown in Fig. lc, heparinization minimally affected the mor-
phology and structure of the fibers. Genipin has been widely
employed for the crosslinking of gelatin or collagen due to its
biocompatibility and simple reaction process as compared to
EDC/NHS or glutaraldehyde vapor [35-37]. Nonetheless, the
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Fig. 1 a—c SEM images of electrospun fiber meshes: a non-
crosslinked PG, b crosslinked PG, and ¢ crosslinked PH. d, e Charac-
teristics of growth factor immobilization: d immobilization yield of

optimization of the crosslinking time and concentration of the
crosslinker is important to retain the fibrous structure. Our
results suggest that the pore size became smaller, which may
be attributed to the slight dissolution of gelatin under 99 %
EtOH during the crosslinking process. However, the overall
fibrous morphology was minimally changed, and the pore size
was small enough to prevent migration of connective
tissue into the fibers, which was consistent with our
previous observations [38].

We then immersed the heparinized PCL/gelatin fibers in the
bFGF solution and investigated the effect of heparinization on
the immobilization of bFGF using ELISA. Figure 1d shows
that approximately 21.95+4.5 % of the bFGF was physically
adsorbed on the crosslinked PCL/gelatin fiber meshes without
heparinization when reacted with 100 ng/mL of bFGF (PG-
b100). In contrast, the immobilization yield of bFGF bound to
the heparinized fibers was significantly increased to 58.60+
2.5 % when reacted with 50 ng/mL of bFGF (PH-b50), while
the heparinized PG fiber meshes with same concentration (PH-
b100) showed a slightly higher immobilization yield (29.25+
7.6 %) than that of PG-b100. The total amount of bFGF was
not significantly different when we calculated the incorporated
amount of bFGF for each fiber mesh type (data not shown). In
our previous study, we showed that the maximum concentra-
tion of heparin was 1.0 mM by chemical conjugation onto
electrospun PCL/gelatin composite fiber meshes, and this
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resulted in 24.06+3.01 ng of bFGF incorporation [30]. There-
fore, the degree of heparinization may act as a limiting factor
for the incorporation of bFGF into the fibers. Next, we mea-
sured the release amount of bFGF from prepared fiber meshes
for 24 h. Figure le shows that 78.24+10.6 % of the bFGF was
released within 24 h from the PCL/gelatin fiber meshes where
bFGF was physically adsorbed without heparinization, indi-
cating an initial burst release. In contrast, the percentages of
bFGF released from PH-b50 and PH-b100 were 3.69+1.0 and
17.3743.3 %, respectively, indicating that burst release was
significantly reduced. These results are consistent with our
previous study and others. We demonstrated the sustained
release of bFGF from the same type of fibers over the course
of 28 days with minimal burst release, and heparin-mediated
bFGF delivery was performed in various delivery systems
including three-dimensional porous scaffolds, nanoparticles,
and hydrogels [30, 39—41].

‘We then analyzed the bioactivity of the bFGF released from
the fiber meshes using several in vitro assays to measure the
proliferation and chemoattractive migration of hMSCs and the
tubule formation of HUVECs. In order to investigate the effect
of the released bFGF on the proliferation of hMSCs, cells were
seeded onto a tissue culture plate and allowed to adhere for
24 h, and the fiber meshes were then placed on transwell inserts
that were placed on the tops of cell-seeded plates. Figure 2
shows that the relative proliferations of the hMSCs cultured
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Fig. 2 Effect of bFGF released from the fibrous meshes on the
proliferation of MSCs

with the PH-b50 and PH-b100 fibers (fibers incorporated with
bFGF) increased to 125.79+17.25 and 122.17420.1 %, respec-
tively, relative to the group without bFGF. A well-known
mitogen, bFGEF, is able to enhance the in vitro proliferation of
cells such as endothelial cells, fibroblasts, and hMSCs [9, 10,
23, 42]. The mitogenic effect of bFGF is generally proportional
to the concentration of the bFGF, but has also exhibited diverse
characteristics depending on cell types. For example, Song et
al. reported that the treatment of bone marrow mesenchymal
stem cells with 5 ng/mL bFGF induced the highest proliferation
while those treated with more than 40 ng/mL of bFGF did not
show any positive effects on the proliferation for 48 h [42].
Moreover, bFGF incorporated within three-dimensional colla-
gen hydrogels demonstrated similar results in that 5 ng of
bFGF/hydrogel resulted in the highest proliferation of hMSCs
after 3 days [23]. Our data suggest that bFGF was successfully
incorporated in the fiber meshes by heparin and that the con-
centration of bFGF released from the fiber meshes was within
the range that can actively modulate proliferation of hMSCs.
These results are also consistent with our previous study, which
found that heparin-mediated bFGF delivery was more favor-
able than bFGF delivery without heparin for the proliferation of
HUVECs and hMSCs over 9 days [31].

We then examined the chemoattractive effect of the bFGF
released from the electrospun fiber meshes using a transwell
system. For this particular experiment, hMSCs were seeded on
the transwell insert and the fibers were placed on a tissue culture
plate in which the released bFGF could stimulate the migration
of hMSCs through the transwell insert. Figure 3 shows that
minimal migration of hMSCs through the insert membrane was
observed in the control group (no bFGF), which was similar to
the group in which hMSCs were exposed to the fibers without
bFGF. The migration indices for these groups were similar as
well, as shown in Fig. 3e (1.00£0.24 and 1.17+0.28 for the
control and PH, respectively). In contrast, the migration of
hMSCs was significantly facilitated when they were treated

with fiber meshes immobilized with bFGF. The migration
indices for PH-b50 and PH-b100 were 3.26+0.85 and 1.97+
0.83, respectively. bFGF is highly implicated in the recruitment
of endothelial progenitors, which are critical for neovessel
formation, and its chemotactic property toward osteogenic cells
and MSCs has also been studied [11, 43, 44]. Gawaz et al.
showed that the enhanced migration of MSCs by platelet-
derived bFGF was blocked by pre-incubation with bFGF anti-
body, indicating that bFGF is an inducer of migration for
MSCs. Our results suggest that the released bFGF retained its
chemoattractive effect on hMSCs. The favorable scenario for
bone regeneration by employment of a fibrous membrane
incorporated with bFGF is the active homing of stem cells that
are capable of being differentiated into bone-forming cells at a
later stage. It is unclear why the migration of hMSCs
under PH-b100 fibers was retarded compared to that
under PH-b50. The concentration-dependent migration
of hMSCs may require further investigation.

The activity of bFGF released from fiber meshes was also
confirmed by the examination of tubule formation of HUVECs
cultured on Growth Factor Reduced Matrigel™ (GFR-
matrigel). Similar to the proliferation assay of hMSCs, HUVECs
were seeded on the GFR-matrigel, and bFGF was allowed to
release from fiber meshes through transwell inserts overlaid on
cell culture plates. As shown in Fig. 4a, HUVECs were adhered,
but showed no indication of tubule formation on the GFR-
matrigel and basal media (EBM) that were deprived of the
growth factors and supplements essential for tubule formation
by HUVEC:sS. In particular, bFGF is crucial in the tubule forma-
tion of HUVECs, and the absence of bFGF limits the metabolic
activities of HUVECSs including spreading and proliferation [31,
41]. Similarly, HUVECs exposed to fiber meshes without bFGF
exhibited no tubule formation (Fig. 4b). In contrast, the cells
were connected and formed similar numbers of tubules and
capillary-like HUVEC networks when exposed to PH-b50 and
PH-b100, but the connections between cells appeared to be
stronger in the PH-b100 group. To quantify tubule formation,
we measured the numbers and total lengths of tubes for each
group (Fig. 4b, ¢). The numbers of tubules were 12.0+2.7 and
13.7£1.5 for the control and PH groups, respectively, while the
values significantly increased to 34.0+13.5 and 27.3+7.6 in the
PH-b50 and PH-b100 groups, respectively. Furthermore, the
total tube lengths were 533.3+£87.9 and 528.3+115.5 px for
the control and PH groups, respectively, and were significantly
enhanced to 1,941.0+931.9 and 1,446.3+£550.6 px for PH-b50
and PH-b100, respectively. Quantitative analysis of tubule for-
mation suggests that the bFGF from the fiber meshes was
released and significantly enhanced the tubule formation of the
HUVECs. The enhanced tubule formation of HUVECs on the
GFR-matrigel by bFGF released from heparinized
chitosan/poly(y-glutamic acid) nanoparticles was previously
reported and is consistent with our results [41]. Collectively,
serial investigations of the in vitro activity of bFGF incorporated
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Fig. 3 Chemoattraction assay
images of hMSCs after 24 h: a
control, b PH, ¢ PH-b50, and d
PH-b100 (scale bar=100 pm).

e Quantitative results of
chemoattraction assay (*»<0.05)
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into fiber meshes demonstrated that bFGF liberated from the
heparinized fiber meshes retained sufficient biological activity to
enhance the proliferation and migration of hMSCs as well as the
tubule formation of HUVECs. However, the effect of bFGF
concentration in the fibers seemed to be insignificant in each
experiment, which may require clarification in the future.
Next, we evaluated the effect of bFGF incorporated into
fiber meshes on angiogenesis and bone regeneration using
animal models. To study in vivo angiogenesis, each fiber was
subcutaneously implanted on the dorsal site of mice and re-
trieved 2 weeks post-surgery. Photographic images show that
the implantation of fibers without bFGF did not result in the
formation of capillaries on the surface of the fibers or surround-
ing tissue (Fig. 5a) while the implantation of PH-b50 (Fig. 5b)
and PH-b100 (Fig. 5¢) resulted in enhanced recruitment of
small blood vessels from the surrounding tissue toward the site
of the implanted fibers. To confirm these results, we performed
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histological staining of tissues with hematoxylin and eosin. As
shown in Fig. 5d, the fiber meshes served as a barrier to impede
the migration of cells involved in the inflammation and wound
healing processes, indicating minimal infiltration of cells into
the fibers, and fibrous tissue was primarily formed on the
surface of the fibers. In contrast, small capillaries were ob-
served away from the fibers when we implanted PH-b50
(Fig. 5e). The implantation of PH-b100 led to more cells being
recruited on the surface of the fibers, which may be due to the
possible chemoattractive characteristics of the bFGF released
from the fibers (Fig. 5f). In addition, relatively larger vessels
with red blood cells were observed in this particular group.
We performed immunofluorescent staining for smooth mus-
cle alpha actin (SMA) and CD31 to confirm the distribution of
vessels and capillaries (Fig. 6). There was minimal positive
staining for SMA after the implantation of fibers without bFGF,
while representative patterns for the formation of arterioles were
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Fig. 4 Tubule formation of
HUVECs on GFR-matrigel. a
Images of HUVECs on GFR-
matrigel for each fiber type.
Scale bar=100 um. b
Quantitative results of total
tubes; ¢ quantitative results of
total tube length (*p<0.05)

Fig. 5 Analysis of
neovascularization after
subcutaneous implantation.
Photographic images of
implanted fiber meshes at

2 weeks post-implantation for a
PH, b PH-b50, and ¢ PH-b100.
Scale bar=2 mm. Histological
staining images of implanted
fiber meshes with hematoxylin
and eosin for d PH, e PH-b50,
and f PH-b100. Arrowhead =
vessel-like structure. NF'
nanofiber. Scale bar=50 pm
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clearly observed in tissue sections implanted with PH-b50 and
PH-b100 fibers after only 2 weeks (Fig. 6a—). The quantified
region positive for SMA significantly increased in PH-b50 and
PH-b100 by approximately 4-fold more than that in PH
(Fig. 6d). CD31 staining showed that small and vague spots
were sparsely observed after the implantation of PH fibers
(Fig. 6e) while the lumps of spots that may be considered as
immature capillaries were densely observed when PH-b50 and
PH-b100 were implanted. The area stained positively for CD31
from the PH-b50 and PH-b100 samples was 3-fold higher than

that
Fig. 6 Immunostaining images a
of implanted fiber meshes with
SMA (a—c, green SMA, blue
nuclei) and CD31 (e—g, green
SMA, blue nuclei). Scale bar=
50 wm. Quantitative results of d
SMA and h CD31 (¥p<0.05)

PH-b100

c o
Sp— T PH

1 o100
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of PH (Fig. 6h). Several formats of heparin-mediated systems
for the delivery of bFGF and their pro-angiogenic activity have
been reported in previous literature. Yoon et al. reported a
considerable extent of neovascularization after the implantation
of pluronic/heparin hydrogels in which 25.2 ng/mg polymer of
bFGF was loaded. They showed the angiogenic effect of the
hydrogel incorporated with bFGF at 2 weeks after implantation,
a similar condition to our system [39]. Another work described
injectable heparin-alginate crosslinked gel particles for bFGF
stabilization that adsorbed 100 ng of bFGF in 5 mg of heparin—
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alginate hydrogel and were subcutaneously injected to examine
neovascularization [45]. Two weeks after implantation, highly
induced neovascularization was observed surrounding the gel
particles in the bFGF-adsorbed heparin—alginate hydrogel, but
not in the heparin—alginate hydrogels without bFGF or the
bFGF-adsorbed alginate hydrogel without heparin. Our previ-
ous study also showed the enhanced vessel formation in nude
mice by implantation of PCL/gelatin/heparin fiber meshes onto
which bFGF had been immobilized [30]. These results dem-

Fig. 7 Soft X-ray images

2 months after the implantation
of PH electrospun fibers with
immobilized bFGF onto a
mouse calvarial critical size
defect model. a Defect only, b
PH, ¢ PH-b50, and d PH-b100.
e Quantitative results for new
bone area (*, **: p<0.05)

"V

New bone area (%)
- - N N
F__r g 7

(&)
|

o
]

Defect PH

onstrated that heparin-mediated bFGF delivery is favorable
for angiogenesis in vivo and the introduction of bFGF into
fiber meshes via the simple conjugation of heparin is effec-
tive for the stimulation of angiogenesis after subcutane-
ous implantation.

We then investigated the effect of fiber meshes with
immobilized bFGF on in vivo bone regeneration by using
the mouse calvarial critical size defect model with a 2-
month post-implantation period (Fig. 7). We created two

* k%

PH-b50

PH-b100
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cranial defects in each mouse, such that all fiber meshes
were implanted on the right side and the other defect
was left untreated. The CSDs are different from other
nonunion models because it is based on the size of the
defect; specifically, the CSD-dependent nonunion occurs
because the calvarial defect is too large to heal with
bony tissue [46]. Since the introduction of the model,
CSDs have been used routinely in many laboratories to
test the osteogenic capacities of different bone repair
techniques. The size of defect was 4 mm diameter for
mouse and 8 mm diameter for rat. Especially, making
two defects is available for mouse calvarial critical size
defect model which is located beside large vessel on
their brain and the interval between defects was usually
3~4 mm. A radiological soft X-ray image in Fig. 7a
shows that the defect without any treatment has been
barely regenerated, indicating that the critical-size defect
was successfully generated with very limited spontane-
ous self-healing. Similarly, the implantation of fibers
without bFGF resulted in very weak bone formation at
the edge of the bone defect (Fig. 7b). However, the implanta-
tion of PH-b50 (Fig. 7c) and PH-b100 (Fig. 7d) fibers en-
hanced bone regeneration with the formation of relatively
large bony islands in the middle of the defects. We then
quantified the new bone areas, which were 5.36+3.4 and
3.59+2.5 % for the implantation of PH and the defect without
implantation, respectively. In contrast, the implantations of
PH-

Fig. 8 Images for

b50 and PH-b100 significantly enhanced bone regener-
ation up to 10.82+2.2 and 17.55+6.08 %, respectively.
Microtomography images re-confirmed these results mo-
re clearly, as shown in Fig. 8. The defect and PH
groups showed very limited bone regeneration with
small bony islands (Fig. 8a, b), while the defect was
filled with large pieces of newly grown bone when PH-
b50 and PH-b100 fibers were implanted (Fig. 8c, d).
Usually, the bone regeneration in defects has been trig-
gered from the edge by the migration of cells from the
native bone tissue. Interestingly, the bone regeneration
after the implantation of PH-b50 and PH-b100 appeared
to occur in the center, rather than edge, of the defects.
Although the results are too primitive to make conclu-
sive comments on the exact mechanism behind our
observation, our results partially indicate that the incor-
poration of bFGF may have acted as a chemoattractant
to extend the migration of the surrounding cells into the
middle of the defect.

To analyze the bone and collagen matrix formation
after the implantation of the fiber meshes, the calvarias
were cross-sectioned and stained with Goldner’s
trichrome (Fig. 9). Figures 9a, b shows that thin and
loose fibrous tissue was observed in the defect group,
and very weak collagen matrix deposition on the
remaining fiber meshes was observed after the implan-
tation of PH. Few infiltrated cells were observed inside

microtomography of the
implantation of electrospun
fiber meshes in a mouse
calvarial critical size defect
model. a Defect only, b PH, ¢
PH-b50, and d PH-b100
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Fig. 9 Images for Goldner’s
trichrome-stained calvaria at

2 months post-implantation.
Arrows demonstrate defect
sites. a Defect only, b PH, ¢
PH-b50, and d PH-b100. Scale
bar=50 um. NB new bone, NF
nanofiber, /M immature matrix

of the fiber meshes and lining cells were observed on
the surface of the fiber meshes (Fig. 9b). After the
implantation of PH-b50 and PH-b100, the collagen ma-
trix matured into a bone matrix that possessed bone-
specific lacuna structures inside the matrix. In addition,
these fibers were retained within the calvarial tissue
without severe degradation over 2 months (Fig. 9c, d).
These results suggest that the electrospun fiber meshes
with immobilized bFGF acted as a guidance membrane
to enhance bone regeneration in the calvarial defect
model. Many researchers reported the use of materials
with immobilized bFGF for bone regeneration. Recom-
binant bFGF (50 pg/mL) was absorbed onto a disk-type
membrane with collagen/nano-bioactive glass, and the
bone defect was almost covered with approximately
60 % new bone formation by 3 weeks after implanta-
tion [47]. Similarly, gelatin hydrogels incorporated with
bFGF were applied to the skull defects of rabbits and
resulted in enhanced bone regeneration by regulation of
hydrogel degradation, which caused the long-term re-
lease of bFGF [21]. Although they achieved enhance-
ment of bone regeneration by the sustained release of
bFGF, the amount of bFGF incorporated within the

delivery vehicles was quite high (approximately
100 pg). In our results, we showed 17 % of bone
regeneration 8§ weeks after the implantation of PH-
b100, and we anticipate that the improvement in the
loading amount of bFGF in the fibrous membrane may
facilitate the bone formation with a relatively smaller
amount of bFGF. Additional question regarding the
release of bFGF is the involvement of enzymes to
cleave heparin and thereby regulating release kinetics
of bFGF. Although heparin-mediated bFGF delivery
system uses affinity binding between heparin and hep-
arin binding domain of bFGF and dissociation of bFGF
from heparin occurs by reversibility of their electrostatic
interactions, the presence of abundant amount of en-
zymes such as heparinase may accelerate the release
of bFGF. Nonetheless, many studies using heparin-
mediated growth factor release system reported that
heparin-mediated release of growth factors retarded the
burst release of growth factors suggesting that degrada-
tion of heparin may not be an important issue. More-
over, a heparinized fiber system can be extended to
enable the combined delivery of various growth factors
to treat complex diseases.
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Conclusions

In this study, fiber meshes onto which bFGF was
immobilized were successfully fabricated and mediation
with heparin controlled the initial burst release of bFGF.
The immobilization of bFGF on the electrospun fiber
meshes enhanced the proliferation and migration of hMSCs
as well as the tubule formation of HUVECs. Moreover, the
subcutaneous implantation of electrospun fiber meshes with
immobilized bFGF induced in vivo angiogenesis, which
was accompanied by the enhanced formation of arterioles
and pre-mature capillaries. Furthermore, bFGF incorporated
into electrospun fiber meshes effectively enhanced bone
regeneration in a mouse calvarial critical size defect model
with relatively smaller amounts of bFGF, and the infiltration
of cells into fiber meshes was almost prevented. Therefore,
electrospun PCL/gelatin fiber meshes incorporated with
bFGF can represent an advanced barrier membrane for
guided bone regeneration, which has the ability to regulate
proper cell behaviors for effective bone regeneration.
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