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ABSTRACT: In this study, we developed multi-functional biomimetic tissue
engineered scaffolds that are capable of controlling the spatial locations of stem
cells and releasing multiple growth factors with a controlled dose and rate of
delivery. This novel scaffold was fabricated by combining electrospinning and
photolithography and consisted of polycaprolactone (PCL)/gelatin fibers and
poly(ethylene glycol) (PEG) hydrogel micropatterns. The utility of this system
was investigated in the context of the osteogenesis of human mesenchymal stem
cells (hMSCs). When hMSCs were seeded onto hydrogel-incorporated fibrous
scaffolds, they selectively adhered and grew only in the fiber region due to the
non-adhesiveness of the PEG hydrogel, enabling spatial positioning of hMSCs
on a micrometer scale. For osteogenic differentiation of hMSCs, basic fibroblast
growth factor (bFGF) and bone morphogenetic protein-2 (BMP-2) were loaded
on the fibers and within the hydrogel matrix, respectively, to enable sequential
delivery of low doses of bFGF during the early stages and sustained release of
BMP-2 for long periods. According to in vitro studies, hMSCs cultured on the scaffolds capable of sequential delivery of bFGF
and BMP-2 showed stronger osteogenic commitment in culture than those on scaffolds without any growth factors or scaffolds
with single administration of either bFGF or BMP-2 under the same conditions. The results demonstrate that hydrogel-
incorporated fibrous scaffolds can provide not only biomimetic structures with micropatterned nanostructures but also a suitable
biochemical environment with controlled release of multiple growth factors, which may eventually facilitate the control of stem
cell fates for various regenerative therapies.
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■ INTRODUCTION

Stem cells in vivo reside within an instructive and tissue-specific
three-dimensional (3D) microenvironment, termed a “niche”,
that is composed of insoluble macromolecules of the
extracellular matrix (ECM), soluble bioactive factors, and
neighboring cells.1 Because each stem cell’s fate is regulated by
its natural niche, many researchers have attempted to design
niche-mimicking scaffolds in the area of stem cell-based tissue
engineering and regenerative medicine. Engineering of artificial
niches can be achieved by incorporating architectural and
biochemical cues into biomaterials to regulate stem cell
behaviors such as proliferation, migration, and differentiation.2,3

Architectural cues, such as surface energy, configuration, and
composition of biomaterials, are often used to modulate short-
term cell functions, such as adhesion, morphology, and
proliferation, as well as the spatial locations of stem cells.
Within the past decade, a dramatic increase in the resolution of
control over scaffold architecture has been achieved through
nano/microfabrication technologies.4,5 Nanoscale topographies
such as grooves, ridges, pores, fibers, and pillars can be obtained
by using various nanofabrication techniques,6−12 and it has
been shown that the nanotopography promotes and facilitates
self-renewal, proliferation, and lineage-specific differentiation of

stem cells.13−15 Among the various nanotopographical
substrates, electrospun fibers have gained considerable interest
in tissue engineering due to their similarity to the fibrous nature
of the ECM.16 A variety of synthetic and natural biomaterials
have been processed into fibrous scaffolds for the growth and
differentiation of various stem cells.17,18 On the other hand,
microfabrication techniques combined with surface chemistry
have been widely utilized for the spatial control of cells in cell
patterning.19−21 Patterned arrays of single or multiple cell types
in culture serve as model systems for exploration of
fundamental aspects of cell biology, especially cell−cell, cell−
surface, and cell−matrix interactions. Tissue engineering may
also require that cells be placed in specific locations to create
organized structures.22 Although numerous studies have
prepared electrospun fibers or cellular micropatterns (the
former to create biomimetic scaffolds and the latter to control
the spatial positions of cells), only a few studies have reported
the creation of cellular patterns on electrospun fibrous scaffolds
by combining two techniques.23−25
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In addition to scaffold architecture, stem cell fate can be
regulated through biochemical cues, such as controlled delivery
of various growth factors from the scaffold materials.26−28

Biochemical cues have been demonstrated to be especially
effective for directing stem cell differentiation toward a
specialized cell lineage. For example, bone morphogenic
proteins (BMPs) play a key role in stimulating bone growth
and the differentiation of stem cells into osteoblasts.29,30

Because tissue formation and repair from stem cells is a
complex cascade of events in which a number of growth factors
are involved, controlled delivery of combinations of growth
factors rather than a single growth factor from scaffolds appears
to be a logical strategy to mimic cell niches for applications
such as tissue engineering.31 The sequential or simultaneous
delivery of multiple growth factors has been achieved in
multiple systems including poly(lactide-co-glycolide) (PLG),
oligo(poly(ethylene glycol) fumarate), and alginate scaf-
folds.32−34 The significance of enhanced osteogenic effect
with co-administration of multiple growth factors has been
reported by several studies. Enhanced bone formation has been
observed with simultaneous application of transforming growth
factor-b1 (TGF-β1) and insulin-like growth factor-1 (IGF-1).35

Similarly, TGF-β3- and BMP-2-loaded alginate scaffolds have
significantly enhanced bone formation in comparison with
single growth factor-loaded scaffolds.36 Hasirci et al. reported
that sequential delivery of BMP-2 and BMP-7 played a
significant role in enhancing osteogenic differentiation of
MSCs.37 Combination of BMP-2 and basic fibroblast growth
factor (bFGF) has been widely studied for osteogenesis of
hMSCs.38−43 To optimize the synergetic effects of these two
growth factors, some parameters, such as concentration and
release timing of each growth factor, should be adjusted. Under
non-optimized conditions, the co-delivery of BMP-2 and bFGF
can decrease the bone formation of MSCs.44 Based on previous
studies, the optimal condition for osteogenesis is a low dose of
bFGF during the early stage of osteogenesis and a sustained
release of BMP-2 for long periods.38,41−43 In spite of numerous
studies related to optimizing biochemical cues from various
scaffolds, selection of the proper growth factor cocktails and the
fine control of their delivery from biomimetic 3D scaffolds are
still challenges in stem cell-based tissue engineering.
In this study, our goal was to develop scaffold materials with

precisely controlled biomimetic scaffold architecture that
regulate the spatiotemporal release of multiple growth factors.
To this end, we developed polycaprolactone (PCL)/gelatin
fibrous scaffolds incorporated with poly(ethylene glycol)(PEG)
hydrogel micropatterns by combining electrospinning and
photolithography processes. As a potential application of
multiple growth factor-loaded/hydrogel incorporated fibrous
scaffolds, we investigated osteogenesis of human mesenchymal
stem cells (hMSCs) for bone fracture healing and bone
formation. In terms of architectural cues, electrospun fibers
provide biomimetic 3D nanotopography, while hydrogel
micropatterns are utilized to locate stem cells within well-
defined regions by taking advantage of the resistance of PEG
hydrogel to cell and protein attachment. Furthermore, our
scaffold consists of nano- and micro-structures, which can
mimic real tissue composed of several levels of structural
hierarchy from the nanometer range to the micro- and
centimeter ranges. In addition, in terms of biochemical cues,
bFGF and BMP-2 were incorporated into PCL/gelatin fibers
and hydrogel micropatterns, respectively, where the release
behaviors of each growth factor can be controlled independ-

ently. bFGF was immobilized onto fibers via its weak
electrostatic interaction with gelatin for early release within 4
days, while BMP-2 was entrapped within hydrogel micro-
patterns to achieve sustained release over 4 weeks. The main
advantage of this scaffold is that this system can not only
generate cellular patterns in a biomimetic fibrous network via
the different chemistry between cell-repelling PEG hydrogel
and cell-adhesive PCL/gelatin fibers but can also realize
spatiotemporal release of different growth factors by incorpo-
rating each growth factor into spatially distinct hydrogel and
fiber domains, respectively, where the dose and rate of delivery
are controlled independently.

■ EXPERIMENTAL SECTION
Materials. Poly(ethylene glycol) (PEG) (MW 3400), acryloyl

chloride, hexane, tetrahydrofuran (THF), 2-hydroxy-2-methylpropio-
phenone (HOMPP), polycaprolactone (PCL) (MW 80 000),
glutaraldehyde, 2,2,2-trifluoroethanol (TFE), ethanol, gelatin (from
bovine skin, Type B), (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), p-nitrophenyl phosphate (pNPP), sodium
hydroxide, sodium chloride, alizarin red S (ARS), paraformaldehyde,
tris hydrochloride (Tris-HCl) buffer, Tween 20 and RIPA buffer were
purchased from Sigma-Aldrich (Milwaukee, WI, U.S.A.). Phosphate
buffered saline (PBS, 0.01 M), Dulbecco’s Modified Eagle’s Medium
(DMEM) with 1.0 g/L glucose, fetal bovine serum (FBS), penicillin/
streptomycin, trypsin/ethylenediaminetetra-acetate (trypsin/EDTA),
Dulbecco’s modified phosphate buffered saline (DPBS), live/dead
viability/cytotoxicity kit (L-7013), Alexa Fluor 488, 594 protein
labeling kit and 4′,6-diamidino-2-phenylindole (DAPI) were pur-
chased from Invitrogen (Carlsbad, CA, U.S.A.). Basic fibroblast growth
factor (bFGF), bone morphogenetic protein-2 (BMP-2) and alkaline
phosphatase detection kits were purchased from Millipore (Bedford,
MA, U.S.A.). Human Mesenchymal stem cells (hMSCs) were
obtained from the American Type Culture Collection (ATCC,
Rockville, MD, U.S.A.).

Preparation of the Electrospun PCL/Gelatin Scaffold.
Electrospinning was performed as described in our previous report.
The differences are briefly summarized as follows.45,46 An electro-
spinning solution was prepared by dissolving a mixture of PCL and
gelatin (1:1 weight ratio) in TFE to form a 10 % w/v solution. To
electrospin PCL/gelatin fibers, a 10 kV positive voltage was applied to
the solution via a needle, and a constant feeding rate of solution (0.5
mL/h) was provided by a syringe pump for 20 min. The resulting
PCL/gelatin fibers were crosslinked using glutaraldehyde vapor,47

which was carried out by placing fibers in a sealed desiccator
containing 10 mL of 0.5 % w/v aqueous glutaraldehyde solution at
room temperature for 24 h. The residual glutaraldehyde was removed
in vacuum oven at 50 °C for 24 h. The morphology of the electrospun
fibers was observed using scanning electron microscopy (SEM) (JEOL
T330A, JEOL, Ltd, Peabody, MA, U.S.A.). The fiber diameters were
calculated by measuring the width of fibers in SEM images. The 20
different fibers were chosen and measured using image analysis
software (KS 300, Carl Zeiss Inc.).

Incorporation of Hydrogel Patterns into Nanofibers. Hydro-
gel patterns were fabricated using photolithography technique. PEG-
diacrylate (DA) was synthesized from PEG (MW 3400) using a
previously published protocol.48 Precursor solution was prepared by
dissolving PEG-DA (50 % w/w) and HOMPP (2 % v/v) in DI water.
After precursor solution was dropped onto the electrospun scaffold, a
photomask containing an array of microwells was placed on the
scaffold and exposed to UV light (365 nm, 300 mW/cm2, EFOS
Ultracure 100 ss Plus, UV sport lamp, Mississauga, Ontario, Canada)
for 3 seconds. Finally, hydrogel-incorporated patterned nanofibrous
scaffolds were obtained by removing unreacted precursor solution with
water. The thickness of fiber mats were obtained from SEM images,
while thickness of hydrogel micropatterns were measured using
micrometer (on condition that the fiber mats were held between slide-
glasses and the thickness of slide-glasses were subtracted).
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Loading of Growth Factors. BMP-2 was immobilized within the
PEG hydrogel patterns via physical entrapment. BMP-2-entrapped
hydrogel patterns were prepared by adding 500 ng of BMP-2 to 1 mL
of hydrogel precursor solution containing PEG-DA and photoinitiator.
This solution underwent the same photopatterning process described
in the previous section to produce BMP-2-loaded hydrogel patterns
that were incorporated into the nanofibrous scaffolds. bFGF was
immobilized onto nanofibrous regions by immersing the patterned
scaffolds in 100 ng/mL bFGF solution in cell culture media at 37 °C
for 12 h. For the visualization and release study of immobilized growth
factors, BMP-2 and bFGF were conjugated with fluorescence
molecules using an Alexa Fluor 594 Protein Labeling Kit (Alexa
594-BMP-2) and an Alexa Fluor 488 Protein Labeling Kit (Alexa 488-
bFGF), respectively. The amount of loaded growth factors were
measured using previously described methods.46 The overall
experimental procedure used to generate these dual growth factor-
loaded/hydrogel micropattern-incorporated fibrous scaffolds is
described in Figure 1.
Growth Factor Release. The release behaviors of fluorophore-

conjugated BMP-2 and bFGF from hydrogel-incorporated nanofiber
scaffolds were monitored using fluorescence techniques. Growth
factors-loaded scaffolds were incubated in 2.0 mL PBS solution and at
predetermined time points (day 1, 4, 7, 14, 21, and 28), 1.0 mL of PBS
solution containing released growth factors was collected and the
fluorescence intensity of the samples were measured using
fluorescence spectroscopy (VictorX5, Perkin Elmer, Waltham, MA,
U.S.A.). In addition, fluorescence images of the growth factor-loaded
scaffolds were obtained periodically to observe the change of
fluorescence intensity in the hydrogel and nanofiber regions by release
of BMP-2 and bFGF, respectively. A Zeiss Axiovert 200 microscope
equipped with an integrated color CCD camera (Carl Zeiss Inc.,
Thornwood, NY, U.S.A.) was used to obtain fluorescence images.
Image analyses were performed using commercially available image
analysis software (KS 300, Carl Zeiss Inc.). When fluorescence
intensity was measured from gelatin-containing scaffolds, the
fluorescence intensity of gelatin was subtracted from the original
fluorescence data because gelatin is auto-fluorescent property.
Cell Culture and Seeding. hMSCs were cultured in DMEM, 10

% v/v FBS, and 1 % v/v antibiotic/antimycotic solution and were
incubated at 37 °C in 5 % CO2 and 95 % air. Growth factor-loaded
scaffolds were placed in 24-well plates and sterilized with UV for 30

min. The cells (1.0 × 105 cells/mL) were then seeded onto each
scaffold (size of each scaffold was 1 × 1 cm2) in the 24-well plates
followed by addition of 1 mL of culture medium after 30 min. The
hMSC-seeded scaffolds were then moved into new 24-well plates 6 h
after cell seeding to exclude the effect of the cells that adhered to the
well plate. Cell culture media were replaced every 3 day, and hMSCs
were cultured for 21 days. Cells that were seeded on the
micropatterned fibrous scaffolds were imaged using a Live/Dead
Viability/Cytotoxicity fluorescence assay or DAPI, as described
previously.49

In Vitro Cell Proliferation. MTT assays were performed to
investigate the in vitro proliferation of hMSCs on the hydrogel-
incorporated fibrous scaffolds. Briefly, 10 % v/v MTT solution (5 mg/
mL) in the culture medium was added to the cell-seeded scaffolds. The
samples were incubated for 3 h at 37 °C, and formazan crystals
transformed from MTT by mitochondrial reductase were dissolved by
DMSO. The absorbance was measured at 570 nm using a microplate
reader (Molecular Devices, Sunnyvale, CA, U.S.A.).

ALP Activities and ALP Staining. ALP activity was measured
using the p-nitrophenol assay, which is based on the fact that the
colorless pNPP is hydrolyzed by alkaline phosphatase (ALP),
producing yellow p-nitrophenol. hMSC-containing scaffolds were
rinsed with DPBS, and 500 μL RIPA buffer was added to each well.
Then, 100 μL of cell lysates was mixed with 100 μL of pNPP and
incubated for 30 min at 37 °C in the dark. The reaction was stopped
by adding 10 μL of 2 M sodium hydroxide solution and the
absorbance at 405 nm was measured using a microplate reader. To
observe ALP activities optically, an ALP detection kit was used
according to the manufacturer’s instructions. The cells on the scaffolds
were washed with PBS and fixed with 4 % paraformaldehyde in PBS
for 2 min. Fixed cells were rinsed with rinse buffer (20 mM Tris-HCl,
pH 7.4, 0.15 M NaCl, 0.05 % Tween 20) and stained with solution
consisting of naphthol AS-BI phosphate solution (4 mg/mL in 2 M 2-
amino-2 methylpropanediol, pH 9.5), fast red violet solution (0.8 g/
L), and water (with volume ratio of 2:1:1) in a dark room for 15 min.
The staining solution was aspirated, and the cells were rinsed with
rinse buffer. Finally, the cells on the scaffolds were visualized using
optical microscopy.

Matrix Mineralization. ARS staining was used to measure the
biomineralization of hMSC. After 21 days of hMSC culture, the cells
were fixed with 4 % paraformaldehyde for an hour at room

Figure 1. Schematic diagram of preparing dual growth factor-loaded scaffold by using electrospinning and hydrogel micropatterning techniques.
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temperature. Then, 40 mM of ARS solution was added and incubated
for 5 min at room temperature with gentle shaking. The solution was
aspirated and washed with 50 v/v % ethanol. The stained sample was
visualized using optical microscopy. To quantify the mineralization,
the scaffolds were desorbed using 10% cetylpyridinium chloride for 1
h. The solution was collected and the absorbance at 570 nm was
measured.
Statistical Analysis. Each experiment was performed five times,

the means of the five experiments were compared using one-way
ANOVA, and p-values less than 0.05 were considered statistically
significant, and the data were indicated with (*) for 0.01 < p < 0.05
and (**) for p < 0.01, respectively. Error bars represented standard
deviation.

■ RESULTS AND DISCUSSION
Fabrication of Fibrous Scaffolds Incorporating Hydro-

gel Micropatterns. Fibrous scaffolds patterned with hydrogel
were fabricated by combining an electrospinning technique
with PEG hydrogel photolithography. First, fibrous scaffolds
were obtained by electrospinning a mixture of polycaprolactone
(PCL) and gelatin because it is known that incorporation of
gelatin produces less hydrophobic fiber than bare PCL fibers,
which improves cell adhesion and proliferation onto fibrous
scaffolds.50,51 Because of the water-soluble nature of gelatin, the
resultant PCL/gelatin fibers were crosslinked using glutaralde-
hyde to prevent dissolution of gelatin in the aqueous cell
culture environment. The effectiveness of the glutaraldehyde
treatment was investigated by observing the morphology of the
fibers before and after wetting with water. Before the wetting,
un-cross-linked (Figure 2a) and crosslinked fibers (Figure 2b)

fibers had smooth surface morphologies, and their diameters
were 1.29 ± 0.11 and 1.32 ± 0.11 μm, respectively, with no
significant differences observed between the groups. These
results indicate that the glutaraldehyde crosslinking does not
influence the morphology of the PCL/gelatin fibers. When
both types of fibers were immersed in water for 24 h, the
diameters of the un-cross-linked fiber significantly decreased to
0.96 ± 0.11 μm and roughened fiber surfaces were observed

due to the dissolution of water-soluble gelatin from the fibers as
shown in Figure 2c. In the case of the crosslinked PCL/gelatin
fibers (Figure 2d), a slight increase of fiber diameter (1.46 ±
0.24 μm) was observed (when compared with original fibers
there was no significant difference), which probably resulted
from swelling of the crosslinked gelatin. Furthermore, the fibers
maintained the original smooth surface morphology without
evidence of gelatin dissolution from the fibers.
After successful preparation of crosslinked PCL/gelatin

fibrous scaffolds that are not soluble in water, hydrogel
micropatterns were incorporated into the fibrous scaffolds
using photolithography by utilizing the ability of PEG diacrylate
(PEG-DA) to form a gel upon exposure to UV light.
Photomasks containing arrays of square patterns (1 mm × 1
mm) separated by 200 μm-wide transparent regions were
prepared. The design of the mask allowed only the hydrogel
precursor solution below the transparent region of the
photomask to be crosslinked and to become a hydrogel
micropattern upon exposure to UV light while residual polymer
was removed elsewhere in the pattern. Thus, subsequent
photopatterning created microwells of fibers separated by
hydrogel, as shown in Figure 3a and b.
The wrinkled fiber in SEM image was resulted from the

evaporation of water from the PEG hydrogel prior to metal
coating for electron microscopy. Because PEG hydrogels have
high equilibrium water content (in excess of 80%), they shrank
upon drying and made incorporated fibers wrinkled. However,
in aqueous environment such as cell culture media, flat
morphology of hydrogel-patterned fibrous scaffold was kept
maintained. SEM images demonstrated that most of the fibers
were inserted at the sides of the hydrogel microstructures,
leaving no fibers exposed at the top surfaces of the hydrogel
micropatterns. The resultant hydrogel-incorporated fiber
scaffolds were obtained as free-standing sheets and could be
easily handled. It was found that as the thickness of scaffold
became thicker than 200 μm, the masked regions tended to
polymerize, resulting in larger hydrogel patterns at the bottom
region of fibrous scaffolds. Poor fidelity of hydrogel pattern
transfer at the bottom was most likely due to light scattering/
diffusion or the mass transfer of free radical species outside of
the illuminated area and their subsequent reaction. In the rest
of this study, we used scaffolds consisting of 60 μm-thick PCL/
gelatin fibers and 100 μm-thick hydrogel micropatterns.

hMSC Culture on the Micropatterned Fibrous Scaf-
folds. To investigate whether the resulting hydrogel-incorpo-
rated PCL/gelatin fibrous scaffolds support adhesion and
proliferation of hMSCs, hMSCs were seeded onto scaffolds and
cultured for 21 days. An MTT assay was used to evaluate the
relative number of viable cells. The MTT assay results indicate
that the cells remained viable and were able to proliferate
within the micropatterned fibrous scaffolds (Figure 4a).
Cultured cells were visualized using a live/dead viability/
cytotoxicity fluorescence assay that stains live cells green and
dead cells red. Using this assay, the cells within micropatterned
scaffolds can be imaged for visualization and assayed for
viability simultaneously. As shown in the fluorescence images in
Figure 4b, there are many more living cells (green spots) than
dead cells (red spots), indicating that most of the adhered cells
remained viable on micropatterned fibrous scaffolds (viability
was greater than 98 ± 1.5%). Furthermore, all the cells adhered
to and proliferated only on PCL/gelatin fiber regions
(microwells), generating cellular micropatterns because PEG
hydrogel micropatterns effectively prevented cell adhesion,

Figure 2. SEM images of (a) un-cross-linked and (b) crosslinked
PCL/gelatin fibers right after electrospinning (scale bar: 3 μm). High
magnification SEM images of (c) un-cross-linked and (d) crosslinked
PCL/gelatin fibers after water wetting (scale bar: 3 μm for low
magnification and 1 μm for high magnification).
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spreading, and crossover. Micropatterning of PEG hydrogels in
the presence of PCL/gelatin fibers underscored the clear
contrast between the cell adhesion-resistant PEG hydrogel wall
region and the cell adhesion-promoting fibrous microwell
region. Because of these differences in the chemical natures and
topological structures between the two domains, the hydrogel-
incorporated fibrous scaffolds developed in this study possess
the capability for spatial control of hMSCs within the selected
areas. Figure 4c further demonstrates the presence of hMSCs

on fiber region of hydrogel micropattern-incorporated fibrous
scaffold

Loading and Release of Growth Factors. In addition to
excellent non-fouling properties, PEG hydrogels have been
shown to be an excellent matrix for encapsulation of various
proteins due to their high water contents.52,53 Therefore, PEG
hydrogel micropatterns could be used not only for spatial
control of cell growth but also to carry out other active
functions such as sustained delivery of various proteins. On the
other hands, electrospun fibers have shown good potential for

Figure 3. SEM images of hydrogel micropattern-incorporated fibrous scaffold. (a) Low magnification (× 30) image showing multiple microwells
consisting of fibrous bottoms and hydrogel walls. (b) High magnification image (× 100) showing single microwell and SEM image of fibers (×
1000). Scale bar is 300 μm.

Figure 4. Culture of hMSCs on hydrogel micropattern-incorporated fibrous scaffold. (a) Result of MTT assay at different culture periods. (b)
Fluorescence images of hMSCs obtained from live/dead fluorescence viability assay at day 1 and day 21 of culture (scale bar: 200 μm). (c) SEM
image showing hMSCs on fibers (arrows indicate the hMSCs, and scale bar = 100 μm).
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drug delivery due to their large surface area and high porosity
with an interconnected pore structures.54 Considering the
attractive features of hydrogels and electrospun fibers for

protein delivery, it was expected that dual growth factor-
releasing scaffolds could be generated by immobilizing one
growth factor within the hydrogel matrix and another on the

Figure 5. Loading of bFGF and BMP-2 into scaffolds. (a) Change of fluorescence intensity with incubation time by adsorption of Alexa 488-bFGF
onto PCL/gelatin fibers. (b) Fluorescence image (green channel) of scaffold incubated with Alexa 488-bFGF for 12 h. (c) Fluorescence image (red
channel) showing hydrogel micropatterns entrapping Alexa 594-BMP-2. (d) Fluorescence image of dual growth factor-loaded scaffold. Alexa 488-
bFGF was immobilized onto PCL/gelatin fibers (green region), while Alexa 594-BMP-2 was entrapped within hydrogel micropattern (red region).
Scale bar is 300 μm.

Figure 6. Release behaviors of bFGF and BMP-2 from scaffolds. (a) Change of fluorescence intensity in hydrogel and fiber region by release of
bFGF and BMP-2 (green, bFGF; red, BMP-2). (b) Actual amount of released bFGF and BMP-2 from scaffolds.
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fibers, where release of two growth factors are controlled
independently by adjusting the properties of the hydrogels and
the fibers. After crosslinked PCL/gelatin fibers were prepared, a
BMP-2-containing hydrogel precursor solution was photo-
patterned to produce BMP-2-entrapped hydrogel micropatterns
incorporated with PCL/gelatin fibers. Immersing the resultant
scaffolds in bFGF solution after washing away non-entrapped
BMP-2 led to immobilization of bFGF on the PCL/gelatin fiber
regions via electrostatic interaction. Because the isoelectric
points (pI) of gelatin (type B) and bFGF are 4.7−5.2 and 9.6,
respectively, gelatin forms a polyion complex with bFGF within
a range of pH 5−9.55 Since gelatin is water-soluble, gelatin in
un-cross-linked PCL/gelatin fiber was dissolved out by
incubation with bFGF solution and resultant fibers would not
have enough gelatins to interact with bFGF. Therefore, so little
bFGF adsorbed to un-cross-linked fibers compared and
crosslinked PCL/gelatin fibers could immobilize much more
bFGF than other fibers via electrostatic interaction, as shown in
Figure 5a.
The amount of immobilized bFGF on crosslinked PCL/

gelatin fibers increased with incubation time and became
saturated after 12 h (Figure 5a). Figure 5a also indicates that
un-cross-linked PCL/gelatin fibers had similar bFGF-loading
capacity to bare PCL fibers due to the dissolution of gelatin in
the bFGF solution. The PEG hydrogel micropatterns effectively
prevented non-specific adsorption of bFGF and negligible
amounts of bFGF diffused into the hydrogel micropatterns
during the incubation time (12 h), enabling selective
immobilization of bFGF only at the fiber regions (Figure 5b).
Figure 5c shows that BMP-2 was successfully entrapped within
hydrogel micropatterns. Finally, we were able to fabricate
scaffolds that consisted of BMP-entrapped hydrogel micro-
patterns (red fluorescence) and bFGF-immobilized fibers
(green fluorescence), as shown in Figure 5d.
The release behaviors of bFGF and BMP-2 from the

resultant scaffolds were first monitored by observing the change
of fluorescence intensity in the hydrogel and fiber regions.
Figure 6a indicates that the fluorescence intensity from both
regions became weaker with incubation times because fewer
amounts of growth factors remained in the scaffold, due to the
release of the factors. Prior to this experiment, we confirmed
that fluorescence intensity did not change if there was no
growth factor and there was no photobleaching of fluorescence-
labeled bFGF and BMP-2 over 4 weeks. Therefore, it could be
concluded that decrease of fluorescence intensity from scaffolds
solely resulted from the release of growth factors. In the case of
bFGF on the fibers, there was a fast decrease of fluorescence
intensity within 1 day and no more decrease occurred after 4
days. In contrast to bFGF, the rate of decrease of the
fluorescence intensity was lower, and the decrease of the
fluorescence intensity continued for 14 days, for BMP-2 in
hydrogel. The release behaviors of bFGF and BMP-2 were
further investigated quantitatively by measuring the cumulative
amounts of growth factors over time. As shown in Figure 6b,
similar behaviors were observed as with fluorescence intensity
study. The release behavior of bFGF from the PCL/gelatin
fibers showed a high initial burst of release within 1 day (82.6
%) followed by slow release until 4 days had passed. No
significant release of bFGF was observed after 4 days of
incubation. In contrast, BMP-2 release from the hydrogel
micropatterns exhibited a lower initial burst (42.3 %) and a
more sustained release pattern after that (86.4 % at day 7).
Sustained release of BMP-2 continued even from day 7 to day

21, during which approximately 0.5 ng/day of BMP-2 was
released from hydrogel micropatterns. Since approximately
60.65 ± 1.78 ng of bFGF and 108.01 ± 5.21 ng of BMP-2 were
loaded into each scaffold, about 70% and 55% of bFGF and
BMP-2 were released from the fiber and hydrogel, respectively
after 28 days. Recent studies suggest that the ideal BMP-2
release strategy includes both an initial burst and a subsequent
sustained release because the former helps to recruit
osteoprogenitor cells to the delivery system and the latter
promotes osteogenic differentiation.56,57 Therefore, our system
that showed an initial burst followed by sustained release of
BMP-2 has the potential to synergistically enhance bone
generation. The total amounts of bFGF and BMP-2 released
from the scaffolds over a period of 4 weeks were 44.2 ± 0.9 ng
and 60.7 ± 3.7 ng, respectively. These results indicate that our
scaffolds have the capability to not only spatially localize the
cells but also to control the release of multiple growth factors at
different time periods. These advantages demonstrate that our
scaffold has the potential for spatiotemporal control of stem
cells. Similar behaviors were observed for the release of BMP-2
and bFGF from a scaffold containing only BMP-2 in the
hydrogel micropatterns and a scaffold containing only bFGF on
the fibers (data not shown), compared with release of each
growth factor from scaffolds containing both BMP-2 and bFGF
(shown in Figure 6b). This result demonstrates that presence of
one growth factor had no effect on the release of the other
growth factor. One important advantage of our hydrogel-
incorporated fibrous scaffold is that various release profiles can
be obtained independently for each growth factor by changing
the properties of the hydrogel and the fibers separately. For
example, the release of growth factor from PEG hydrogels can
be controlled by changing the crosslinking density of
hydrogels58 and the release from fibers can be controlled by
using different chemistries and processes for the preparation of
the electrospun fibers. In this study, we used the above-
obtained BMP-2 and bFGF-loaded scaffolds for the osteo-
genesis of hMSCs because it is known that a dose of bFGF
during the early stages of osteogenesis and a sustained release
of BMP-2 over long periods enhances the osteogenic induction
of hMSC.

In Vitro Osteogenic Differentiation of hMSC. We
investigated the effect of different combinations of growth
factors on the proliferation and differentiation of hMSCs. We
examined four scaffold groups: control, scaffold without growth
factors; bFGF, scaffold containing only bFGF on the fibers;
BMP-2, scaffold containing only BMP-2 in the hydrogel
micropatterns; and bFGF/BMP-2, scaffold containing bFGF
on the fibers and BMP-2 in the hydrogel. First, proliferation of
hMSCs grown on different scaffold groups was investigated
using MTT assays (Figure 7). During the first 7 days, the
number of cells increased for all of the types of scaffolds, but
there was no statistically significant difference between the
different scaffolds. However, a significant difference in the
number of viable cells was observed between the scaffolds with
BMP-2 and without BMP-2 at 14 days and later. The control
and bFGF groups had similar proliferation rates, showing a
significant increase in the number of viable cells from 7 to 21
days, while the BMP-2 and bFGF/BMP-2 groups maintained
similar numbers of cells from 7 to 14 days and a slight increase
from 14 to 21 days. These results indicate that the early release
of bFGF had no direct effect on cell proliferation, while the
sustained release of BMP-2 suppressed the proliferation of
hMSCs. The suppression of hMSC proliferation by BMP-2
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does not inhibit osteogenesis of hMSCs because, as is widely
known, cell proliferation decreases once cell differentiation
develops.59 Therefore, the suppression of hMSC proliferation

on the BMP-2-containing scaffold could be interpreted to mean
that BMP-2 induced the osteogenesis of the hMSC.
To investigate the osteogenic differentiation of hMSCs on

different scaffolds, we stained the cells with alkaline
phosphatase (ALP) after 14 days; ALP is known as an early
marker for osteoblastic differentiation. Because the cells were
spatially confined only within the fibrous region, ALP staining
was observed in the fibrous region.
Faint ALP staining was detected on the scaffolds without

BMP-2 (control and bFGF), but the staining was much more
extensive in scaffolds containing BMP-2 (BMP-2 and bFGF/
BMP-2) (Figure 8a). It was also observed that the bFGF/BMP-
2 group showed higher levels of ALP staining than BMP-2
group. For the quantitative analysis of ALP levels, the relative
activity of ALP was assessed for 21 days using pNPP as a
substrate (Figure 8b). The ALP activity considerably increased
at 14 days of culture only in the BMP-2-containing scaffolds
(BMP-2 and bFGF/BMP-2). Considering that proliferation of
hMSCs cultured in the BMP-2-containing scaffolds was
suppressed at 14 days, this result is coincident with the
proliferation study, suggesting that BMP-2 induced the early
differentiation of hMSCs by suppressing cell proliferation.
Although sequential delivery of bFGF and BMP-2 induced
slightly better ALP activity than BMP-2-delivery alone at day

Figure 7. Effect of growth factors on the proliferation of hMSCs
cultured on hydrogel micropattern-incorporated fibrous scaffolds.

Figure 8. Osteogenic differentiation of hMSCs cultured on scaffold with different growth factor combinations. (a) ALP staining from cultured
hMSCs after 14 days and (b) ALP activity as a function of culture periods. (c) ARS staining after 21 days (arrows indicate cell aggregates). Scale bar
is 200 μm. (d) Quantitative analysis of the mineral deposition on day 21 by ARS staining.
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14, it was not significantly different. There was also no
significant difference between the control and the bFGF
groups, indicating that bFGF alone did not contribute to the
early osteogenesis of hMSCs. The osteogenic differentiation of
hMSCs was further evaluated using Alizarin Red S (ARS); ARS
is commonly used to quantify the mineralization of hMSCs
because it binds to calcium salts selectively. As shown in Figure
8c, the scaffold that contained BMP-2 was more strongly
stained than the control or the bFGF-only-containing scaffolds.
Quantitative analysis of ARS staining also supported those
results as shown Figure 8d, which indicated the significantly
higher calcium deposition in bFGF/BMP-2 groups than other
groups including BMP-2 only groups. Because the formation of
calcium phosphate is the last stage marker for osteogenesis,
These results confirmed that hMSCs cultured on the scaffolds
capable of sequential delivery of bFGF and BMP-2 showed
stronger osteogenic commitment (especially in mineralization)
than those on scaffolds without any growth factors or scaffolds
with single administration of either bFGF or BMP-2 under the
same conditions. It should also be noted that cell aggregates
were observed only on scaffolds containing bFGF (bFGF and
bFGF/BMP-2 groups), as indicated by arrows in Figure 8c. The
number of aggregates were 2 ± 1.1 and 9 ± 3.2 per one
microwell for bFGF and bFGF/BMP-2 groups, respectively.
Formation of cell aggregates is a positive result for the
osteogenesis of hMSCs because it promotes mineralization
without reducing the differentiation capability.60 Although the
hMSCs cultured on the BMP-2 groups showed evenly-
distributed ARS stained region (Figure 8c), there was no
definite cell aggregates. On the other hand, treatment with
bFGF combined with BMP-2 increased the number of cell
aggregates. It was known that FGF treatment promotes cell−
cell adhesion during the early stages, which eventually increases
cell aggregation.61 Thus, the formation of cell aggregates in this
study can be attributed to the initial release of bFGF from the
scaffold.

■ CONCLUSION

We fabricated PCL/gelatin fibrous scaffolds incorporating PEG
hydrogel micropatterns for potential applications to spatio-
temporal control of hMSC differentiations. The resulting
scaffolds were capable of controlling the spatial placement of
hMSCs because hMSCs adhered only within the PCL/gelatin
fiber region due to the non-adhesiveness of the PEG hydrogel.
Furthermore, different growth factors could be separately
loaded into the hydrogel micropatterns and the fibers in a
single scaffold platform. Sequential delivery of bFGF and BMP-
2 for osteogenesis of hMSC was achieved by a quick release of
bFGF from the fibers and a slow and sustained release of BMP-
2 from PEG hydrogel. The sequential delivery of bFGF and
BMP-2 showed stronger osteogenic commitment in in vitro
culture than those on scaffolds without any growth factors or
scaffolds with single administration of either bFGF or BMP-2
under the same conditions.
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