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Abstract
Heparin-conjugated electrospun poly(ε-caprolactone) (PCL)/gelatin scaffolds were developed to
provide controlled release of platelet-derived growth factor-BB (PDGF-BB) and allow prolonged
bioactivity of this molecule. A mixture of PCL and gelatin was electrospun into three different
morphologies. Next, heparin molecules were conjugated to the reactive surface of the scaffolds.
This heparin-conjugated scaffold allowed the immobilization of PDGF-BB via electrostatic
interaction. In vitro PDGF-BB release profiles indicated that passive physical adsorption of
PDGF-BB to non-heparinized scaffolds resulted in an initial burst release of PDGF-BB within 5
days, which then leveled off. However, electrostatic interaction between PDGF-BB and the
heparin-conjugated scaffolds gave rise to a sustained release of PDGF-BB over the course of 20
days without an initial burst. Moreover, PDGF-BB that was strongly bound to the heparin-
conjugated scaffolds enhanced smooth muscle cell (SMC) proliferation. In addition, scaffolds
composed of 3.0 µm diameter fibers that were immobilized with PDGF-BB accelerated SMC
infiltration into the scaffold when compared to scaffolds composed of smaller diameter fibers or
scaffolds that did not release PDGF-BB. We concluded that the combination of the large pore
structure in the scaffolds and the heparin-mediated delivery of PDGF-BB provided the most
effective cellular interactions through synergistic physical and chemical cues.
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1. Introduction
Electrospinning is a versatile technique that has been utilized to produce tissue engineering
scaffolds and drug/protein delivery vehicles. Electrospinning technology, which uses high-
voltage electrostatic fields to generate fibrous structures, provides a biomimetic cellular
environment which resembles the extracellular matrix (ECM) of native tissues by permitting
fabrication of nano- to micro-scale fibers which are able to interact with cells [1–4].
Moreover, the inherently high surface area to volume ratio and high pore interconnectivity
associated with electrospun fibers allow for high drug loading efficiency and the ability to
overcome mass transfer limitations associated with other polymeric delivery systems. These
electrospun materials have been tested in experiments designed to facilitate drug diffusion
and improve the solubility of various bioactive molecules [1,5,6].
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In order to deliver bioactive molecules via electrospun fibers, emulsion and coaxial
electrospinning have been recently developed to create core-shell structures from
electrospun fibers. Emulsion electrospinning utilizes emulsions made of an oil phase, which
contains the polymer solutions in an organic solvent, and a water phase, which contains the
drug or protein to be incorporated into the electrospun fibers [7]. On the other hand, coaxial
electrospinning utilizes a setup in which an aqueous solution, containing dissolved drugs or
proteins, is co-electrospun within a polymer solution, which forms the outer core-shell
structure [8]. However, exposure to high voltage and organic solvents may denature
incorporated bioactive molecules and destroy their biological activity during the
electrospinning process [9]. Moreover, due to the high solubility of most bioactive
molecules, they are often released in a rapid initial burst and may have short diffusion
pathways [10].

To overcome these limitations, we previously developed a heparin-conjugated electrospun
PCL/gelatin scaffold that can release lysozyme (isoelectric point = pH 10.7) as a model
protein in a controlled manner [11]. Because heparin is a highly sulfated glycosaminoglycan
which possesses strong binding affinity for a variety of growth factors, including basic
fibroblast growth factor (bFGF), transforming growth factor-β (TGF-β), vascular endothelial
growth factor (VEGF), and platelet-derived growth factor-BB (PDGF-BB) [12–14], it is an
excellent choice for this purpose. It has been demonstrated that a sustained release of growth
factors over a long period was effectively achieved using heparin conjugation, with the
secondary benefit of protected bioactivity. The interaction of growth factors with heparin is
considered to be essential for storage, release, and protection from heat, pH, and enzymatic
degradation [12].

Additionally, the small-sized pores within many electrospun fibrous scaffolds limit adequate
cellular infiltration. To improve the pore structure of these scaffolds, several approaches
have been proposed to generate larger-sized pores. These include the use of the salt leaching
technique [15] and co-electrospinning with water-soluble polymers which serve as
sacrificial fibers [16]. However, these approaches may decrease the mechanical properties
and dimensional stability required to maintain structural integrity of a scaffold under
physiological conditions. However, we previously demonstrated that these pores can be
expanded by increasing the fiber diameter within electrospun scaffolds, and this serves to
better accommodate cellular infiltration [2].

In this study, we fabricated heparin-conjugated electrospun PCL/gelatin fibrous scaffolds
with different fiber diameters and morphologies, and then immobilized PDGF-BB on the
scaffolds to enhance the cellular interactions between vascular smooth muscle cells (SMCs)
and the scaffold material. PDGF-BB has been shown to act as a chemotactic agent that
causes SMCs to proliferate and migrate [17]. We examined the in vitro release kinetics and
bioactivity of PDGF-BB from the heparin-conjugated scaffolds. Finally, we also determined
whether PDGF-BB conjugation increased SMC infiltration into the electrospun scaffolds
over a 4-week period in vitro.

2. Materials and methods
2.1. Electrospun PCL/gelatin fibrous scaffolds

The basic set-up used for electrospinning consisted of a syringe pump (Medex Inc.,
Lauderdale, FL, USA), a high-voltage generator (Spellman High Voltage, Hauppauge, NY,
USA), and a collecting mandrel (41.1 mm in diameter). A positive charge of 12 kV was
applied to the tip of the syringe needle, and a gap distance between the syringe needle and
the grounded collector was 15 cm.
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A polymer blend of poly(ε-caprolactone) (PCL, Intrinsic viscosity = 1.77 dL/g, Lactel
Absorbable Polymers, Birmingham, AL, USA) and gelatin (derived from porcine skin,
Sigma Chemical Co., St. Louis, MO, USA) was electrospun as follows. A 1:1 weight ratio
of PCL and gelatin was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to make both
10% (w/v) and 15% (w/v) solutions. Each of the solutions (10% and 15%) was electrospun
individually to fabricate two different fiber morphologies (small and large diameters). In
order to obtain a combination of small and large diameters, both blend solutions (10% and
15%) were co-electrospun using two separate syringe pumps which were placed facing each
other while a collecting mandrel was positioned between them. The PCL/gelatin blend
solution was ejected via a 20 gauge blunt needle at a constant flow rate of 2–5 ml/h.
Electrospun fibers were collected on the cylindrical mandrel, which rotated at a rate of about
1000 rpm and was kept in a vacuum desiccator between uses. All chemical reagents were
obtained from Sigma Chemical Co. unless stated otherwise.

Crosslinking of electrospun PCL/gelatin scaffolds was performed in an ethanol solution
containing 25 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Thermo
Scientific, Waltham, MA, USA) and 10 mM N-hydroxysuccinimide (NHS) for 15 min. For
the analysis of fiber morphology, the electrospun PCL/gelatin scaffolds were sputter-coated
with gold (Hummer™ 6.2, Anatech Ltd, Denver, NC, USA) and observed using scanning
electron microscopy (SEM, S-2260N, Hitachi Co. Ltd, Japan). The diameter distribution of
the electrospun fibers created from each electro-spinning condition was determined by
selecting twenty fibers at random from three images, measuring the diameter, and
expressing the result as a mean and standard deviation (n =20) with the aid of Image J
software (NIH, Bethesda, MD, USA).

2.2. Preparation of heparin-conjugated electrospun scaffolds and PDGF-BB immobilization
A brief overview of heparin conjugation and subsequent PDGF-BB immobilization on
electrospun PCL/gelatin scaffolds is illustrated in Fig. 1A. In the first step of the process, the
reactive amine groups (−NH2) on the PCL/gelatin scaffolds were conjugated with the
carboxyl groups (−COOH) on the heparin molecules such that an amide bond (covalent
bond formation) was created between them. This process allowed the negatively charged
sulfonic groups (−SO3) in the heparin molecules to subsequently trap added PDGF-BB via
electrostatic interaction.

Heparin conjugation of the electrospun PCL/gelatin scaffolds (1×1 cm2) with different fiber
morphologies was performed as follows. According to our previous studies [11] on the
relationship between residual amine groups and crosslinking period, we determined that a 15
min crosslinking time for the electrospun PCL/gelatin scaffolds used in this study was
optimal. The crosslinked PCL/gelatin scaffolds were then equilibrated with 0.05 M of 2-
morpholinoethane sulfonic acid buffer (MES, pH 5.6) for 30 min. Heparin sodium salt was
dissolved at a concentration of 1 mg/ml in 0.05 M MES buffer containing 25 mM EDC/10
mM NHS to ensure that the carboxyl groups of heparin were activated. One ml of this
heparin solution was added to each sample and the samples were incubated at room
temperature for 4 h with gentle shaking. During this step, the chemical conjugation between
the carboxyl groups of heparin and the amine groups of gelatin occurred. After 4 h, the
heparin-conjugated PCL/gelatin scaffolds were washed with 0.1 M Na2HPO4 and distilled
water (three times each). The amount of conjugated heparin was quantified using a
Toluidine Blue assay. In brief, the heparin-conjugated electrospun PCL/gelatin scaffolds
were incubated with 1 ml of Toluidine Blue solution (0.4 mg/ml Toluidine Blue O, 2 mg/ml
NaCl2, and 0.1 M HCl) for 2 h at room temperature with gentle agitation to create dye–
heparin complexes. Samples were rinsed with distilled water twice for 5 min, and the
residual Toluidine Blue that was bound to the heparin was solubilized with a mixture of 0.1
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M NaOH and ethanol (1:4). The absorbance of the resulting solution was measured at 530
nm using a spectrophotometer (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA).

Some scaffolds were then reacted with PDGF-BB (24.3 kDa, isoelectric point: 9.8,
Peprotech, Rocky Hill, NJ, USA) at a concentration of 100 ng per sample (0.1% NaN3 in
PBS) for 7–8 h at 4 °C. Shortly after the PDGF-BB immobilization process, the samples
were washed with PBS (three times) and stored at 4 °C until needed.

2.3. In vitro release kinetics of PDGF-BB from heparin-conjugated scaffolds
PDGF-BB is known to bind to heparin molecules mainly via electrostatic interaction [18].
Thus, we anticipated that PDGF-BB would be able to interact with the heparin moieties on
the electrospun PCL/gelatin scaffolds. The PDGF-BB release test was designed to determine
the influence of heparin conjugation and fiber morphology (diameter) on the release profiles
of PDGF-BB. To fabricate a control group, electrospun scaffolds of three different fiber
morphologies (1.0 µm, co-electrospun, and 3.0 µm fibers) that had not been conjugated with
heparin were passively adsorbed with the same amount of PDGF-BB (100 ng) for 7–8
hat4°Cand these control scaffolds were compared to the heparin-conjugated scaffolds
immobilized with PDGF-BB.

To analyze the release kinetics of PDGF-BB from PCL/gelatin scaffolds, the PDGF-BB
loaded electrospun scaffolds (1×1 cm2) with or without heparin were placed in 5 ml tubes,
and 2 ml of release media (0.1% bovine serum albumin and 0.1% NaN3 in PBS) was added
to each tube. These samples were then incubated at 37 °C with gentle shaking at 150 rpm for
up to 20 days. At predetermined time points, all of the media (2 ml) in each tube was
replaced with fresh media to maintain infinite sink conditions at each time point. The
cumulative amount of PDGF-BB in the release media from each sample was analyzed using
a human PDGF-BB ELISA Development Kit (Peprotech, Rocky Hill, NJ, USA) according
to the manufacturer’s instructions. The amount of PDGF-BB released from each scaffold
was normalized to the dry weight of each sample (n = 3).

2.4. Determination of biological activity of PDGF-BB released from scaffolds
The bioactivity of PDGF-BB that was released from as well as bound to the electrospun
PCL/gelatin scaffolds (1×1 cm2) was evaluated using a human smooth muscle cell (hSMC)
culture system (Lonza, Basel, Switzerland), as these cells respond to PDGF-BB by
increasing proliferation in culture. Human SMCs were maintained in smooth muscle cell
basal medium (SmBM, Lonza) supplemented with fetal bovine serum (FBS), human
recombinant FGF-2, human recombinant epidermal growth factor (EGF), human
recombinant insulin, and gentamicin sulfate/amphotericin-B under standard culture
conditions at 37 °C, 5% CO2. When the cells reached 70–80% confluence, they were
trypsinized and collected by centrifugation. The scaffolds were sterilized by immersion in
70% ethanol for 2–3 h and were then washed with PBS repeatedly to completely remove all
traces of the ethanol.

To measure the bioactivity of PDGF-BB released from the scaffolds, hSMCs were seeded
on 24-well tissue culture plates at a density of 1 × 104 cells/well, and 1 ml of the
supplemented SmBM media was added to each well. After incubating the cells overnight to
allow them to adhere to the tissue culture plates, the cells were washed with PBS twice.
Transwell® membrane inserts Corning Inc., Corning, NY, USA), which had been embedded
with the sterilized scaffolds, were then placed into the 24-well tissue culture plates, and 1 ml
of basal medium containing 1% FBS (serum-deficient medium) was added to each well.
This serum-deficient medium was replaced every other day throughout the experiment. On
days 3 and 7 after addition of the Trans-well® inserts, the metabolic activity of the cells was

Lee et al. Page 4

Biomaterials. Author manuscript; available in PMC 2013 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



measured using a colorimetric MTS assay (CellTiter 96® AQeous One solution Cell
Proliferation Assay, Promega, Fitchburg, WI, USA) according to the manufacturer’s
instructions. The absorbance at 490 nm was measured using a spectrophotometer
(SpectraMax M5, Molecular Devices). The absorbance value was related to the amount of
formazan production by the cells in each well, and this was directly proportional to the
number of living cells growing on the culture plates (n = 3).

In order to measure the bioactivity of PDGF-BB that was bound to the fibers within the
scaffolds, 2 × 104 cells were seeded on each scaffold in a culture dish, and these cultures
were maintained statically for 4–5 h to improve cell adhesion. After this period, the samples
were incubated overnight in 1 ml of the supplemented medium. The following day, the cell-
seeded scaffolds were rinsed twice with PBS and then cultured in serum-deficient medium
for 3 or 7 days. The metabolic activity of the cells seeded on the scaffolds was measured
using the same colorimetric MTS assay described above (n = 3).

2.5. Effects of heparin on the growth of hSMCs
In order to determine whether heparin affects hSMC cell growth, we used two different
approaches. First, we added heparin-containing medium to hSMCs that were seeded on
tissue culture plates, and second, we added heparin-containing medium to hSMCs that had
been seeded on electrospun PCL/gelatin scaffolds. For the first assay, hSMCs were seeded
on 24-well tissue culture plates at a density of 1 × 104 cells/well and incubated in
supplemented medium overnight. After rinsing the wells twice with PBS, serum-deficient
media containing different concentrations of heparin (50 µg/ml and 100 µg/ml) were added
to each plate. Cell growth at 3 and 7 days after heparin addition was assessed using an MTS
assay, and these results were compared to those obtained from samples that were not treated
with heparin (positive control). Similarly, for the second experiment, hSMCs were seeded at
a density of 2 × 104 cells/scaffold in culture dishes, and these were incubated for 4–5 h to
allow cellular attachment. The seeded scaffolds were then cultured overnight in
supplemented medium. We used scaffolds that had not been conjugated with heparin for this
experiment. The next morning, the scaffolds were rinsed twice with PBS, and the media was
replaced with serum-deficient media containing heparin (50 µg/ml and 100 µg/ml). An MTS
assay was performed at 3 and 7 days after addition of heparin, and this data was compared to
data from cell-seeded scaffolds that had not been treated with heparin (positive control).

2.6. Cell proliferation and endogenous production of PDGF-BB
For the measurement of cell proliferation and endogenous PDGF-BB production, hSMCs (2
× 105 cells/scaffold) were seeded on the scaffolds created from various types of electrospun
PCL/gelatin scaffolds: 1) unconjugated scaffolds (control), 2) heparin-conjugated scaffolds
(HC), 3) PDGF/scaffolds (PDGF), and 4) PDGF/heparin-conjugated scaffolds (PDGF-HC).
These cell-seeded scaffolds were cultured in SmBM medium as described above. To
stimulate both cell proliferation and endogenous secretion of PDGF-BB by the cells, the
medium was replaced every three days for culture periods of 1 and 2 weeks. At these
predetermined time points, the medium was removed, and the cell-cultured scaffolds were
washed, lyophilized, and stored at −80 °C. The samples were then digested in proteinase K
solution [1 mg/ml proteinase K (Worthington, Lakewood, NJ, USA), 10 µg/ml pepstatin A,
and 185 µg/ml iodoacetamide] at 56 °C for 16 h. Pepstatin A and iodoacetamide were used
as proteinase inhibitors. Finally, aliquots from these digests were used to measure DNA
content by a Picogreen dsDNA assasy (Molecular Probes, Carlsbad, CA, USA) as well as to
detect endogenous PDGF-BB by the human PDGF-BB ELISA Development Kit (n = 3).
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2.7. Assessment of cellular infiltration
To evaluate the extent of cellular infiltration into the electrospun PCL/gelatin fibrous
scaffolds, hSMCs (2 × 105 cells/scaffold) were seeded on scaffolds with three different fiber
morphologies (1.0 µm fibers, co-electrospun fibers, and 3.0 µm fibers). Scaffolds with each
of these fiber diameters were divided into the same groups as described above: 1) control, 2)
HC, 3) PDGF, and 4) PDGF + HC. All of these cell-seeded scaffolds were cultured in the
SmBM medium for up to 4 weeks, and the medium was changed every three days. At each
time point, the retrieved cell-seeded scaffolds were fixed in 10% neutral buffered formalin
and embedded in optimal cutting temperature (OCT) compound (Tissue-Tek®, Sakura Inc.,
Torrance, CA, USA). The samples were then cut into 10 µm thick sections to provide cross-
sectional images of the scaffolds. The sectioned samples were fluorescently stained with
4’-6-diamidino-2-phenylindole (DAPI, Vector Laboratories, Burlingame, CA, USA) to
visualize cell nuclei. In each group of samples (n = 3), both bright field and corresponding
fluorescent images of the samples were acquired using a Leica DM4000 B microscope
(Leica Microsystems, Wetzlar, Germany), and these images were merged together to define
the boundaries of the cell-seeded scaffolds. The depth profiles of cellular infiltration were
measured by overlaying a grid consisting of 50 µm thick lines onto the merged images. This
allowed the number of cells to be counted and expressed as a percentage of the total cells in
the images (n = 3). In addition, SEM was performed to observe the morphology of the cells
on the surface of the cell-fiber constructs at each time point (n = 3). Formalin-fixed samples
were washed with distilled water (three times), dehydrated through a series of graded
ethanol solutions, and lyophilized overnight. Completely dried samples were sputter-coated
with gold and observed using SEM.

2.8. Statistical analysis
All quantitative results are expressed as means ± standard deviation (SD) for n = number of
samples analyzed. Statistical analysis was carried out using one-way ANOVA and Tukey’s
post-hoc analysis for multiple comparisons to determine significance. A value of either P <
0.05 or P < 0.01 was considered to be statistically significant depending on the experiment.

3. Results
3.1. Heparin-conjugated electrospun scaffolds and PDGF-BB immobilization

We fabricated electrospun PCL/gelatin scaffolds with three different fiber morphologies
(Fig. 1B). By controlling the major electrospinning parameters (i.e. polymer concentration,
electric field, and flow rate), PCL/gelatin scaffolds containing fibers of uniform diameter
were produced. A 10% polymer solution produced fibers of 1.0 ± 0.1 µm in diameter, and a
15% polymer solution produced fibers of 3.0 ± 0.2 µm in diameter. In addition, we adopted
a technique in which both the 10% and 15% solutions were co-electrospun. Co-
electrospinning allowed us to obtain a construct in which fibers of both 1.0 and 3.0 µm
existed, and these constructs could be consistently produced without any defects or size
variations.

We fabricated heparin-conjugated scaffolds as well as bare fiber scaffolds for use as
controls. Next, both heparin-conjugated and bare scaffolds were incubated with PDGF-BB;
the heparin allowed electrostatic interaction of PDGF-BB with the scaffolds, while bare
scaffolds passively adsorbed PDGF-BB. Morphological images of the scaffolds from both
this passive adsorption of PDGF-BB and the specific interaction of PDGF-BB/heparin on
the scaffolds, respectively, were compared to images of bare electrospun PCL/gelatin
scaffolds (Fig. 1B). Although the processes of heparin conjugation and PDGF-BB
immobilization were accomplished in the scaffolds, this appeared to result in a slight
increase in fiber roughness regardless of fiber diameter when compared with the bare PCL/
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gelatin scaffolds. However, despite the changes in fiber appearance in the heparin-
conjugated scaffolds, these scaffolds retained their unique diameters and pore structures.

3.2. In vitro release kinetics of PDGF-BB from heparin-conjugated scaffolds
Fig. 2 shows the in vitro release kinetics of PDGF-BB from the electrospun PCL/gelatin
scaffolds with or without heparin-conjugation. When PDGF-BB was loaded onto PCL/
gelatin scaffolds that had not been conjugated with heparin (passive physical adsorption), an
abrupt initial burst release occurred over the first 5 days of study. Specifically, over these
first 5 days, the cumulative release of PDGF-BB from the unconjugated scaffolds was 7.7
ng/mg for the scaffolds with a fiber diameter of 1.0 µm, 4.8 ng/mg for the co-electrospun
scaffolds with fiber diameters of 1.0 and 3.0 µm, and 3.9 ng/mg for the scaffolds with a fiber
diameter of 3.0 µm. After this first 5-day period, only a very small additional release of
PDGF-BB was seen over the next 15 days until the experiment was ended at 20 days. In
contrast, when PDGF-BB was immobilized on the heparin-conjugated scaffolds, a sustained
release of PDGF-BB was achieved, indicating that heparin conjugation could allow growth
factors loaded onto a scaffold to be released in a controlled manner. When compared to the
scaffolds that were not treated with heparin, those that were heparin-conjugated released
only a very small amount of PDGF-BB over the course of 20 days, without the initial burst
effect seen in the non-conjugated scaffolds. Over the 20 day time course, the cumulative
amounts of PDGF-BB released from the heparin-conjugated scaffolds were 227 pg/mg for
the 1.0 µm fiber diameter, 164 pg/mg for the co-spun scaffolds, and 91 pg/mg for the 3.0 µm
fiber diameter.

3.3. Preservation of PDGF-BB bioactivity
The bioactivity of PDGF-BB that was both released from and bound to the electrospun
scaffolds was determined by measuring the ability of PDGF-BB to stimulate hSMC
proliferation. In Fig. 3, the scaffolds with different post-modifications stimulated a similar
trend of cell proliferation in the cells cultured beneath them for 3 and 7 days using the
Transwell® system. In addition, the cells proliferated in serum-deficient medium (1% FBS)
over 3–7 days to a modest extent (P < 0.05). However, cells grown under the scaffolds
which had undergone passive adsorption of PDGF-BB (PDGF) showed the highest
proliferation at day 7, and this was statistically significant when compared to the others at
day 7 (P < 0.01) as well as each corresponding sample at day 3 (P < 0.01). This remarkable
increase in cell proliferation in the passively-adsorbed PDGF group was attributed to a rapid
initial burst release of PDGF-BB at earlier time points, which was also shown in the in vitro
PDGF-BB release profile (Fig. 2). However, a fiber diameter-dependent increase in cell
growth as a function of culture time was not seen in this assay.

In Fig. 4, the bioactivity of the PDGF-BB that remained bound to the scaffolds was
evaluated using a different approach. Here, cells were seeded and cultured directly on the
various types of scaffolds for 3 and 7 days. Interestingly, cells cultured on the heparin-
conjugated scaffolds which were immobilized with PDGF-BB (PDGF-HC) proliferated at
the fastest rate when compared to the others (P < 0.01) and each corresponding sample at 3
days (co-electrospun and 3.0 µm fibers; P < 0.05). Unlike the data shown in Fig. 3, however,
when cells were grown directly on the scaffolds, we were able to observe an effect of fiber
morphology on cell proliferation. Cells tended to proliferate best on the scaffolds with the
largest fiber diameter (3.0 µm), followed by the co-electrospun scaffolds and finally the 1.0
µm fibrous scaffolds. In fact, the cell growth in the 3.0 µm PDGF-HC group at 3 and 7 days
was comparable or superior to the control group, which consisted of the same density of
cells grown in a standard 24-well tissue culture plate. Cell proliferation in all the other
groups was similar, but even here the tendency of fiber morphology to affect proliferation
was evident. Thus, these data indicate that the biological activity of PDGF-BB bound to
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heparin-conjugated scaffolds was preserved effectively, as its presence generated the best
enhancement of cell proliferation.

3.4. Effects of heparin on the growth of hSMCs
Fig. 5 shows the effect of heparin on the growth profile of hSMCs. This experiment was
performed by adding heparin-containing media (50 µg/ml or 100 µg/ml heparin in serum-
deficient medium) to 24-well plates seeded with hSMCs (1 × 104 cells) as well as bare PCL/
gelatin scaffolds seeded with hSMCs (2 × 104 cells). Inhibition of cell growth was
calculated through comparison to appropriate positive control groups (samples of cells that
were not treated with heparin-containing media) at day 3 and day 7. The results indicated
that addition of heparin induced an approximately 30% inhibition of growth at day 3 of
culture, and approximately 50% inhibition at day 7 compared with control groups at each
time point (Fig. 5A, B). Growth inhibition was not dependent on heparin concentration.
When heparin-induced growth inhibition was measured for cells growing on the bare PCL/
gelatin scaffolds (Fig. 5C, D), we found that heparin almost completely inhibited growth of
hSMCs on the PCL/gelatin scaffolds, and the cells arrested at a low level of metabolic
activity.

3.5. Cell proliferation and endogenous production of PDGF-BB
Human SMC proliferation on the electrospun PCL/gelatin scaffolds was studied by
measuring total DNA content. 2 × 105 cells were homogeneously seeded and cultured on the
scaffolds for 1 and 2 weeks. As shown in Fig. 6, there was no significant difference in cell
proliferation between the control, HC, and PDGF groups (Fig. 6A). However, it was
apparent that the 3.0 µm fibers in the PDGF-HC group could stimulate cell proliferation
remarkably well at both week 1 and 2, compared to the other groups (P < 0.05).

The endogenous production of PDGF-BB resulted in a similar pattern (Fig. 6B). All
scaffolds in the PDGF-HC group encouraged a substantial increase in endogenous PDGF-
BB production (P < 0.05, P < 0.01). In particular, the 3.0 µm and co-electrospun scaffolds in
the PDGF-HC group induced greater secretion of PDGF-BB than the 1.0 µm fibers at 1 and
2 weeks. Therefore, it appears that not only exogenous PDGF-BB, but also endogenous
PDGF-BB secreted by cultured hSMCs, contributes to the observed increase in cell
proliferation on the 3.0 µm fibers in the PDGF-HC group.

3.6. Cell infiltration
Cellular infiltration into the electrospun PCL/gelatin scaffolds was investigated through
histological staining and SEM analysis over a 4 week culture period (Fig. 7). All cells grown
on 1.0 µm fibers were predominantly restricted to the surface of the scaffold. This
phenomenon was seen in both histological and SEM analysis, both of which showed that the
cells were spread out on top of the scaffold surface without any evidence of infiltration into
the interior of the scaffold. Co-electrospun scaffolds could induce improved cellular
infiltration compared to 1.0 µm fibers. This was ascribed to the increased size of the pore
structure created by coelectrospinning of 1.0 µm and 3.0 µm fibers. The corresponding SEM
images indicated that that the cells were likely to migrate just beneath the outer surface of
the scaffold, but not deeper into interior sections. On the other hand, cells cultured on 3.0
µm fibers could penetrate the scaffold much better than those cultured on either 1.0 µm or
co-electrospun fibers. These scaffolds were completely covered by proliferating cells and
many had migrated beneath the surface. Most importantly, the PDGF-BB immobilized, 3.0
µm heparin-conjugated scaffolds demonstrated the most cellular infiltration of all the
scaffolds. In the histological image, cells seeded and cultured on the top of these scaffolds
had migrated almost all the way through the entire thickness of the scaffold mat. Taken
together, these results suggest that the largest pores (porosity) generated by 3.0 µm fibers,
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combined with the heparin-mediated delivery of PDGF-BB, could promote excellent cellular
infiltration of a scaffold through a synergistic combination of physical (large pore) and
chemical (PDGF-BB) cues. In Fig. 8B, the quantification of the cell infiltration data
indicates that the PDGF-BB immobilized 3.0 µm heparin-conjugated scaffolds provided
enhanced penetration over a depth range of over 200 µm (P < 0.01). However, there were no
remarkable differences in between co-electrospun scaffolds and 1 µm scaffolds (Fig. 8A).

4. Discussion
Recently, a heparin-mediated delivery system for growth factors has been reported, and this
system was shown to achieve the sustained release of heparin-binding growth factors while
maintaining their bioactivity [19–23]. This system has been applied to a variety of tissue
engineering scaffold materials, such as fibrin [24], collagen [21,22], chitosan-alginate [20],
and poly(L-lactide-co-gly-colide) (PLGA) [23]. For example, Kuppevelt and colleagues
chemically conjugated heparin to porous collagen scaffolds and showed that a homogenous
distribution of growth factors such as bFGF and VEGF could then be achievedon these
heparin-conjugated scaffolds [21]. Furthermore, binding of these growth factors to the
heparin-ized collagen scaffolds was able to preserve their bioactivity, as this interaction with
heparin appeared to protect the growth factors from denaturation and proteolytic degradation
[19,25]. Consequently, when the heparinized collagen scaffolds with bFGF and VEGF were
implanted subcutaneously, they could enhance angio-genesis significantly compared to non-
heparinized collagen scaffolds with bFGF and VEGF [21,22]. It has also been shown that
simple physical adsorption of growth factors onto scaffolds causes rapid diffusion from the
scaffolds and decrease in their bioactivity, but heparin conjugation prevents this [26,27]. For
instance, Shen et al. demonstrated that heparin-conjugated PLGA scaffolds provided a
continuous bFGF release profile for over 2 weeks after a moderate initial burst release,
which was mainly attributed to the strong electrostatic interaction between bFGF and
heparin molecules [28]. On the contrary, they reported that most of the bFGF adsorbed onto
bare PLGA scaffolds was likely to be desorbed into aqueous medium by a quick diffusion
process.

In this study, we hypothesized that heparin-conjugated PCL/gelatin scaffolds fabricated by
electrospinning could immobilize various growth factors, and that this property could be
used to design a smart biomaterial system to enhance the functionality of tissue engineering
scaffolds. In addition, we fabricated fibrous scaffolds with three different fiber morphologies
to provide a series of fiber mats with graded surface area to volume ratios and porosities.
The surface area to volume ratio increased (3.0 µm < co-electrospun < 1.0 µm) as the
average fiber diameter decreased; on the other hand, the porosity increased as fiber diameter
increased. We then selected PDGF-BB, which is a growth factor that possesses heparin-
binding capacity [18], to use to test the release profiles and biocompatibility of these
scaffolds. Here, in this in vitro release study, electrostatic interaction between cationic
PDGF-BB (isoelectric point = 9.8) and anionic heparin molecules containing sulfonic
groups ( ) occurred, and this interaction controlled the diffusion of PDGF-BB in a
steady and prolonged manner under the physiological conditions provided by the release
medium. There are two distinct release mechanisms of growth factors from heparinized
scaffolds: 1) an initial dissociation of surface-adsorbed growth factors to a moderate extent
and 2) a sustained release of growth factors ruled by a thermodynamic equilibrium [28].

Based on the in vitro release kinetics of PDGF-BB (Fig. 2), it was noted that PDGF-BB was
strongly bound to the heparin-conjugated PCL/gelatin scaffolds through electrostatic
interaction. This could retard the dissociation of PDGF-BB from the scaffolds more
effectively. Further, this means that much of the PDGF-BB that had been added to the
scaffold remained bound to the fibers even after 20 days, suggesting that the scaffolds would
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continue to slowly release the growth factor over an even longer time period. With respect to
the effect of fiber morphology on PDGF-BB release, the data clearly show that the release of
PDGF-BB from the scaffolds is fiber diameter-dependent, irrespective of heparin
conjugation. This could be explained by the fact that the high surface to volume ratio created
by the small fibers (1.0 µm in diameter) resulted in higher heparin conjugation efficiency,
which was then followed by higher PDGF-BB loading efficiency. As a result, both the
heparin-conjugated and unconjugated 1.0 µm fibrous scaffolds produced a higher cumulative
release of PDGF-BB than the co-electrospun and 3.0 µm fibrous scaffolds. Although we did
not determine differences in PDGF-BB loading efficiency between bare and heparin-
conjugated PCL/gelatin scaffolds, there is much evidence in the literature suggesting that the
chemical conjugation of heparin to scaffolds could significantly increase the loading
efficiency of growth factors in a heparin/growth factor concentration-dependent manner
[14,28]. In addition, it is generally accepted that the higher surface to volume ratio of
electrospun scaffolds with smaller diameter fibers enables growth factors to be dissociated
faster from the scaffold, since the release rate is directly related to the surface area that is
exposed to the release medium [29].

Regarding the bioactivity of growth factors, it is generally known that the in vitro half-life of
many growth factors is very short. For example, the half-life of bFGF has been found to be
approximately 12 h [20]. This half-life is reduced even further once growth factors are
intravenously administered for in vivo experiments. It is thus necessary to protect growth
factors that will be used in vivo from thermal denaturation, enzymatic degradation, and
inactivation at acidic pH. Such protection has been shown to occur through heparin binding,
and results from a conformational change in the growth factor molecule during the binding
process [30,31]. In this study, we showed that the in vitro bioactivity of PDGF-BB released
from heparin-conjugated electrospun PCL/gelatin scaffolds is maintained. It has been
demonstrated that bioactivity is preserved for an extended period when PDGF-BB is
strongly bound to heparin-conjugated fibers. Thus, the high affinity of the heparin-
conjugated scaffolds for growth factors can be essential in the design of novel scaffolds for
tissue engineering applications, as the heparin molecules can serve to stabilize constructs
loaded with growth factors and help to retain their biological activity and efficacy.

The anti-proliferative effect of heparin on vascular SMCs both in vitro and in vivo has been
reported elsewhere for several decades [32,33]. Although the precise mechanisms governing
this effect were not well known in detail, one possible mechanism may be that
internalization of heparin into SMCs by receptor-mediated endocytosis activates
intracellular pathways that suppress SMC growth [34]. In this study, the stability of the
heparin-conjugated fibers had to be confirmed, and it was necessary to determine whether
the potential release of heparin from these fibers could affect SMC proliferation in vitro. We
have demonstrated that heparin is stable under similar conditions in which heparin-
conjugated scaffolds were incubated for 10 days without any noticeable loss of bound
heparin (data not shown). In summary, conjugation of heparin molecules to PCL/gelatin
fibers could eliminate the inhibitory functions of free heparin on SMCs, because heparin is
able to bind to these fibers in a strong and stable fashion.

The highest cell proliferation on the 3.0 µm fibrous scaffolds is likely due to the presence of
exogenous PDGF-BB bound to the heparin-conjugated scaffolds as well as the relatively
large pore structure formed by the 3.0 µm fibrous scaffolds. The influential impact of growth
factor loaded and heparin-conjugated scaffolds has been demonstrated elsewhere to
emphasize the role of incorporated exogenous growth factors with the sustained bioactivity
[28]. Shen et al. reported that heparin-conjugated, bFGF-loaded porous PLGA scaffolds
could induce significantly higher cell proliferation and viability when seeded with 3T3
fibroblasts than non-loaded scaffolds over a 10 day-period [28]. Moreover, Park et al.
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designed a porous chondroitin-4-sulfate (CS)-chitosan sponge which was able to release
PDGF-BB in a controlled manner [35]. As a result, a substantial increase in osteoblast
proliferation was observed only in this PDGF-BB loaded CS-chitosan sponge compared to
the CS-chitosan sponge without PDGF-BB incorporation. Akin to the endogenous secretion
of PDGF-BB observed in Fig. 6B, it was previously investigated that a heparin-based
hydrogel could tightly secure endogenous BMP-2 (secreted by cultured fibrochondrocytes)
via high binding affinity to up-regulate the production of tissue-specific ECM components
[36]. According to the literature, it has been well established that the exogenous addition of
PDGF-BB would not only initiate DNA synthesis and mitosis of SMCs but also stimulate
them to secrete endogenous PDGF-BB in an autocrine and paracrine manner [37].

Cellular infiltration or migration into electrospun nano-scaled fibrous scaffolds is often
impeded due to the small pore size and high packing density of the fibers. Therefore, a
variety of approaches have been undertaken to overcome this limitation. The effect of fiber
diameter on cellular infiltration has been discussed extensively [38–40] and has also been
demonstrated in the present study. Balguid et al. systematically evaluated the
straightforward relationship between fiber diameter and cellular infiltration, which indicated
that cell penetration could be encouraged proportionally with increasing fiber diameter [38].
Furthermore, it was found that larger fiber diameters might generate larger pore sizes in
electro-spun fibrous scaffolds [2,39]. The inhibitory effect of nano-scaled fibers (below 1
µm in diameter) electrospun on top of existing micro-scaled fibers (above 3 µm in diameter)
on cell infiltration was also investigated, and this study suggested that the denser nano-
scaled fibers could prevent cells from migrating into the micro-scaled electrospun fiber
structure [2,40].

5. Conclusions
We have demonstrated that the sustained release of PDGF-BB from an electrospun PCL/
gelatin scaffold can be controlled by conjugating heparin molecules to the fibers. Moreover,
a fiber diameter-dependent release pattern of PDGF-BB was observed during the course of
the release test, and this effect occurred regardless of whether the fibers were heparin-
conjugated. The biological activity of PDGF-BB (released from and bound to the
electrospun scaffolds) facilitated cell proliferation significantly, which demonstrates that
heparin conjugation provides prolonged preservation of the ability to stimulate hSMC
growth. The secure binding of exogenous/endogenous PDGF-BB to the heparin-conjugated
scaffolds would significantly improve the design and function of many types of tissue
engineering applications in which the localized delivery of growth factors is desirable.
Finally, the PDGF-BB loaded, heparin-conjugated 3.0 µm fibrous scaffolds promoted
enhanced hSMC migration and infiltration into the scaffold. Therefore, we conclude that the
combination of the large pore structures in the 3.0 µm fibers and the heparin-mediated
delivery of PDGF-BB could induce the most effective cell infiltration into the scaffold via
synergistic actions of physical and chemical cues.
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Fig. 1.
(A) Schematic diagram of PDGF-BB immobilization on heparin-conjugated electrospun
PCL/gelatin fibers. [Step 1] heparin conjugation via the formation of amide bond. [Step 2]
PDGF-BB immobilization through the electrostatic interaction between negative-charged
heparin molecules and positive-charged PDGF-BB. (B) SEM images of (left column)
electrospun PCL/gelatin fibers with three different fiber morphologies, (middle column)
passive adsorption of PDGF-BB on the no heparin-conjugated fibers, and (right column)
PDGF-BB immobilization on the heparin-conjugated fibers with a high affinity.
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Fig. 2.
In vitro release kinetics of PDGF-BB from passively adsorbed on PCL/gelatin scaffolds
(filled symbols) and heparin-conjugated scaffolds (open symbols).
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Fig. 3.
(A) Schematic illustration of experimental set-up for bioactivity test using Transwell®

system. (B) Bioactivity of PDGF-BB released from the passively adsorbed scaffolds
(PDGF) and the heparin-conjugated scaffolds (PDGF-HC). Tissue culture plates (TCP),
unconjugated scaffolds (control) and the heparin-conjugated scaffolds (HC) without PDGF-
BB were included for comparison. Statistical difference between day 3 and day 7 (*P < 0.05
and **P < 0.01) and comparison with control (+P < 0.05 and ++P < 0.01).
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Fig. 4.
(A) Schematic illustration of experimental set-up for bioactivity test using Transwell®

system. (B) Bioactivity of PDGF-BB released from the passively adsorbed scaffolds
(PDGF) and the heparin-conjugated scaffolds (PDGF-HC). Tissue culture plates (TCP),
unconjugated scaffolds (control) and the heparin-conjugated scaffolds (HC) without PDGF-
BB were included for comparison. Statistical difference between day 3 and day 7 (*P < 0.05
and **P < 0.01) and comparison with control (+P < 0.05 and ++P < 0.01).
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Fig. 5.
Anti-proliferative effect of heparin on hSMCs cultured on (A, B) 24-well tissue culture
plates and (C, D) the bare electrospun PCL/gelatin scaffolds. Statistical difference between
day 3 and day 7 (*P < 0.05 and **P < 0.01) and comparison with others (+P < 0.05 and ++P
< 0.01).
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Fig. 6.
(A) Cell proliferation and (B) endogenous production of PDGF-BB secreted by the seeded
hSMCs were assayed for the culture of 1 and 2 weeks, respectively (control, HC, PDGF, and
PDGF-HC) (+P < 0.05 and ++P < 0.01 compared to control).
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Fig. 7.
(A) Cellular infiltration into electrospun PCL/gelatin scaffolds after 4 weeks of hSMC
culture (2 × 105 cells). Bright field and corresponding DAPI images were merged together
using transverse-sectioned slides: control, HC, PDGF, and PDGF-HC (B) SEM images of
hSMC seeded on the scaffolds at 4 weeks in culture.
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Fig. 8.
Quantitative analysis of SMC infiltration distance by proliferating cells on (A) co-
electrospun and (B) 3.0 µm fiber scaffolds at 4 weeks of cell seeding: control, HC, PDGF,
and PDGF-HC. For the analysis, a grid consisting of 50 µm thick lines was overlaid on the
images shown in Fig. 7A and mean percentage of total cells at each depth range was then
calculated (**P < 0.01 compared to others).
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