Preparation of Multifunctional Nanofibrous Scaffold for Tissue Engineering
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ABSTRACT

In tissue engineering, scaffolds with multiscale
functionality, especially with the ability to locally release
multiple or specific bioactive molecules to targeted cell
types are highly desired in regulating appropriate cell
phenotypes. In this study, poly (epsilon-caprolactone)
(PCL) solutions (8% w/v) containing different amount of
bovine serum albumin (BSA) with or without collagen were
electrospun into nanofibers. As verified by protein release
assay and fluorescently labeling, BSA and collagen were
successfully incorporated into electrospun nanofibers. By
controlling the sequential deposition and fiber alignment,
3D scaffolds with spatial distribution of collagen or BSA
were assembled using fluorescently labeled nanofibers.
Human dermal fibroblasts showed preferential adhesion to
PCL nanofibers containing collagen than PCL alone. Taken
together, multiscale scaffolds with diverse functionality and
tunable distribution of biomolecules across the nanofibrous
scaffold can be fabricated using electrospun nanofibers.

Keywords: Nanofibers, multifunctionality, electrospinning,
tissue engineering, 3D microenvironment.

1 INTRODUCTION

Tissue engineering has proven to be a promising
alternative therapy in clinical practice [1] and can provide a
well defined in vitro model for drug screening or tissue
related studies [2]. Compared to primary function of
conventional scaffolds, i.e., allowing cells to attach, spread
and grow, more and more efforts in scaffold design are also
made to provide the cells with instructive external context
for functional tissue formation. Especially, the recent
development of microfabrication and nanotechnology [3-5]
enables us to fabricate and modify scaffolds on micro/nano
scale, vyielding a scaffold with more elaborate
arrangement/organization to achieve multiscale functions.
Increasing evidence has shown that in tissue regeneration,
nutrient, oxygen and bioactive molecule distribution in the
microenvironment surrounding cells is important to convey
proper regulatory cues for cells to maintain the phenotypic
function. Local release of multiple or specific bioactive
molecules to selected cell types are desirable approach in
regulating tissue formation [6]. Nanofibrous scaffold
fabricated by electrospinning is demonstrated favorable for
cell function due to its geometrical similarity as

extracellular matrix fibers in native tissues [7-9]. However,
how to assemble nanofibers into a 3D scaffold with a
maximum match to the native environment in both
composition and morphology is still under investigation.
This study was aimed to incorporate multiple bioactive
molecules into nanofibers and fabricate multifunctional
scaffolds for tissue engineering.

2 MATERIALS AND METHODS

2.1 Materials and solution preparation

Poly (epsilon-caprolactone) (PCL, Mw=80,000, Sigma)
with biocompatibility and degradability [10] was used as
the base materials for nanofibers. Bovine serum albumin
(BSA) labeled with fluorescein isothiocyanate (FITC),
TRITC conjugated pholloidin and calf skin collagen | were
used as biomolecule models. PCL (8 % wi/v), and its
mixture solutions containing different collagen, and/or BSA
were prepared by dissolving in 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP).

2.2 Electrospinning

Collagen solution (8 % w/v) and PCL solution (8 %
w/v) were prepared separately by dissolving collagen or
PCL in HFIP. For collagen-PCL blended solution, different
volume of PCL and collagen solutions were thoroughly
mixed to obtain a homogeneous mixture. The solution was
transferred to a 5 ml syringe attached with a tip-blunt
capillary (inner diameter = 0.9mm). A steady flow of the
solution from the capillary spinneret was achieved using a
syringe pump from KD Scientific (Holliston, MA),
operating at a flow rate from 5 pL/min to 15 yL/min. A
high voltage power supply from Gamma High Voltage
Research (Ormond Beach, FL) was used to create electric
field strength from 0.8 kV/cm to 2.0 kV/cm between the
tip-blunt capillary spinneret and a collection plate. The
typical electrospinning distance between capillary spinneret
to collection plate was between 7 cm and 10 cm.
Electrospun fibers were collected on coverslips or
aluminum foil for further use. The distribution of BSA in
PCL nanofibers was examined with fluorescence
microscope.

To characterize the electrospun nanofiber using a
scanning electron microscope (SEM), fibers were collected
on Si wafer and sputter-coated with gold. The coated fibers
were examined with a LEO 982 FEG SEM. To determine
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the diameter of nanofibers, images of randomly selected
five areas were captured and analyzed by analysis software
(NIS-elements BR 2.30 from Nikon).

2.3 Cell seeding and culture

Human neonatal dermal fibroblasts (NHDF, passage 1)
were purchased from Cambrex BioScience Walkersville,
Inc. (Walkersville, MD). Cells were subcultured in FGM-2
medium (Cambrex) till passage 4-6 for use in the
experiments. Cell splitting was performed when the
monolayer cells reached 70-80% confluence.

To seed the cells onto electrospun fibers, cells were
trypsinized, centrifuged and resuspended in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS, ATCC, Manassas, VA) and 1%
penicillin and streptomycin at a final concentration of
1x10° cells/mL. After seeding of NHDF cells onto the
electrospun fibers, cell-fiber constructs were cultivated in
DMEM with 10% FBS and 50 U/mL penicillin and 50
ug/mL streptomycin in a humidified incubator at 37 °C with
5% CO, for designated times.

2.4 BSA release from electrospun fibers

For protein release studies, nanofibers were collected on
a surface covered by aluminum foil. The collected
nanofiber meshes were cut into discs (1.3 cm in diameter,
n=3) and placed in a 24-well plate with 1ml phosphate
buffer solution (PBS). The well plate was incubated at 37°C
under gently shaking (80 RPM). Samples (10 pL) were
taken from the supernatant at 1 hour intervals for the first
24 hours and 24 hour intervals afterwards in the
accumulative release. In continuous release experiments,
supernatant was replaced with fresh PBS at each harvesting
time point. The released BSA in harvested samples was
measured with Lowry assay for those scaffolds with high
BSA incorporation. For those scaffolds with low BSA
incorporation, FITC-labeled BSA was used and the released
BSA was detected by measuring the fluorescence intensity
using a microplate reader instead.

3 RESULTS AND DISCUSSION

PCL solutions (8 % wi/v) containing different amount of
BSA (BSA/PCL, 1:60 to 1:600) and different amount of
collagen 1 (Coll/PCL, 1:1 to 1:3) were successfully
electrospun into fibers with the diameter ranging from 200
to 700 nm. Although the total weight concentration
remained the same, the inclusion of collagen in PCL
resulted in a reduction of fiber diameter, compared to pure
PCL fibers at a constant electrospinning condition. This is
most likely caused by the changes of polymer solution in
viscosity and conductivity, which are important parameters
affecting the electrospun fibers [11, 12]. Uniform
distribution of BSA in the electrospun fibers was confirmed

by using FITC-labeled BSA (inset of Fig. 1). To determine
the release of bioactive molecules from electrospun fibers,
BSA was used as a model molecule. Rapid release of BSA
from PCL nanofibers was observed in the continuous
release experiment (Fig. 1B). Although majority of BSA
was released within 3 hours in 1:60 BSA/PCL nanofibers,
the release of BSA was still detectable even after 24 hours
(Fig. 1). Rapidly released BSA during the first a few hours
probably comes from the surface of nanofibers, and that
continuously released afterwards is from the inside of the
nanofibers. In the accumulative release experiment, BSA
release reached its plateau at about 8 hours and remained
the same for rest of the experimental time. The amount of
BSA released into supernatant was proportional to the
initial amount of BSA incorporated into the PCL fibers.
The higher BSA in the PCL fibers, the higher BSA
concentration was measured in the supernatant (Fig. 2),
indicating that the final concentration of released bioactive
molecules can be simply manipulated by controlling the
originally loaded amount in the fibers.
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Figure 1. Release profile of BSA from BSA/PCL
nanofibers. A, accumulative release; B, continuous release.
Inset, fluorescence image of electrospun BSA/PCL fibers.
A representative figure of three separate experiments.
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Figure 2. Release profile of nanofibrous scaffolds loaded
with different amount of BSA. A representative figure of
three separate experiments.
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Considering the hierarchical structure of in vivo
tissues, highly ordered distribution of ECM or bioactive
molecules across the scaffold is desired to offer the
embedded cells with differential stimulation. By
designating the solutions used (8 % w/v PCL, and
PCL/Collagen/FITC-BSA (8% w/v in total)) and
electrospinning sequence (Fig. 3, left), multi-functional
layered scaffolds with varying distribution of bioactive
molecules were accordingly prepared (Fig. 3, right). The
thickness of each layer with designated composition can be
easily controlled by the electrospinning time at a constant
solution feed rate. Thus, following the similar approach as
demonstrated above, scaffolds composed of multiple
compositions and bioactive molecules can be accordingly
fabricated.
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Figure 3. Fluorescence images of transverse sections of
multifunctional scaffolds by following the designed
electrospinning sequence (left). Right panel is high

magnification (scale bar=20um) of middle one (scale
bar=50um). BSA as a model protein.
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Figure 4. Fluorescence image of multilayered fibrous
scaffold with well controlled distribution of two different
fluorescently labeled molecules. Scale bar = 50 pum.

In scaffold fabrication, microscale manipulation of
fiber alignment in a three dimensional manner is desired to
yield scaffolds with anisotropy similar to ECM fibers in
tissues with continuous mechanical loading. To
demonstrate the possibility of 3D fiber alignment as shown
in Fig. 4 (left), two types of PCL solutions containing
different model molecules, BSA-FITC (green) and
pholloidin-TRITC (red), respectively, were electrospun into
nanofibers with spatial alignment (Fig. 4, right), using the
similar approach as described in [13]. Although the
alignment was not perfect, cross alignment of two colored
fibers was clearly observed by overlaying the fluorescent
images from green channel and red channel. So far, the
controllable length scale for the fiber alignment is up to 2-3
cm, which can guide the distribution of cells and yield
anisotropic mechanical properties.

To test how the cell attachment to multifunctional
scaffold is affected by the presence of bioactive molecules,
human dermal fibroblasts were seeded and cultured for 24
hours on scaffolds composed of collagen containing PCL
fibers and PCL fibers. Cell culture study showed that
human dermal fibroblasts had a preferential attachment to
collagen-containing nanofibers, as illustrated in Fig. 5. This
preferential cell attachment is consistent with the
observation that cells adhered and spread much faster on
collagen-containing nanofibers in another experiment by
culturing cells on PCL and PCL/collagen nanofibrous
meshes respectively (data not shown). The differential cell
adhesion caused by collagen is ascribed to the interaction
between collagen type | and its integrin receptors such as
ozB1 on cell membrane [14, 15]. This indicates selective
cell adhesion and targeted release of bioactive molecules to
specific cell type can be achieved by proper scaffold
functionality. Necessary to mention, layer separation
observed in Fig. 5 is probably caused by mechanical
damage during sectioning, on the other hand, it indicates
seeded cells did not adhere tightly onto PCL nanofibers to
form an integral structure. With the extension of culture
time up to 7days, this separation was not seen any more as a
result of newly synthesized ECM by cells (data not shown).

Figure 5. Fluorescence image of the cross-section of cell
seeded multifunctional scaffold composed of PCL/collagen
fibrous layer (outlined by red broken line) and PCL/BSA-
FITC (green). Cell nuclei stained blue with DAPI.
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4 CONCLUSIONS

Results obtained above clearly indicate the feasibility of
producing multiscale scaffolds with diverse functionality
and tunable distribution of bioactive molecules across the
scaffold using electrospun nanofibers. This multifunctional
scaffold can offer the cells with specific and customized
microenvironment depending on cell type. Ongoing studies
focus on the incorporation of different growth factors into
the scaffold and programmed release, and further
investigate the effect on tissue formation.
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