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This study presents a one-station 3D fabrication technique of nanofibrous
scaffold for tissue engineering. A divergence static electric field was intro-
duced in an electrospinning system to induce a self-assembly of aligned
polycaprolactone (PCL) nanofibers into a tunable 3D architecture with
thickness ranging from 2 to 12 mm. Silver nanoparticles were incorporated
into the PCL solution to alter the electrical conductivity. Human fibroblast
cells were cultured on the pure PCL nanofiber scaffolds in vitro for 7 days. It
was found that the occurrence of nanofiber bridging phenomenon depended on
the solution viscosity. The minimum viscosity to form a 3D nanofiber structure
was higher than that to form a 2D nanofiber mat. The homogeneity of nano-
fiber distribution within the 3D space was positively correlated with the
electrical conductivity and the weight of the nanofibers. In the cell culture
test, fibroblasts proliferated on the scaffold and organized as an aligned ma-
trix which mimicked the microstructure of native musculoskeletal tissues.

INTRODUCTION

The demand for human organ substitutes and the
limited availability of transplant donors has
advanced the development of tissue engineering.
Usually, tissue engineering involves the use of
artificial scaffolds to provide architectural cues for
cell growth.! Generally, there are two categories of
scaffold fabrication processes: top—down or bottom—
up methods.? In top—down approaches, the cells are
seeded in the scaffolds before the formation of
biological resemble geometries. With bottom—up
approaches, cells and biomaterials are integrated
in modular units that form composite architecture.
Common top—down approaches include solvent cast-
ing, particulate-leaching techniques, gas foaming,
phase separation, freeze drying, melt molding,
electrospinning and others. Latest strategies focus
on creating a biomimetic cell topology of extracellu-
lar matrix (ECM) that closely simulate gradient
architecture in natural tissues. ECM is a three-
dimensional (3D) structure that regulates cellular
function and maintains tissue architecture.® ECM
components such as heparin and heparan sulfate
bind growth factors and slowly release them to cells,
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to obtain sustainable release.* It was found that
microscale and nanoscale topography of ECM
effects cell behavior by providing biochemical and
biophysical stimuli to promote cell adhesion, prolif-
eration, morphogenesis, and motility.>® For exam-
ple, ECM signaling can regulate pancreas
branching morphogenesis by controlling collective
cellular dynamics.’ There are several critical phys-
ical features of ECM to consider when fabricating
biomimetic scaffolds, including its dimensionality,
porosity, architecture, stiffness, ligand topography,
and density.®

Despite rapid progress in engineering relatively
simple tissues, there is a research need in integrat-
ing the tunable microarchitecture in heterogeneous
scaffolds to closely resemble natural tissue struc-
tures. Electrospinning is a versatile technique
which has been widely applied in scaffold fabrica-
tion and modification in tissue engineering. The
processing flexibility of electrospinning enables
fiber fabrication from various materials, ranging
from synthetic polymers,” natural polymers to
mixed polymers embedded with functional addi-
tives,'® such as collagen, gelatin, elastin, silk,
poly(r-lactic  acid), poly(glycolic acid), poly
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(e-caprolactone) (PCL) and poly(lactic-co-glycolic)
acid.'* PCL is one of the most commonly used
biomaterials for scaffolds due to its crystalline
nature which gives it a slow degradation rate and
suitable mechanical properties. Electrospinning has
shown a promising capability of creating scaffolds
with a random or aligned fibrous microstruc-
ture.'>1* In addition, efforts have been made to
construct 3D electrospun structures, including ver-
tical stacking layers of fiber membranes,'® incorpo-
rating nanofibers with hydrogel,’® rolling the
nanofiber mat into a cylinder,'” particle leaching,®
and combining nanofibers with 3D printing,'® etc.
These strategies require additional procedures or
complex configurations which may lead to a higher
risk in quality control, lower production efficiency
and increased overall cost. Therefore, one of the key
research needs is to fabricate biomimetic scaffolds
with intrinsic structural properties by a high-effi-
ciency technique with minimized procedures.

In this paper, we present a rapid fabrication
technique of a 3D nanofibrous scaffold for tissue
engineering. A divergence static electric field was
introduced in an electrospinning system to induce a
self-assembly of aligned PCL nanofibers into a 3D
architecture.”’ We hypothesized that: (1). the for-
mation of a 3D nanofiber structure depends on the
viscosity of the polymer solution; and (2) the
nanofiber distribution along the z-axis can be
affected by the electrical conductivity of the polymer
solution. The objective of this study is to investigate
the effects of viscosity and conductivity of polymer
solution on nanofiber diameter and density within
the 3D fibrous scaffold. A cell culture test was
performed to demonstrate the feasibility of provid-
ing 3D physical cues to guide cell growth by the
nanofiber scaffold.

MATERIALS AND METHODS
Polymer Solution Preparation

PCL polymer solutions were prepared by dissolving
5 wt.%, 6 wt.%, 7 wt.%, 10 wt.%, and 15 wt.% PCL
pellets (MW = 80,000; Sigma-Aldrich®, St. Louis, MO,
USA) in an organic solvent. The solvent was prepared
by homogenizing N,N-Dimethylformamide (99.8%;
Sigma-Aldrich®) and acetone (Thermo Fisher Scien-
tific, Waltham, MA, USA) at a volume ratio of 1:1. The
solution was magnetically stirred for 4 h at room
temperature until there were no visible suspended
particulates. To adjust the electrical conductivity of
the polymer solution, silver nanoparticles (AgNP; 40—
50 nm; MTI, Richmond, CA, USA) were added into the
PCL solution. The composite solution was homoge-
nized by 20 kHz sonication for 30 s (Q125 Sonicator;
Qsonica, Newtown, CT, USA).

Electrospinning Configuration

The divergence electrospinning was configured
based on a high-voltage direct-current power source

and a specially-designed polylactic acid (PLA) col-
lector. The design of the collector is demonstrated in
Fig. 1a. The collector was comprised of two tilted
surfaces, which had an inclination angle of 45° to
the collector bottom. The width of collector was
40 mm and the height was 20 mm. This double-
bevel collector was 3D printed by the Ultimaker3
system (Ultimaker®, The Netherlands). Aluminum
foil was glued on the inner surface of each bevel
using PCL solution, and was connected to the
aluminon wire through a small central hole on the
bevel.

The collector was placed on an insulating stand
in the electrospinning chamber. The aluminum
foils on the collectors were grounded separately
using electrical wires passing through the inner
cavity of the stand (Fig. 1b). The PCL solution
syringe was set to be 10 cm above the bottom
center of the collector, and was pumped with a
rate of 1 mL/h. The voltage was set to be 10 kV,
and the electrospinning time was approximately
2 min. The double-bevel induced a divergent elec-
tric field so that nanofibers were deposited onto
both bevels of the collector while forming connect-
ing fibers inbetween.

Polymer Solution Characterization

The viscosity of PCL solution was measured by a
Fungilab ALPHA series digital rotational viscome-
ter (Fungilab, New York, NY, USA) at 23°C with
three rotation speeds: 50 rpm, 60 rpm, and
100 rpm. The viscosity was recorded every 20 s.
Conductivity of the solutions was measured using a
Cole-Parmer benchtop pH/conductivity meter (Cole-
Parmer Instruments; Vernon Hills, IL, USA). The
electrode was immersed in the solution and the
measurement was carried out at room temperature
(23°C), and the equipment was calibrated with
standard  calibration  solutions of known
conductivity.

Scaffold Characterization

To characterize the internal nanofiber distribu-
tion, the nanofibers within the scaffold were col-
lected by moving a customized glass slide
perpendicular to the fiber alignment direction. The
nanofiber morphology was examined by scanning
electron microscopy (SEM; Phenom ProX; NanoS-
cience, Alexandria, VA, USA). Fiber diameter was
analyzed by Imaged. A total of 20 fibers were
measured for each sample. Fiber density was char-
acterized by counting the number of fibers that
intersected a line (Iength = 54 ym) drawn across the
middle of a binary SEM images under x 5000
magnification. Top, middle, and bottom sections
were selected for fiber density analysis. Energy-
dispersive x-ray spectroscopy (EDS) was performed
to confirm the presence of AgNPs in the electrospun
nanofibers.
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Fig. 1. (a) Collector design. (b) Divergence electrospinning configuration.
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We fabricated a scaled-down scaffold (20 mm x
10 mm, width x length) to fit the tissue culture
plate. The collector was immersed in 70% ethanol
for 30 min prior to electrospinning. The electrospin-
ning chamber was sprayed and wiped with 70%
ethanol and maintained sterile during the electro-
spinning process. After the nanofiber scaffold was
obtained, the collector and the scaffold were steril-
ized by UV light in the biosafety cabinet for 30 min.
The scaffold in the collector was then placed in a
sterile 50-ml beaker. Human fibroblast cells
(ATCC®, MRC-5) were suspended in complete
growth medium. The medium was slowly added
into the beaker to cover the scaffold. The cell-seeded
microfiber was incubated for 7 days. Cells were
fixed with 4% formaldehyde after 7 days. For micro-
scope imaging, cells were stained with CruzFluor
Phalloidin fluorescence conjugate and 4’,6-di-
amidino-2-phenylindole (DAPI) for cell cytoplasm
and nucleus, respectively.

RESULTS

The viscosities of PCL solutions are shown in
Fig. 2a. All solutions were Newtonian fluids. When
the PCL concentration was below 7%, we did not
observe a formation of 3D nanofibers between the
two bevels. Instead, only 2D fiber mats were
deposited on the inner surfaces of the two bevels.
When the PCL concentration reached 7% (viscosity
reached 207.8 mPa s), the divergent electric field
induced a nanofiber deposition on the surfaces of
both bevels, meanwhile the whipping process led to
a self-assembly of nanofiber between the two bevels

(Fig. 2b). Furthermore, the fiber bundle with highly
aligned fibers were formed from bottom to top and
the fiber density increased from bottom to top.
Addition of AgNPs slightly increased the viscosity of
the solution. The mean viscosity of 15% PCL was
2418.2 mPa s, those of AgNP incorporated PCL
were 2706.7mPas (0.1% AgNP), 2754 mPa s
(0.5% AgNP), and 2853.8 mPa s (1% AgNP).
Interestingly, the addition of AgNPs decreased the
electrical conductivity of the PCL solution (Fig. 3a).
The solutions were cast and observed under the SEM.
The AgNPs agglomerated into sub-micro particles
which were uniformed distributed in the PCL solution
(Fig. 3b—d). There was no trend in particle agglomer-
ation as the AgNP concentration increased. Although
silver is conductive, it is not surprising that all the
solutions were non-conductive because of the scarcity
of ion carriers in the organic solvents (DMF and
chloroform). The molar conductivity, which is obtained
by dividing the ionic conductivity by the electrolyte
concentration, is inversely proportional to viscosity.?!
We speculate that AgNPs bound to the PCL and
reduced its mobility, thus reduced the conductivity of
the solution. The exact mechanisms of conductivity
decrease need to be explored in future studies.
Representative SEM images of electrospun nano-
fibers are shown in Fig. 4. The fibers were highly
aligned and AgNPs were embedded in the nanofi-
bers. The EDS confirmed the presence of silver
(Fig. 5). A summary of nanofiber diameters is
presented in Fig. 6a. The fiber diameter was posi-
tively correlated to the solution viscosity. The 10%
PCL resulted in a mean diameter of 296.4 nm while
the 15% PCL resulted in a mean diameter of
359.6 nm. By adding 0.1% and 0.5% AgNPs, the
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Fig. 2. (a) A summary of PCL solution viscosities. SR shear rate (S~'), (b) a 3D nanofiber scaffold fabricated by divergence electrospinning.
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Fig. 3. (a) Electrical conductivities of PCL solution with and without AgNPs. SEM images of solidified PCL solutions with AgNP: (b) 15% PCL with
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Fig. 4. SEM images of electrospun nanofibers: (a) 10% PCL; (b) 15% PCL; (c) 15% PCL with 0.1% silver; (d) 15% PCL with 0.5% silver; (e) 15%
PCL with 1% silver. Scale bar 10 um.
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mean diameter increased to 495.2 nm and 540.6 nm
respectively. Increasing the AgNP concentration to
1% did not further enhance the mean diameter
(535.6 nm); however, it resulted in a small amount
of fibers with a diameter over 1 ym.

The distribution of nanofibers within the scaffold
was analyzed in three sections: top, middle and
bottom regions. The data are summarized in Fig. 6b.
It appears that a higher viscosity led to an overall

lower fiber density. The fiber density of 15% PCL was
over 50% less than that of 10% PCL. A decrease in
electrical conductivity resulted in a larger variation
of fiber density across the three regions. For 15%
PCL with 0.1% AgNP and 0.5% AgNP, more fibers
were accumulated in the top region of the scaffold
than in the bottom region because of the repulsive
effects from the residual charges on the nanofibers.
However, when the AgNP concentration increased to
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Element Element Element Atomic Weight

Number Symbol Name Conc. Conc.
8 [0} Oxygen 64.85 39.94
79 Au Gold 3.88 29.44
14 Si Silicon 10.30 11.14
11 Na Sodium 8.21 7.27
a7 Ag Silver 1.39 5.75
6 C Carbon 9.88 4.57
12 Mg Magnesium 1.36 1.27
51 Sb Antimony 0.13 0.63

[ 1 2
150,890 counts in 41 seconds

Fig. 5. EDS illustration for AgNP identification.
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1%, the fiber distribution became more homoge-
neous. We speculate that this was due to a substan-
tial increase in the mass of the nanofibers which
compensated the electrostatic forces between them.
Representative images of cell culture are shown
in Fig. 7. The cells stretched along the nanofibers
after 24 h and proliferated within the scaffold in
7 days. The florescent image showed the cell skele-
ton and organization, proving that the nanofiber
scaffold guided the cell alignment and growth.

DISCUSSION

In this study, we have presented a novel diver-
gence electrospinning strategy to rapidly assemble
aligned nanofibers along the z-axis by two axisym-
metric and separately grounded bevels. This phe-
nomenon was attributed to the whipping of the
continuous electrospun jet in a symmetrically
diverged electric field. While most of the nanofibers
attached on either bevel of the collector, some
remained between the two bevels due to the drag-
ging effect of the whipping if the molecular cohesion
of the liquid is sufficiently high to prevent stream
breakup. We confirmed the hypothesis that, with a

given collector configuration, the formation of a 3D
nanofiber structure was influenced by the viscosity
of polymer solution. Gupta et al. found that, due to
insufficient chain overlap in the 2D electrospinning
process, only polymer droplets were formed in the
dilute concentration regime.?? Our study shows that
the threshold viscosity level for generating a 3D
nanofiber structure is higher than that of a 2D
nanofiber mat. One of the possible causes is that
higher viscosity leads to higher surface tension,
elasticity and plasticity, which provide increased
resistance against the electrostatic force to sustain
the elongation of polymer chains.?® The high resis-
tance also sustained the whipping effect of the
continuous electrospun fiber jets in the symmetri-
cally diverged electric field. If the plasticity is low,
nanofibers will break into shorter pieces that attach
only on the bevel surfaces without forming the
bridging fibers inbetween.

The nanofibers were uniaxially aligned in the 3D
scaffold. The results from fiber density analysis
revealed a gradient of fiber density from the top to
the bottom layers, and a decrease of fiber density
from the top to the bottom, as well as from the
periphery to the center. We hypothesized that this
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Fig. 7. Fibroblast cells seeded on the scaffold after (a) 2 h and (b) 24 h. Florescent cells after 7 days: (c) nucleus stained by DAPI, (d) cytoplasm

by Phalloidin, and (e) an overlap.

phenomenon was due to the repulsive effects
attributed to the residual charges on the electro-
spun nanofibers. For conventional 2D electrospin-
ning, the nanofibers are deposited on a grounded
surface, where the repulsive forces from the accu-
mulated residual charges are fractional compared to
the electrostatic force, until the fiber density and
thickness reach a very high level. In our case, the
bridging nanofibers were hanging between two
grounded bevels. The electrostatic forces exerted
on the nanofiber were diverged to two directions,
leading to a weaker resultant downward force.
When the nanofibers accumulated, the repulsive
forces between the fibers might soon exceed the
static electric forces and thus push the later elec-
trospun fibers to the peripheral space. This results
in a fast assembly of nanofibers along the z-axis.
Once the nanofibers at the peripheral areas became
denser, it would be more difficult for the electrospun
jet to reach the central area. Therefore, the gradient
of fiber density would only increase as the electro-
spinning continued.

According to our experimental results, a PCL
solution with AgNP up to 0.5% led to a less
homogeneous nanofiber distribution in the 3D space
because of a lower conductivity. Smaller residue
charges could be dissipated before new fibers were
deposited, and therefore the electrostatic repulsion
between the fibers increased. This resulted in a
polarized fiber distribution with more fibers on top
and fewer fibers at the bottom. On the other hand,

when the AgNP concentration increased to 1%, the
weight of the electrospun fibers exceeded the
upward electrostatic repulsion and thus more fibers
accumulated in the bottom region which led to a
more homogenous fiber distribution. This phe-
nomenon indicated that the fiber density gradient
can be reduced by either dissipating the residue
charges through enhancing the electrical conduc-
tivity of the fibers or increasing the fiber density so
that a larger gravity can overcome the electrostatic
repulsion.

Recent studies have shown that the conductivity
of the polymer solution also has effects on scaffold
morphology. For example, Balogh et al. added non-
surface-active salts of sodium dodecyl sulfate in
hydroxypropylmethylcellulose acetate succinate—
polyethylene glycol solution for a several-fold
increase in conductivity, and obtained excellent
quality electrospun fibers with a desirable density.?*
Similarly, Katsogiannis et al. found that increased
solution conductivity results in the elimination of
electrospun beads and the formation of a porous
surface; the fiber diameter also decreased in a
certain range with increased conductivity.?® An
enhanced electric property may be desirable for
special tissue engineering applications such as
nerve and heart tissue regeneration.?® In addition,
AgNPs as an antimicrobial agent®”~° can be incor-
porated into electrospun nanofibers to enhance the
antibacterial activity for biomedical
applications.?32
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In our cell culture test, cells were attached to the
microfibers and grew along the fibers. This result is
consistent with many previous studies on aligned
fiber scaffolds. It has been reported that aligned
micro- and nanofibers are favorable for replicating
the ECM for specific tissues which are composed of
perpendicularly interwoven collagen strips. An
aligned electrospun fibrous scaffold can provide
contact guidance for migration and extension,
resulting in an elongation and alignment of the
cytoskeleton and nuclei along the axes of the
fibers.!! The effect of contact guidance of aligned
electrospun fibers on cell morphological changes
was evident in other many cell types.>*>3* The
scaffold developed in this study can be directly
embedded in cell-laden hydrogel. This technique
can be applied in the engineering of musculoskeletal
soft tissues such as tendons, ligaments, knee
menisci, etc.,>® where fibrous cytoskeletal organiza-
tion is critical for tissue formation and functions.

CONCLUSION

This study has investigated the effects of solution
viscosity and electrical conductivity on nanofiber
attributes for the divergence electrospinning tech-
nique based on the PCL solution. The addition of
AgNPs into the PCL solution with organic solvents
decreased the electrical conductivity. Our results
showed that, at room temperature, the formation of a
3D nanofiber structure was determined by the
solution viscosity. The minimum viscosity level was
between 125 mPa s and 208 mPa s. The fiber density
gradient was negatively correlated to electrical con-
ductivity as well as fiber weight. The homogeneity in
fiber distribution can be enhanced by increasing the
electrical conductivity or the material density.
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