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Abstract
A limiting factor of traditional electrospinning is that the electrospun scaffolds consist entirely of
tightly packed nanofiber layers that only provide a superficial porous structure due to the sheet-
like assembly process. This unavoidable characteristic hinders cell infiltration and growth
throughout the nanofibrous scaffolds. Numerous strategies have been tried to overcome this
challenge, including the incorporation of nanoparticles, using larger microfibers, or removing
embedded salt or water-soluble fibers to increase porosity. However, these methods still produce
sheet-like nanofibrous scaffolds, failing to create a porous three-dimensional scaffold with good
structural integrity. Thus, we have developed a three-dimensional cotton ball-like electrospun
scaffold that consists of an accumulation of nanofibers in a low density and uncompressed
manner. Instead of a traditional flat-plate collector, a grounded spherical dish and an array of
needle-like probes were used to create a Focused, Low density, Uncompressed nanoFiber (FLUF)
mesh scaffold. Scanning electron microscopy showed that the cotton ball-like scaffold consisted of
electrospun nanofibers with a similar diameter but larger pores and less dense structure compared
to the traditional electrospun scaffolds. In addition, laser confocal microscopy demonstrated an
open porosity and loosely packed structure throughout the depth of the cotton ball-like scaffold,
contrasting the superficially porous and tightly packed structure of the traditional electrospun
scaffold. Cells seeded on the cotton ball-like scaffold infiltrated into the scaffold after 7 days of
growth, compared to no penetrating growth for the traditional electrospun scaffold. Quantitative
analysis showed approximately a 40% higher growth rate for cells on the cotton ball-like scaffold
over a 7 day period, possibly due to the increased space for in-growth within the three-dimensional
scaffolds. Overall, this method assembles a nanofibrous scaffold that is more advantageous for
highly porous interconnectivity and demonstrates great potential for tackling current challenges of
electrospun scaffolds.
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1. Introduction
Traditional electrospinning produces flat, highly interconnected scaffolds consisting of
densely packed nanofibers. These electrospun scaffolds can support the adhesion, growth,
and function of various cell types, while also promoting their maturation into specific tissue
lineages, such as bone [1–3], cartilage [4], tendons, ligaments [5], skin [6,7], neurons [8],
liver [9], smooth muscle [10], striated muscle [11,12], and even cornea [13]. In addition, the
morphology of electrospun nanofibrous scaffolds is highly tunable by simply modifying any
number of fabrication parameters, such as concentration of polymer solution or voltage
between nozzle and collector [14]. This is very advantageous for tissue engineering systems
because it has been shown that the fiber diameter [15], pore size [16], and even solvent used
[17] affect cellular response to electrospun biomaterials. However, a major limitation of
traditional electrospun scaffolds is that they have tightly packed layers of nanofibers with
only a superficially porous network, resulting in confinement to sheet-like formations only.
This unavoidable characteristic restricts cell infiltration and growth through the scaffolds.
Thus, it is imperative to develop an innovative strategy capable of fabricating an electrospun
scaffold with a stable three dimensional structure, while exhibiting nanofibrous
morphologies and deep, interconnected pores. Such a scaffold would better mimic the
configuration of native extracellular matrix (ECM), thereby maximizing the likelihood of
long-term cell survival and generation of functional tissue within a biomimetic environment.

The techniques used for traditional electrospinning employ a static, flat-plate collector
placed at a set distance away from a charged nozzle containing a polymer solution. The
resulting electrospun scaffolds are composed of nanofibrous layers arranged in a tightly
packed conformation, which allows cellular growth and infiltration near the superficial
surface but not deep within the internal structure. Many potential solutions have been
investigated to improve this scaffold deficiency; however, the paradoxical nature of the
electrospinning process works against achieving an ideal formation that allows for both
good cell attachment and deep cellular infiltration. Specifically, as the fiber diameter
decreases to the nanoscale range for optimal cell attachment, the porosity decreases as well,
thereby preventing deep cellular infiltration that is most easily overcome by reverting back
to microscaled fiber diameters [18]. This drawback has previously discouraged exclusively
electrospun scaffolds, and has led to exploration of other electrospun nanofiber uses, such as
coatings for more porous scaffold material including microfibers [19].

Of the previous methods explored for improving cellular infiltration, one common strategy
utilizes salts dissolved in the polymer solution to create specific pore sizes throughout the
scaffold by leaching out the particulates after electrospinning [20,21]. This forms porous
spaces in the scaffold; however, the spaces act as a divider for creating separate layers
within the scaffold, much like layering multiple scaffolds [22,23], which does not provide
uniform morphology and stability. Another previous strategy involves co-electrospinning
the desired polymer with an easily water-soluble material and then dissolving it out [24].
This removes continuous sections within the scaffold; however, the sudden removal of these
fibers causes reorganization and contraction of the fibers, which often leads to blockage of
the newly created pores [16] and collapses the mesh network of the scaffold [25]. Another
approach is to electrospray hydrogels into the scaffold as it is being formed [25]. This
creates pockets of hydrogels through which cells can infiltrate deep into the scaffold.
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However, this method does not produce a true three-dimensional scaffold with
interconnected pores because the sprayed hydrogel is difficult to disperse evenly, again
leading to a non-uniform scaffold that is unlikely to induce consistent growth throughout. In
addition, using rotating drums as collectors creates a hollow shape; however, it still collects
nanofibers as tightly packed layers [26].

The main reason that the above methods do not completely overcome the current challenges
of electrospun scaffolds is because they are adaptations of the traditional electrospinning
technique. Thus, for all current modification methods, the creation of an electrospun
nanofiber involves a bead of polymer solution being drawn into a nanoscale fiber due to the
applied electric charge. As the nanofiber is dispersed, it then follows the electric potential
gradient from the highest (charged nozzle) to the lowest (grounded voltage source), leading
to deposition on the nearby collector. As a result of this force, subsequent fiber layers are
deposited one on top of the other as two dimensional formations that ultimately form a
densely packed structure. Therefore, even though each deposited layer can be viewed as
having pores within a planar, two dimensional space, these pores do not continue into the
cross-section orthogonal to the layers (i.e. depth of the scaffold), limiting cellular infiltration
to only the superficial layers.

Overall, all current strategies to create electrospun scaffolds collect nanofibers in an
unfocused, planar manner, which causes subsequent layers to adopt a densely packed
network and prevents the formation of three dimensional structures with good stability.
Therefore, to overcome these obstacles, we hypothesize that electrospun scaffolds can be
fabricated as three dimensional structures if the nanofibers are allowed to accumulate in a
more open space that still maintains a focused shape, without forcing the fibers to deposit
side-by-side. In this manuscript, we demonstrate an innovative strategy for creating a
Focused, Low density, and Uncompressed nanoFibrous (FLUF) mesh by using a collection
system consisting of an array of metal probes embedded in a non-conductive spherical dish.
This encourages the electrospun nanofibers to intertwine and accumulate in the air between
the probes, while the spherical dish focuses them into a constrained area. This combination
results in the electrospun nanofibers adopting a shape similar to a cotton ball with excellent
three dimensional structural stability.

2. Materials and Methods
2.1 Material fabrication

2.1.1 Electrospinning traditional flat-plate electrospun scaffolds—Poly-e-
caprolactone (PCL) pellets (Mn: 80,000; Sigma Aldrich, St. Louis, MO) were dissolved at a
ratio of 225 mg/ml in a solvent solution of 1:1 (v: v) chloroform and methanol under
constant stirring until the mixture was clear, viscous, and homogenous. PCL solution was
poured into a syringe capped with a 25 gauge blunt-tipped needle nozzle. The syringe was
loaded into a syringe pump (KD Scientific, Holliston, MA) with a set flow rate of 1.0 ml/hr.
The flat-plate electrospun scaffolds were then fabricated by traditional methodology as
previously described [27]. Briefly, the nozzle was placed 28 cm from a grounded, flat sheet
of aluminum foil and attached to the positive terminal of a high voltage generator (Gamma
High-Voltage Research, Ormond Beach, FL). A voltage of +21 kV was then applied 1 mm
from the needle opening, and the scaffold was electrospun as a sheet onto the grounded
collector.

2.1.2 Electrospinning cotton ball-like electrospun scaffolds—Similar to
traditional electrospinning, PCL pellets were dissolved at a ratio of 75 mg/ml in a solvent
solution of 1:1 (v: v) chloroform and methanol and transferred to a syringe chamber. The
filled syringe fitted with a 25 gauge blunt-tipped needle nozzle was then placed into a
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syringe pump with a set flow rate of 2.0 ml/hr and at a distance of 15 cm from the front
plane of the collector. The nozzle was attached to the positive terminal of a high voltage
generator through which a voltage of +15 kV was applied 1 mm from the needle opening,
and the three dimensional electrospun scaffold was fabricated onto a custom-made collector.

The collector for the cotton ball-like electrospun scaffolds was specially crafted by
embedding an array of 1.5 inch long stainless steel probes in a spherical foam dish
(diameter: 8 in., shell thickness: 0.125 in.; Fibre Craft, Niles, IL) backed by a stainless steel
lining to provide an electrical ground. The needles were placed at 2 inch intervals radiating
from the center of the dish in five equidistant directions. The nanofibers were allowed to
accumulate throughout the electrospinning process and then removed with a glass rod.

2.2 Scaffold characterization
2.2.1 Scanning electron microscope (SEM) imaging—The ePCL scaffolds were
mounted on an aluminum stub and sputter coated with gold and palladium. A Philips SEM
510 (FEI, Hillsboro, OR) at an accelerating voltage of 20 kV was used to image the
scaffolds, and the fiber diameters were measured using GIMP 2.6 for Windows.

2.2.2 Confocal microscope imaging—To visually contrast nanofiber network
organization in the traditional flat-plate electrospun scaffold with the cotton ball-like
electrospun scaffold, scaffolds were incubated in 4',6-diamidino-2-phenylindole (DAPI;
Invitrogen, Carlsbad, CA) for 4 hours. Scaffolds were then imaged using a Zeiss LSM 710
Confocal Laser Scanning Microscope (Thornwood, NY) and analyzed using Zen 2009
software. Since DAPI is strongly attracted to the hydrophobic PCL, the fluorescence clearly
illuminated the nanofibrous structures of the scaffolds.

2.3 Cell culturing
INS-1 (832/13) cells, a kind gift from Dr. John A. Corbett (Department of Biochemistry,
Medical College of Wisconsin, Milwaukee, WI), were cultured in RPMI-1640 media
(Invitrogen) supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals,
Lawrenceville, GA), 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, and 55
μM 2-mercaptoethanol (Invitrogen). Cells were expanded to 80–90% confluency under
normal culture conditions (37 °C, 95% relative humidity, 5% CO2) before seeding on the
electrospun scaffolds.

The traditional flat-plate ePCL scaffolds were cut into 0.5 cm discs and placed in 96-well
plates according to a method described previously [27]. The size of the cotton ball-like
ePCL scaffolds were normalized to a 0.5 cm diameter by trimming with a sterile razor and
then placed in a 96-well plate. Sterilization was performed by soaking the electrospun
scaffolds in a solution of 70% ethanol and 30% phosphate buffered saline (PBS) for 12
hours under sterile conditions, followed by a serial dilution in PBS over 6 hours, and a final
soaking in PBS for 12 hours. All scaffolds were then immersed overnight in the media
formulation specified above to allow for protein adsorption.

Prior to cell seeding, excess cell culture media from the overnight soaking were removed for
all scaffolds. To study cellular infiltration into the scaffolds and measure cellular
proliferation, a cell suspension of 64,000 INS-1 cells was added to each scaffold. The
scaffolds were incubated for 2 hours in a humidified incubator and then transferred to 48
well tissue culture plates. An additional 400 μl media were added to each well, and the
media was changed every 48 hours. Cellular behavior was analyzed by collecting the
scaffolds after 1, 3, and 7 days.
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2.4 Histology
To quantify the extent of cellular infiltration, scaffolds were removed from media at the
appropriate time points and fixed in formalin overnight. They were then soaked in a 20%
sucrose solution, which was exchanged with a 50% sucrose solution 24 hours later. After
soaking overnight, the scaffolds were embedded in Histo-Prep embedding medium (Fisher
Scientific, Pittsburgh, PA) and snap frozen in liquid nitrogen. The resulting blocks were cut
into 20 μm sections using a Microm HM 505E Cryostat with CryoJane Tape-Transfer
(Instrumedics, Richmond, IL), and mounted onto Superfrost/Plus microscope slides (Fisher
Scientific). To visualize cellular nuclei and cytoplasm, the sections were stained with
Hemotoxylin and Eosin dyes (American MasterTech Sci., Lodi, CA). Images were then
taken using a Nikon eclipse TE2000-S microscope (Melville, NY) and analyzed using NIS-
elements AR 2.30 software.

2.5 Cell proliferation analysis
At the specified time points, cellular proliferation was quantified by using the cell counting
kit-8 reagent (CCK-8; Dojindo Molecular Technologies, Rockville, MD) per manufacturer's
instructions. Briefly, at each time point, the CCK-8 reagent was added to the specified well
in a 1:10 ratio of the total cell culture volume and incubated for 4 hours in a humidified
incubator. Each sample was stored in a 4°C fridge until all time points were collected. The
absorbance (450 nm) for all samples was measured together using a microplate reader
(Synergy HK, BIO-TEK Instruments, Winooski, VT), and the cell number was calibrated
against absorbance standards of known cell concentrations.

2.6 Statistical analysis
All experiments were performed in quadruplicate at least three independent times, and the
results presented are representative data sets. All values were expressed as means ± standard
deviations. All data were compared with one-way ANOVA tests using SPSS software.
Tukey multiple comparisons test was performed to evaluate significant differences between
pairs. A value of p < 0.05 was considered statistically significant.

3. Results and Discussion
The increasing number of roles for synthetic biomaterials in tissue engineering has
precipitated new strategies for creating extracellular matrix (ECM) mimicking
microenvironments. Among the many biomaterial fabrication methods currently in use,
electrospinning has repeatedly been shown to produce biocompatible polymer scaffolds for a
variety of applications [28,29]. Electrospinning is particularly attractive because it is a
versatile and cost-effective method to repeatedly fabricate nanofibrous scaffolds using
synthetic means. However, one limiting factor of the existing electrospinning methods is an
inability to simultaneously incorporate nanofibrous morphologies, while still maintaining
deep interconnected pores within a stable three dimensional network structure. This presents
a significant obstacle for cellular infiltration and growth deep into the scaffolds, limiting the
potential of electrospun scaffolds. Thus, there is a critical need for new transformative
electrospinning strategies that provide an ECM mimicking microenvironment for cell based
tissue engineering applications. Therefore, in this study, we developed an electrospun
scaffold that incorporates a 1) three dimensional, cotton ball-like structure, 2) loosely
packed, uninterrupted mesh of nanofibers, 3) deep, interconnected pores in all three
dimensions, and 4) good structural stability.

The basic method to electrospin polymer fibers is to place a grounded collector near a
charged syringe nozzle, which contains a conductive polymer solution. As the applied
voltage is increased, the solution overcomes the frictional forces, resulting in a spinning jet
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of polymer fluid being ejected from the needle. This ejected solution evaporates as it travels
over the projected distance, depositing a mesh of fibers on the collector (Figure 1a). The
resulting fiber characteristics are largely determined by the solution viscosity, flow rate, and
distance between nozzle and collector. (Low viscosities, low flow rates, and large distances
generally result in smaller diameters.) However, the overall scaffold characteristics are
largely determined by the collector.

On a traditional flat-plate collector, the grounded charge is spread uniformly over a large
area. As a result, a group of fibers is deposited side-by-side in one layer, and each
subsequent layer is deposited on top of the existing layers. However, each layer is still
strongly attracted to the grounded collector, thus compressing the layers below. This creates
a flat, sheet-like structure with densely packed fiber layers and superficial, planar pores,
which do not continue deep into the scaffold (Figure 2a). While the accumulated fiber layers
do provide a thickness to the scaffold, the lack of space between adjacent layers essentially
creates a two dimensional scaffold, especially since cellular growth and infiltration are
limited to the superficial layers.

Therefore, to create an electrospun scaffold with nanofibrous morphologies and deep,
interconnected pores incorporated within a more realized three dimensional structure, we
replaced the traditional collector with a non-conductive spherical dish that has an array of
embedded metal probes (Figure 1b). This innovative arrangement evenly dispersed and
concentrated the grounded charge on the probes. The probes are then able to collect the
nanofibers between them in mid-air, and the lack of a uniform charge throughout the
collector allows nanofiber layers to settle next to the previously deposited layers without
compressing the scaffold. In addition, the spherical dish helps collect the nanofibers in a
focused area, thereby accumulating them as a fluffy, three dimensional structure with good
stability (Figure 2b).

Comparing Figures 2a and 2b, it is clear that modifying the collector system has a dramatic
influence on overall scaffold characteristics. As a result of the uniformly concentrated
charge of the traditional collector, the generated scaffold has a very tightly packed structure
assembled as in a flat, sheet-like arrangement. In contrast, the spherical dish and metal array
collector creates a Focused, Low density, and Uncompressed nanoFibrous (FLUF) mesh
with tremendous three dimensional depth. Thus, the collector provides an alternative
strategy for overcoming one of the current challenges facing electrospinning fabrication, as
new scaffolds were created with a stable, interconnected nanofibrous architecture in multiple
planes. Herein, we have designated these new three dimensional assemblies as FLUF
scaffolds, which very closely resemble the macrostructure of a cotton ball (Figure 2c). As an
added benefit, the cotton ball-like electrospun scaffolds generated for this study took less
than 20 minutes to accumulate, whereas it typically takes many hours, maybe even days, to
collect a similarly dimensioned scaffold using the traditional fabrication method.

Poly (ε-caprolactone) (PCL) was chosen as the model polymer for this study because it is
biocompatible and been FDA approved for use in biomedical applications. Furthermore,
PCL can be readily electrospun into nanofibers (ePCL), which can support the growth of
chondrocytes, skeletal muscle cells, smooth muscle cells, endothelial cells, fibroblasts, and
human mesenchymal stem cells [10,15,27,30–35]. For this study, we evaluated the
biological response of the ePCL electrospun scaffolds with a rat insulinoma INS-1 (832/13)
cells (INS-1 cells) cell line. INS-1 cells are a very robust cell line that allow for quick and
easily obtained biological analysis. Furthermore, this cell line was developed to mimic β-cell
function [36–38], which has great utility for studying pancreatic tissue engineering
applications, a rapidly emerging area of interest. Thus, to accurately compare nanofiber
characteristics and cellular performance in this study, PCL was electrospun using both the
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traditional flat-plate collector and our spherical dish and metal array collector, followed by
biological evaluation of both scaffold types with INS-1 cells.

ECM functionality is highly regulated by complex cellular interactions with different
fibrillar proteins that perform biological activities at the nanoscale dimension [39–42].
Furthermore, numerous reports have demonstrated a positive influence of nanofibrous
biomaterial structures on cellular activity [15,43]. Hence, the scaffold parameters designed
for this study were specifically chosen to create electrospun nanofibers that were similar in
scale to native ECM macromolecules. As demonstrated in Figure 3, the majority of fiber
diameters in the traditional ePCL scaffolds were between 300–400 nm, while the cotton
ball-like ePCL scaffolds displayed fiber morphologies with an approximate diameter of 500
nm. Therefore, both of these were within the typical size range of collagen fiber bundles
found in native ECM [44]. Additionally, even with the different parameters (PCL
concentration, flow rate, and voltage), the 2D and 3D nanofiber characteristics were similar.
However, the overall scaffold morphologies were significantly affected by the collectors: the
traditional collector generated a tightly packed fibrous network, while the new collector was
able to create an uncompressed, loosely packed, and more porous nanofibrous structure.

While the influence of nanofiber diameters on cellular behavior is well established, the
effect of pore sizes is not so clear. For cellular growth and vascularization in bone, pore
sizes of >300 μm have been recommended [45], while fibroblasts have been shown to prefer
a pore size of 6 – 20 μm [16]. Even though optimal pore size is tissue-specific, a minimum
threshold for porosity with interconnectivity throughout is still needed within tissue
engineered scaffolds to ensure that localized cells and nutrients have access to the internal
environment, thereby creating an ECM-like three dimensional structure. However,
traditional electrospinning is not conducive to the simultaneous production of fibers at the
nanoscale size with large pore size interconnectivity. Previously, this has resulted in the
traditional electrospun scaffolds requiring post-fabrication modifications. However, these
modifications typically alter the nanofiber characteristics and scaffold stability
[20,21,24,25]. Additionally, previous efforts for modifying electrospun scaffolds have
focused on superficial, planar pores, rather than multi-planar pores to allow for increased
cellular infiltration. Consequently, this study provides a comparative look at the fabrication
and increased benefit of multi-planar pores via our cotton ball-like ePCL scaffolds in
relation to superficially porous scaffolds as generated by traditional electrospinning means.

To identify the superficial pore characteristics, we imaged both scaffolds with a scanning
electron microscope (SEM). Examining the SEM images in Figure 3, the nanofiber densities
in the two scaffolds can be easily differentiated; there were significantly fewer nanofibers
occupying the same space in the cotton ball-like ePCL scaffold compared to the traditional
ePCL scaffold. Furthermore, the traditional ePCL scaffold consistently displayed pores < 1
μm, while the cotton ball-like ePCL scaffold had a typical pore size between 2 – 5 μm. We
believe that the increased pore sizes in the cotton ball-like scaffold will allow cells enough
room to deeply infiltrate the scaffold, while still providing the needed interconnectivity to
bridge the pores across multiple nanofibers.

While the SEM images analyzed the superficial regions of both electrospun scaffold types,
questions still remained about the internal structure and arrangement. Specifically,
qualitative analysis of the nanofibrous characteristics deep within the scaffolds were still
needed. Addressing this issue, we decided to incubate the ePCL samples in DAPI. When
illuminated at a wavelength of 360 nm, the resulting fluorescence was able to clearly show
the contours of the nanofibrous morphologies. Thus, we used confocal microscopy under a
fluorescent filter to study the morphologies of both scaffold types throughout their
thicknesses. As demonstrated in Figure 4, the traditional ePCL scaffold had a very tightly
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packed nanofibrous structure, whereas the cotton ball-like ePCL scaffold had a much more
open structure throughout its depth. These contrasting nanofiber characteristics demonstrate
the effect of the significantly different collector systems used; the spherical dish and metal
array collector helped accumulate the nanofibers in an uncompressed manner, which
allowed for more separation between subsequent nanofiber layers. Remarkably, the
traditional ePCL scaffolds could only be imaged to a depth of ~10 μm, while the cotton ball-
like ePCL scaffolds enabled viewing at a depth up to ~35 μm. This indicated that the
increased density of the traditional ePCL scaffold prevented the excitation light from the
confocal microscope from deeply penetrating the scaffold. Conversely, the less-dense and
more porous cotton ball-like ePCL scaffold was more apt to deeper confocal penetration.
This stark contrast in confocal microscopy imaging further verifies the advantageous design
of the un-dense, loosely packed network structure of the cotton ball-like scaffolds for
cellular infiltration compared to the dense, tightly packed nature of traditional scaffolds. To
the best of our knowledge, this combination of an uninterrupted network of nanofibers
coupled with deep, multi-planar pores in a stable three dimensional structure has never been
demonstrated before in an as-spun, unmodified electrospun scaffold.

An ideal tissue engineered scaffold should promote both good cellular attachment and
infiltration, and the balanced combination of both is needed to eventually promote whole
tissue formation. Achieving this balance in electrospun scaffolds, though, has proven to be
elusive. Specifically, traditionally electrospun scaffolds allow cells to attach superficially;
however, they do not provide the large pore sizes needed for substantial cellular infiltration
[7,19,46]. In addition, current modification techniques to improve infiltration have been
found to impede scaffold stability [23,25]. Thus, as described above, we have designed a
spherical dish and metal array collector that is capable of successfully combining
nanofibrous morphologies with deep pores in a stable cotton ball-like structure. To identify
and contrast cellular responses on the traditional and cotton ball-like ePCL scaffolds, we
seeded INS-1 cells and studied their infiltration and growth. To evaluate the cellular
response, both scaffolds (each with a diameter of 0.5 cm) were seeded with 64,000 cells,
which is ~90% confluence on the top surface. This encouraged cell growth to be directed
into the scaffold, thereby demonstrating the relative capacity for in-growth within both
scaffold types.

INS-1 cells on the traditional ePCL scaffolds did not infiltrate below the most superficial
layer, even after 7 days, whereas cells on the cotton ball-like ePCL scaffolds gradually
infiltrated deep into the scaffold (Figure 5). On day 1, the INS-1 cells had attached to the
surface of the cotton ball-like ePCL scaffold, and their infiltration was limited to the top
surface (Figure 5b). By day 3, most of the cells had infiltrated past the superficial threshold
(~125 μm), and a few had even infiltrated deep into the scaffold to a depth of ~260 μm
(Figure 5d). Furthermore, by day 7, cells were present throughout the scaffold at a depth of
~300 μm from the surface, and the number of cells had increased tremendously, both near
the surface and deep within the scaffold (Figure 5f). These promising results correlated
directly to the more open, loosely packed network structure shown in Figure 4b, which
allowed the cells an easier path for deep infiltration and greater cell proliferation. In
contrast, the tightly packed structure of traditional ePCL scaffolds (Figures 4a,c,e,) presents
obstructions that limit cell attachment to the top-most surface layer.

Next, the cellular response was qualitatively evaluated, and as shown in Figure 6, cell
growth between days 1 and 3 was similar on both the traditional and cotton ball-like ePCL
scaffolds. The cell number on the traditional ePCL scaffolds increased to 123.18 ± 6.23 %
on day 3 (as normalized to the cell number on day 1), while the cotton ball-like ePCL
scaffolds increased to 130.69 ± 25.49 %. The most striking change, though, was observed
between days 3 and 7. Over this time, the cell number increased to 137.35 ± 3.14 % on day 7
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(as normalized to Day 1) on the traditional ePCL scaffolds, whereas the value for the cotton
ball-like ePCL scaffolds jumped to 178.96 ± 37.09 %. These results, combined with the
qualitative histology images in Figure 5, strongly demonstrate the influence of the cotton
ball-like ePCL scaffold for increasing cellular infiltration and growth. Because of the high
initial seeding density, cells on the traditional ePCL scaffolds quickly proliferated to fill the
available space on the top surface of the scaffold by day 3, after which the growth rate
slowed due to poor cellular infiltration. Hence, there was only ~11% growth between days 3
and 7 on the traditional ePCL scaffold. Meanwhile, the greater thickness and more open,
porous nanofibrous network of the cotton ball-like ePCL scaffolds with three dimensionality
(Figure 2b) allowed space for continuous cellular infiltration (Figures 5b, 5d, and 5f) and
growth throughout, resulting in the number of attached cells increasing ~37% between days
3 and 7. These cumulative data conclusively prove that the cotton ball-like ePCL scaffolds
provide a better host environment for cellular infiltration and growth than the traditional
ePCL scaffolds.

4. Conclusion
Current electrospinning techniques do not simultaneously provide deep, interconnected
pores within a stable, three-dimensional nanofibrous structure. To address this problem, we
have developed an electrospinning technique using a dish with an embedded array of metal
probes to create a focused accumulation of ePCL nanofibers that assemble together in a
cotton ball-like structure. SEM and confocal microscopy showed a more porous and
spacious nanofiber scaffold. Histology and quantitative cell growth demonstrated increased
cell penetration and proliferation for the cotton ball-like scaffold over the traditional ePCL
scaffold. This strategy provides a new solution for overcoming the current challenges facing
the electrospinning process and has great potential across a wide range of tissue engineering
applications.
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Figure 1.
(a) Scheme for traditional electrospinning. (b) Scheme for creating a cotton ball-like
electrospun scaffold using spherical dish and metal array. The PCL solution in the syringe
(I) is ejected from the syringe nozzle (II). The solution is attracted to the grounded collectors
by the voltage difference generated by (III). In Figure 1a. the electrospun PCL nanofibers
accumulate as tightly packed layers on the traditional flat-plate collector (IV), and in Figure
1b, the spherical dish collector (V) allows nanofibers to accumulate in a structure
resembling a cotton ball.
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Figure 2.
(a) A traditional ePCL scaffold with a flat, two-dimensional structure with no depth for the
traditional scaffolds. (b) A cotton ball-like ePCL scaffold shows with a fluffy, three-
dimensional structure of the scaffolds. (c) A cotton ball, which illustrates the relative shape
and density of the electrospun nanofibers.
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Figure 3.
(a) SEM image of traditional ePCL nanofibers collected using a flat sheet with nanofiber
diameters between 300–400 nm and pore sizes < 1 μm. (b) SEM image of cotton ball-like
ePCL nanofibers collected using the spherical dish and metal array collector with nanofiber
diameters around 500 nm and pore sizes between 2–5 μm. For both images, magnification is
5000× and scale bars = 5 μm.
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Figure 4.
Confocal microscopy images of (a) three-dimensional rendering of a traditional ePCL
scaffold and (b) two-dimensional projection of a traditional ePCL scaffold show a tightly
packed nanofibrous structure. In contrast, the confocal microscope images of the (c) three-
dimensional rendering of a cotton ball-like ePCL scaffold and (d) two-dimensional
projection of a cotton ball-like ePCL scaffold show an un-dense, loosely packed network
structure throughout its depth.

Blakeney et al. Page 15

Biomaterials. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Images of H&E stained sections of traditional ePCL scaffolds seeded with INS-1 cells after
(a) 1 day, (c) 3 days, and (e) 7 days show that cellular infiltration is limited to the top layers
of the scaffolds, even after 7 days. Images of H&E stained sections of cotton ball-like ePCL
scaffolds after (b) 1 day, (d) 3 days, and (f) 7 days show that there is a progressive
infiltration and growth into the scaffolds throughout the 7 days. For all images, section
thicknesses = 20 μm, magnification = 20×, and scale bars = 100 μm.
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Figure 6.
Normalized INS-1 cells growth on (a) the traditional ePCL scaffolds shows a gradual
increase in cell number until 7 days: whereas, on (b) the cotton ball-like ePCL scaffolds a
dramatic increase in cell number can be seen at Day 7. In both images, the horizontal
normalization line has been included to better illustrate the difference in cell growth.
*Cell number at Day 3 is significantly greater than at Day 1 (p<0.05). **Cell number at Day
7 is significantly greater than at Days 1 and 3 (p<0.05). Error bars represent means ±
standard deviation. n=4
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