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Abstract: Porosity has been shown to be a key determinant of
the success of tissue engineered scaffolds. A high degree of
porosity and an appropriate pore size are necessary to provide
adequate space for cell spreading and migration as well as to
allow for proper exchange of nutrients and waste between the
scaffold and the surrounding environment. Electrospun scaf-
folds offer an attractive approach for mimicking the natural
extracellular matrix (ECM) for tissue engineering applications.
The efficacy of electrospinning is likely to depend on the inter-
action between cells and the geometric features and physico-
chemical composition of the scaffold. A major problem in
electrospinning is the tendency of fibers to accumulate
densely, resulting in poor porosity and small pore size. The
porosity and pore sizes in the electrospun scaffolds are mainly

dependent on the fiber diameter and their packing density.
Here we report a method of modulating porosity in three
dimensional (3D) scaffolds by simultaneously tuning the
fiber diameter and the fiber packing density. Nonwoven poly(e-
caprolactone) mats were formed by electrospinning under vari-
ous conditions to generate sparse or highly dense micro- and
nanofibrous scaffolds and characterized for their physicochemical
and biological properties. We found that microfibers with low
packing density resulted in improved cell viability, proliferation
and infiltration compared to tightly packed scaffolds. © 2011 Wiley
Periodicals, Inc. J Biomed Mater Res Part A: 96A: 566-574, 2011.
Key Words: electrospinning,  poly(e-caprolactone), tissue
engineering, scaffold, porosity, pore size

INTRODUCTION

Tissue engineering is an interdisciplinary field that strives
to generate replacement tissues to improve the function of
diseased or damaged organs."? In one approach, tissue engi-
neering involves the expansion of cells ex vivo followed by
seeding onto a biodegradable scaffold, which mimics the
natural tissue architecture, prior to implantation. Ideally,
these scaffolds should promote cellular adhesion, prolife-
ration, and migration while having similar structure and
mechanical properties to the tissue that they aim to
replace®® Various methods have been described for pre-
paring porous tissue engineering scaffolds such as by particle
leaching,®’ emulsion freeze-drying,® and phase separation.””
However, despite significant advances, potential limitations
include lack of desired mechanical stability and porosity.

In the past few years, electrospinning has emerged as a
promising technique for manufacturing fibrous scaffolds
with a large surface area to volume ratio to mimic the to-
pology of the native ECM.2°"*® Electrospinning of polymeric
biomaterials has generated much interest since it can be
used to fabricate tissue engineering scaffolds with nanoscale
resolution in a rapid and cost-effective manner. In the elec-

trospinning process, a solution containing a polymer
dissolved in an appropriate solvent is ejected through a
nozzle by electrostatic attraction to generate ultrafine fibers,
which are deposited onto a grounded metal collector."® The
resultant structure is a randomly oriented micro- or nano-
fiber network mesh with a highly open porous architecture.
The morphology of fibers can be controlled with various
parameters in the electrospinning process, such as solution
properties (i.e., viscosity, conductivity, polymer molecular
weight), process parameters (i.e., flow rate, applied poten-
tial), and ambient conditions (i.e., temperature, humidity).'”

The efficacy of this approach is likely to depend on the
interaction between cells and the physico-chemical compo-
sition of the scaffold. In this respect, a highly porous struc-
ture is required to allow for cellular infiltration and ensure
the exchange of nutrients and oxygen as well as waste pro-
ducts between the seeded cells and the surrounding environ-
ment. A major concern in electrospun scaffolds is the ten-
dency to accumulate densely packed fibers, resulting in poor
porosity hindering cellular infiltration inside the scaffolds,
thus, limiting their potential for 3D tissue engineering
applications. While many studies have been reported on
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FIGURE 1. Schematic representation of the electrospinning setup (A)
without a ring (basic setup), (B) with a positively charged Cu ring.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

modulating the geometrical structures of the scaffolds, only a
few studies have investigated the effects of pore size and
shape on cell adhesion and proliferation."®*? Culture of
cells on scaffolds with poor porosity often results in forma-
tion of a monolayer of cells, rather than a well seeded 3D
scaffold. Poor cellular infiltration has been attributed to pore
diameters that are orders of magnitude smaller than the
dimensions of the cell.?® %> Oxygen and nutrient diffusion
limitations also hinder the penetration distance of cells.?®
As a result, cells are only able to survive close to the surface.
Interconnectivity between pores is another critical factor
in promoting the migration and infiltration of cells into
the scaffold.

The porosity and pore sizes in electrospun scaffolds are
dependent upon the fiber diameter and their packing den-
sity. In electrospinning, control of the fiber diameter is easy
to achieve by tuning the properties of the polymer solution
and the processing conditions.?*?” In contrast controlling
the packing density of the electrospun fibers is a much
more difficult task. The objective of this study was to simul-
taneously modify the diameter and packing density of fibers
to tune the average pore size and overall porosity of the
electrospun scaffolds. By improving both the overall poro-
sity and average pore size it was hypothesized that cell
spreading, proliferation, and infiltration into the scaffolds
would be improved. Poly(e-caprolactone) (PCL) was used as
the base material for this study due to its biocompatibility
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and strong mechanical integrity. In addition, PCL is a
suitable candidate material for short-term load-bearing
applications due to its slow degradation rate in vivo.?®

MATERIALS AND METHODS

Materials

All chemicals were purchased from Sigma-Aldrich (Sigma,
St. Louis, MO), and all biological supplies were purchased
from Invitrogen (Gaithersburg, MD) unless otherwise noted.

Electrospinning apparatus

The electrospinning setup consisted of a programmable
syringe pump (Model R99-E, Razel Scientific Instruments)
attached to a plastic syringe with a flat ended needle
connected to a positive terminal of a high voltage power
supply (0-30 kV) (EN 61010-1, Glassman High Voltage).
The fibers were collected on a square stainless-steel
grounded plate (dimensions: 11 cm x 11 cm x 0.5 cm). In
addition to the basic setup, an auxiliary copper ring (15 cm
diameter) was placed 4 cm below the capillary tip and
connected to the positive terminal of the power supply in
order to achieve higher packing density (Fig. 1).

PCL solutions

PCL polymer solutions were prepared using a 7:1 volume
ratio of chloroform:methanol. Table I provides a summary of
the polymer compositions and processing parameters used
in this study. The resulting scaffolds at the given conditions
were classified as (a) microfibers with low fiber density (M-
LD), (b) microfibers with high fiber density (M-HD) (c)
nanofibers with low fiber density (N-LD) and (d) nanofibers
with high fiber density (N-HD). The auxiliary ring was
employed to achieve a high packing density (HD) and was
deactivated to produce scaffolds with low packing density
(LD). Scaffolds were spun to a thickness of 50-60pm and
dried overnight in a desiccator to remove any remaining
solvent prior to further use. All samples for material and
biological characterization consisted of 10 mm discs die-
punched from larger sheets.

Material characterization

Scanning electron microscopy (SEM). Electrospun scaf-
folds were dried and sputter-coated with gold for 2 min
and their microscopic structures were observed with a
scanning electron microscope (SEM) (JEOL 6320FV) at an
acceleration voltage of 10 kV. SEM micrographs were used
to measure the fiber diameter of the electrospun scaffolds.
High magnification images (5000x) were taken of random

TABLE I. Electrospinning Process Conditions to Generate Various Types of Scaffolds

Scaffold Concentration Collector Distance Voltage Flow Rate Needle Auxiliary Spinning Time
Classification (wt %) (cm) (kV) (mLh™" Gauge Ring (min)
M-HD 15 16.5 12 4 18 + 15

M-LD 15 24 20 4 18 - 20

N-HD 10 16.5 12 8 21 + 15

N-LD 10 24 20 8 21 - 20
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fields of the scaffolds. Means and root mean square errors
(RMS) of each sample of the fiber populations reported in Fig-
ure 3(A). A set of 50 or more random measurements were
taken of the fibers appearing in the top layer of
SEM micrographs by manually identifying the edges of the
fibers in the image and quantifying the number of pixels per
fiber using Spot Imaging Software Advanced (Diagnostic Instru-
ments, Sterling Heights, USA).

Porosity measurements. The porosity (¢) of the scaffolds
was measured at room temperature by using the liquid
intrusion method.'” Briefly, the electrospun scaffolds were
weighed and subsequently immersed in ethanol overnight
on a mechanical shaker to allow the liquid to penetrate
into the scaffold voids. The density of ethanol (pgry) is
0.789 g mL™" while the density of PCL (ppc) is 1.45 g
cm®. The surface of the samples was then dried blotted
dry and weighed once more to determine the mass of
ethanol present within the scaffold. Measurements were
made on five samples of each scaffold type. The porosity
was calculated as

& = Vera/(Vern + Vpcr) (1

Very is the volume of intruded ethanol and was calcu-
lated as the ratio between the observed mass change after
intrusion and pgry. Vpcr is the volume of the PCL fibers and
was calculated as the ratio between the dry scaffold mass
before intrusion and ppcy.

Pore size estimate. The pore size estimate was pursued
indirectly through approximate statistical models similar to
other studies.” The elegant model by Eichhorn and
Sampson'! allows one to obtain the 3D pore radii “r” asso-
ciated to a unimodal fiber distribution. The average pore ra-
dius “r” can be calculated from Eq. (2)

r= [ (r)dr (2)
/

where \(r) can be obtained from the following equation:

B 4B o [T(k, bn)]™* r¥
‘“”—sme,)mpmv{ ] @ ©

In Eq. (3), I (k bn) and I' (k) are the incomplete and
complete gamma functions respectively, k is a constant

parameter equal to 1.6, n is an equivalent number of layers
4
n= 1nn?)1p/csL)‘ and b is an experimental parameter. The latter is

defined as b = 2k/(r) as a function of the average bidimen-
sional pore diameter (r) of one fiber layer, which in turn is
related to € and to the average ® by

(r) = (niﬁ ﬁ)

8In (1/e) 4 )
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With the first model or by second model as:

(5)

providing for an alternative estimate of (r) in place of Eq. (4).
Both models were implemented and reflected in Figure 3.

Mechanical testing. Tensile tests were performed on 5 x
20 mm? rectangular strips cut from 50-pum scaffold sheets.
The mechanical properties of the samples were compared
using an Instron 5542 mechanical testing system (Instron,
Norwood, MA). Samples were loaded at a rate of 10%/min
until failure. The testing routine was performed three times
for each sample and the results were averaged.

Biological methods

Culture of human umbilical vein endothelial cells
(HUVECs). GFP-HUVEC cells (HUVEC cells transfected to
express green fluorescent protein, GFP) were a kind gift
from the laboratory of Dr. Judah Folkman, Children’s Hospi-
tal, Boston. The cells were cultured in EBM-2 (Endothelial
Cell Basal Medium-2, Lonza, MD) supplemented with the
provided growth factor kit. The cell cultures were main-
tained at 37°C and 5% CO, and media was changed twice
each week.

Cell imaging. Disc-shaped PCL scaffolds (diameter 10 mm,
height 50 pum) were prepared using a biopsy punch and
subsequently degassed under vacuum for 24 h. The scaf-
folds were sterilized in a 70% ethanol solution overnight
and pre-incubated in EBM-2 for 12 h prior to cell seeding.
The discs were secured in 24-well culture plates using
Vitron O-rings (Aldrich, USA). Cells were trypsinized,
washed with phosphate-buffered saline (PBS) and seeded at
a density of 1 x 10° cells/well/mL. Following a 12 h attach-
ment period in complete EBM-2 medium, the supernatant
was removed and replaced with fresh medium. The cells
were fixed at day 4 post-seeding in a 4% formaldehyde
solution for 1 h, followed by three washes with PBS. The
samples were then dehydrated using increasing concen-
trations of ethanol (25, 50, 75, 85, 95, and 100%). Observa-
tion of cell surface distribution was performed using SEM
and inverted fluorescence microscopy. Samples for
SEM were subsequently treated as described for cell-free
SEM specimens. Fluorescence microscopy was performed to
evaluate the surface distribution of seeded cells using an
inverted fluorescence microscope (Nikon Eclipse Ti, Avon,
USA). The distribution of the cells within the scaffolds was
evaluated by confocal laser scanning microscopy (LSM).
Endogenous GFP expression was counterstained with 4/,6'-
diamidino-2-phenylindole (DAPI, present in Vectashield®
mounting medium; Vector Labs, Canada). Whole mount
samples were imaged using an Olympus FV-1000 LSM.

Evaluation of cell proliferation on PCL fibrous scaffolds. Cell

proliferation was measured using continuous AlamarBlue®
assay (AB, Invitrogen, USA) on days 2, 4, and 6 post-seeding
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FIGURE 2. Scanning electron micrographs of electrospun fibers consisting of the four scaffold types tested. Original magnification is x1000.
Inset in each figure shows higher magnification (x5000 for M-HD, N-HD, N-LD and x2000 for M-LD).

as previously described.?® After initial seeding in EBM-2
media, at each time point, supernatants were removed and
1 mL fresh medium containing 5% (v/v) AB was added into
each well. After various incubation periods, triplicate 100-
pL aliquots of AB containing medium were moved into a
96-well plate for absorbance measurement at 570 nm. An
equal volume of fresh medium without AB was added to
each well.

RESULTS AND DISCUSSION

In this study we determined the conditions necessary to
generate nano- or microfibers with low or high packing
density and subsequently analyzed the effect of each of
these factors on cell migration, proliferation, and infiltration.
A range of parameters were optimized to obtain smooth
and uniform fibers in all scaffold groups. The parameters
shown in Table I were selected as the optimal conditions
for obtaining reproducible randomly oriented uniform
meshes of nano- and microfibers.

Morphological analysis

A common solvent used for electrospinning of PCL is chloro-
form. However, we observed that chloroform produced an
unstable Taylor cone, leading to irregular fiber formation. It
has been previously reported that adding methanol to the
chloroform increases the conductivity of the solution and
leads to a more stable Taylor cone.’” Changing the solvent

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | 1 MAR 2011 VOL 96A, ISSUE 3

from chloroform to a 7:1 mixture of chloroform: methanol
produced a stable spinning jet and thus, resulted in the for-
mation of smooth fibers. In these experiments the fiber di-
ameter was found to be strongly influenced by the concen-
tration of the polymer in solution. Specifically, increasing
the concentration of the polymer solution resulted in
increased fiber diameters. At the processing conditions
explored in this work, micro- and nanofibers were formed
at 15% (w/v) and 10% (w/v), respectively. The internal di-
ameter of the needle was also found to have a slight effect
on the resultant fiber diameter, with a smaller internal di-
ameter producing smaller diameter fibers. The internal di-
ameter was also observed to have an effect on bead forma-
tion. Specifically, we found that 18- and 23-G needles could
be used to generate micro- and nano-fibers, respectively
without bead formation. As shown in the SEM images of
Figure 2, a relatively uniform fiber diameter was formed
suggesting a high degree of reproducibility. The mean diam-
eter and RMS of the fiber diameter distributions of each
group are reported in Figure 3A.

The packing density of the fibrous meshes could be
modulated either by varying the distance between the tip of
the needle and collecting plate or by operating with the
auxiliary ring. The working distance between the tip of the
needle and collector has a direct impact on the flight time
and on the strength of the electric field driving the motion
of the fiber. The winding path of the spinning jet was
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FIGURE 3. Mean and root mean square errors for the: (A) fiber diameter [®] measurements, (B) porosity [¢], (C, D) pore size [2] estimates for
micro- (C) and nanofibers (D). Statistically significant differences at p < 0.05, *M-HD vs. N-HD, **M-HD vs. M-LD, "M-LD vs. N-LD, *"N-HD vs.

N-LD (Student’s t test).

observed to widen as it traveled further from the needle.
Thus, by reducing the working distance, the jet was
observed to contact the collecting plate before it could
widen, resulting in a more concentrated fibrous sheet in a
smaller area.

A conductive auxiliary ring was also used to increase
the fiber packing density. The presence of a positively
charged ring forces the similarly charged fibers to follow a
more focused path near the center of the ring due to repul-
sive forces. This resulted in the fibrous mat formation in a
confined circular space, rather than over the entire collector
area. It was necessary to increase the collector distance
when using the auxiliary ring to compensate for the
increased voltage required for this mode of operation to
maintain a stable jet. To generate the desired scaffold thick-
ness, the spinning time was varied on a case-by-case basis;
namely it was reduced when high density scaffolds were
made via the use of the auxiliary ring. For our purposes, all
scaffolds were made with a comparable thickness that
ranged from 50 to 60 pm (as measured with a digital micro-
meter with a precision of 1 um).

To determine the porosity of each of the scaffold types,
the average estimates of porosity €y, was determined by
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using liquid intrusion analysis [Fig. 3(B)]. The porosity
appeared to decrease with increasing the weight of the scaf-
folds and the fiber diameters. This was also confirmed by
the SEM images. We also performed pore size modeling
using two commonly used methods since experimental
approaches such as mercury porosimetry could not be
applied to our scaffolds due to high pressure.'” The repre-
sentative pore sizes computed from these models (by arbi-
trarily using the liquid inclusion measures of € as input) are
shown in Figure 3(C,D) for each scaffold material. Both
models showed consistent results for the different scaffold
types. However, model no. 1 estimated slightly smaller val-
ues than those from model no. 2. The pore size in the tested
scaffolds was found to be mainly dependant on the fiber di-
ameter and their packing density. The larger pore size is
obtained with larger fiber diameter. Also, the lower fiber
packing density resulted in the higher pore size. As a result,
the M-LD was found to have a significantly larger pore size
(~44-64 pum) than the other considered scaffolds.

Mechanical properties

To further characterize the effect of fiber diameter and
porosity on bulk mechanical properties of electrospun

CONTROLLING THE POROSITY OF FIBROUS SCAFFOLDS



(A)

ORIGINAL ARTICLE

(B)

ok

1.6 Stress-Strain Properties 1.6 *
1.4 1.4 I
=12 F1.2 il
[-% =
1.0 2 10
20.8 £ 08 1 e
£ 5 e
wn 0.6 % 0.6 290005
£ S =L
0.4 £ 04 ::::::555
0.2 0.2 4
0 . . 0
0 20 40 60 80 100 120 M-HD M-LD N-HD N-LD
Strain (%)
©) (D)
10
* 140
E ’ 20
1
E 8 w% ++
A
a ¥ % 100 l (TR
v = ;
3 * g 80 o]
T S5 ® s
] 1 £ b
S 4 £E 60 I
. £
o 2 o
c 3 40 s
3 "
0 2 atores
> 1 s
1 20 Totetets
0 g § g I I 0
M-HD M-LD N-HD N-LD M-HD M-LD N-HD N-LD

FIGURE 4. Mechanical characterization of the micro- and nanofibrous electrospun PCL scaffolds. (A) Representative stress-strain curves, (B)
Ultimate stress measurements, (C) Young’s Modulus, (D) Ultimate strain measurements. Statistically significant differences at p < 0.05, *M-HD
vs. N-HD, **M-HD vs. M-LD, *M-LD vs. N-LD, **N-HD vs. N-LD (Student’s t test).

scaffolds, we performed a range of mechanical analysis.
Interestingly, while the general stress-strain behaviors of the
different scaffold types were comparable (Fig. 4), the scaf-
folds made of densely packed fibers were more mechanically
robust compared to their low density counterparts. Specifi-
cally, the ultimate stress was significantly higher in densely
packed scaffolds as compared to the low density scaffolds,
while, in general, the micrometer scale fibers outperformed
the matched nanometer scale fibers [Fig. 4(B)]. The stiffness,
as measured by the Young’s Modulus, decreased in the fol-
lowing order M-HD, M-LD, N-HD, and N-LD, with all condi-
tions being significantly different than each other [Fig. 4(C)].
The material ductility also increased in a similar fashion as
the ultimate stress, with densely packed fibers being signifi-
cantly more extensible [Fig. 4(D)]. The softening behavior
reflecting different failure modes demonstrate that, while
structures composed of dense fibers behave as multilayer
composites failing by delamination from mode II crack, scaf-
folds composed of less densely packed fibers behave as fiber
bundles failing by mode I crack.

The decreases in ultimate stress and strain, as well as
Young’s Modulus, from high to low density packing were all

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | 1 MAR 2011 VOL 96A, ISSUE 3

roughly in the range of 30-50%, which was similar to the
range of increase in the average pore size for the same
conditions. This suggests that ultimate stress, ultimate strain
and Young’'s Modulus are all roughly proportional to the
pore size for electrospun scaffolds created using the
described techniques. Further experimental and statistical
analysis would be necessary to determine the characteristics
of these relationships as well as to determine the range of
pore sizes for which these relationships remain valid. While
overall porosity also increased a small amount in the
sparsely packed cases, this change was not as pronounced
as the change in pore size, making this effect less likely to
correlate with the observed changes in mechanical proper-
ties. However, further evaluation would be necessary to
determine the relative role that overall porosity played in
the observed changes in mechanical properties.

Biological validation

Cell morphology. To analyze the long term response of cells
to various types of scaffolds, endothelial cells were seeded
on scaffolds and their morphology was analyzed. Following
12 days of culture, the scaffolds containing seeded
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FIGURE 5. SEM images of electrospun fibers with HUVEC cells after 4 days of culture, for (a) M-HD, (b) M-LD, (c) N-HD, and (d) N-LD scaffolds.

endothelial cells were fixed, and the morphology of cells
was investigated by means of SEM. As shown in Figure 5,
endothelial cells adhered and aligned on all different types of
scaffolds that were analyzed. A visible interaction between the
cells and fibers was observed in the samples containing
microfibers where the cells had the tendency to align on the
individual fibers and bridge between adjacent fibers as shown
previously3%*! This is likely due to the fact that the cellular
fiber diameter and average pore size were all in the micron
range, making the cells able to bind across individual pores
and align along individual fibers. As expected, since the pore
size was on the order of microns, cells could be seen pene-
trating below the surface of the scaffold. Conversely, on the
nanofibrous scaffolds cells seemed to grow randomly rather
than aligning in any way, and exhibited minimal capability to
infiltrate into the surface due to the average pore size being
many times smaller than the dimensions of the cells. Similarly,
cells could not bind only to individual fibers due to their
small size, which being in the nanoscale were likely too small
for the cells to easily differentiate.

Cell viability. To further characterize the cell behavior on
the electrospun scaffolds, the metabolic activity of cells
seeded on the electrospun fibers was evaluated using
Alamar Blue (AB) assay. AB staining measures metabolic
activity of cells on a scaffold, which often correlates to the
number of cells and can thus be used to determine the
rate of cellular proliferation. It is well established that cell

572 SOLIMAN ET AL.

adhesion and spreading play important roles in cell viability
and proliferation, and as cell spreading and adhesion varied
between the groups, viability and proliferation could vary as
well.** Figure 6 shows the AB absorbance measurements on
the various PCL scaffolds on days 2, 4, and 6. Scaffolds
showed significant differences in cell proliferation as a func-
tion of fiber diameter, fiber packing density as well as

g 9127 oMip ©MHD ®NLD WN-HD
(]
S T,
.g —
< 008 =
S
S 0.06 -
£
& 0.04
=
© 002 -
Day 2 Day 4 Day 6

FIGURE 6. Cell proliferation of HUVEC cells by Alamar blue assay on
different scaffolds as a function of culture time. Cell proliferation
showed significant differences between different scaffolds and as a
function of culture days (p < 0.05, two-way ANOVA followed by post-
hoc Tukey test). M-LD showed significantly faster proliferation as
compared to M-HD, N-LD, and N-HD. Similarly, N-LD showed higher
proliferation than n-HD (p < 0.05, post-hoc Tukey test). For the same
scaffolds, proliferation increased significantly from day 2 to day 4 and
day 6 (p < 0.05, two-way ANOVA, post-hoc Tukey test).

CONTROLLING THE POROSITY OF FIBROUS SCAFFOLDS
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FIGURE 7. Analysis of cell infiltration into electrospun scaffolds. (A) Fluorescent microscopic images of GFP-HUVECs at day 7. Images were
taken with the x20 objective. (B) 3D images (at x60) of the scaffolds by confocal microscopy. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

number of days in culture (p < 0.05, two-way ANOVA, post-
hoc Tukey test). To evaluate the effect of fiber diameter on
cell proliferation, we compared microfibrous scaffolds with
nanofibrous scaffolds. It was observed that cell proliferation
on the microfibrous mats was higher than nanofibrous mats
similar to previously published reports.2*3%3*? Some authors
have also reported that focal adhesion complexes, which are
larger than 1 pum, are involved in cell adhesion to bioma-
terials.>*3?33 This implies that nanofibers may not provide
sufficient surface area for cell adhesion and spreading, thus,
affecting cell viability and proliferation.

It is interesting to note that only micro- and nanofibrous
scaffolds with low fiber density (M-LD and N-LD, respec-
tively) showed significant differences (student’s paired t test,
p < 0.05) whereas increasing fiber density of the scaffold
counteracted this effect as evident from marginal differences
between M-HD and N-HD (p > 0.05). It was apparent that
fiber density played an important role in cell proliferation
into nonwoven fibrous scaffolds. Again, microfibrous scaf-
folds with low fiber density (M-LD) showed a significantly
higher rate of proliferation than those with high fiber den-
sity (M-HD) (student’s paired t test, p < 0.05). Similarly,
nanofibrous scaffolds with low fiber density (N-LD) showed
higher proliferation than those with high fiber density (N-
HD) when the scaffold density was changed. However, these
differences were not significant, due to fiber density effects
(N-LD vs. N-HD, student’s paired t test, p > 0.05). This
seems plausible as decreased fiber density of the scaffold
resulted in less packed nonwoven mats. This would lead to
greater inter-pore distance and more space for cells to
migrate and proliferate inside the scaffolds. This effect was
more pronounced in microfibrous scaffolds as larger diame-
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ter also led to increased inter-pore distance. These results
clearly underline the synergistic effect of large fiber diame-
ter and low fiber density in the electrospun nonwoven mats.

Cell distribution. To further characterize the infiltration of
cells into electrospun scaffolds, we analyzed the distribution
of cells on different type scaffolds. For microscopic obser-
vations, cell-laden scaffold samples were observed under
inverted fluorescence microscope after days 1, 3, 5, and 7
(data not shown). Consistent with AB assay, microfibrous,
and nanofibrous scaffolds with low fiber density (M-LD and
N-LD) showed higher number of cells as compared to high
density fibers [Fig. 7(A)].

The distribution of cells inside the scaffolds was also
studied by confocal laser scanning microscopy. It was
observed that all the scaffolds formed a monolayer of cells
on their surface at the end of day 12. However, both micro-
and nanofibrous scaffolds with low fiber density clearly
showed densely packed cells up to half of the scaffold
height [Fig. 7(B), M-LD and N-LD]; while scaffolds with high
fiber density generated a single monolayer of cells at the
top of the scaffolds [Fig. 7(B), M-HD and N-HD]. This is due
to the effect of fiber packing density. At low fiber packing
density, the porosity of scaffolds is high to allow cells to
migrate and proliferate inside the scaffolds and form thick
layers. However, when initial fiber packing density is high,
cells can only migrate and proliferate horizontally and not
vertically. Once this space is filled up, cells could not pene-
trate deeper inside the scaffolds. The M-LD scaffold exerted
the maximum adhesion rate of cells and their proliferation
when compared with the other considered scaffolds. This is
evident from confocal images and the AB assay test results.
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These results are in accordance with other authors where
cell infiltration within the scaffolds increased with increasing
fiber diameter and hence the pore sizes of the scaffolds.??

CONCLUSIONS

In this work, we performed a study to simultaneously
analyze the effect of fiber diameter and fiber packing density
on scaffold mechanical and biological properties. By modula-
ting the electrospinning process conditions, four different
groups of scaffolds were produced consisting of: (a) micro-
fibers with low fiber density (M-LD), (b) microfibers with
high fiber density (M-HD), (c) nanofibers with low fiber
density (N-LD), and (d) nanofibers with high fiber density
(N-HD). The mechanical tensile test results showed that
scaffolds with higher packing density of fibers had higher
strength and failed by delamination; while scaffolds with low
packing fiber density failed under mode I crack. The biologi-
cal validation of the scaffolds demonstrated that both micro-
and nanofibrous scaffolds with low fiber density clearly
showed a better cell proliferation and infiltration within the
scaffolds as compared with the highly dense scaffolds. A scaf-
fold consisting of microfibers with a low packing density
exhibited maximum cell adhesion and proliferation rate com-
pared with the other scaffolds under consideration.
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