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Solving cell infiltration limitations of electrospun

nanofiber meshes for tissue engineering applications

Aim: Utilize the dual composition strategy to increase the pore size and solve the low cell infiltration
capacity on random nanofiber meshes, an intrinsic limitation of electrospun scaffolds for tissue engineering
applications. Materials & methods: Polycaprolactone and poly(ethylene oxide) solutions were electrospun
simultaneously to obtain a dual composition nanofiber mesh. Selective dissolution of the poly(ethylene
oxide) nanofiber fraction was performed. The biologic performance of these enhanced pore size
nanofibrous structures was assessed with human osteoblastic cells. Results: The electrospun nanofiber
meshes, after the poly(ethylene oxide) dissolution, showed statistically significant larger pore sizes when
compared with polycaprolactone nanofiber meshes with a similar polycaprolactone volume fraction. This
was also confirmed by interferometric optical profilometry. Using scanning electron microscopy and laser
scanning confocal microscopy, it was observed that osteoblastic cells could penetrate into the nanofibrous
structure and migrate into the opposite and unseeded side of the mesh. Conclusion: An electrospun mesh
was created with sufficient pore size to allow cell infiltration into its structure, thus resulting in a fully

populated construct appropriate for 3D tissue engineering applications.
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Tissue engineering is an emergent research area
that offers the promise of tissue regeneration, rel-
evant for many clinical conditions. The success
of tissue engineering is highly dependent on a
scaffold that will act as a temporary matrix for
cell proliferation and extracellular matrix (ECM)
deposition, with consequent tissue in-growth
until the new tissue is totally regenerated [1].
Therefore, an appropriate 3D scaffold (tak-
ing into account its biocompatibility, pore size,
porosity and interconnectivity, biodegradability,
and adequate surface chemistry and mechanical
properties) is an essential component for a tissue
engineering strategy [2,3]. Polymers are believed
to be the ideal material for tissue engineering
applications. Both natural and synthetic origin
polymers can be applied in this kind of strategy.
Much of the current research is focused on natu-
ral materials due to their improved biocompat-
ibility (e.g., collagen [4-6], fibrinogen (7], chito-
san [8-10], starch [11-13], hyaluronic acid [14.15] and
poly[hydroxybutyrate]) 16]. Synthetic biodegrad-
able polymers are the ones that are more com-
monly used within the biomedical engineering
field. Their chemical versatility and processability
varies according to their structure and nature.
Besides the choice of adequate materials, the
macro- and micro-structural properties of the
materials are of utmost importance. It is very
important that the scaffold can mimic, as much
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cell penetration electrospun nanofiber mesh

as possible, the physicochemical cues provided by
the ECM, in order to guide communities of cells
to rebuild the native tissue structure [17-21]. In
many tissues, cells are surrounded by an intricate
network of protein fibrils and interwoven fibers
within a hydrated network of glycosaminogly-
can chains that determine the physical proper-
ties of the tissue [22]. Those components pro-
duce an interconnected nano- or micro-ranged
fibrous network within the ECM. The ECM
provides an appropriate microenvironment for
cells, controls the tissue structure and regulates
many cellular functions, including the adhesion,
migration and proliferation to maintain the tis-
sue structure. The ECM is also responsible for
transmitting signals to cell membrane receptors,
and orchestrates the controlled release of growth
factors and signaling molecules that regulate the
structure and function of the tissue [22-24].

A series of processing techniques, such as sol-
vent casting [25], fiber bonding [26,27], wet spin-
ning (28], melt-based technologies [12.29], high
pressure-based methods [30.31], freeze drying [32]
and rapid prototyping technologies [33-35], were
developed with the aim of producing scaffolds
with adequate properties for tissue engineering.
Electrospinning has attracted great attention
in the field of tissue engineering, since the pro-
duced structures are composed by nanoscale
(or more correctly submicron) fibers with
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interconnected micropores and a high surface
to volume ratio, which show features that are
similar to the topographic characteristics of the
ECM [17.23.3¢]. In addition, electrospinning is
a relatively versatile polymer processing tech-
nique, in the sense that several polymeric blends
and compositions with other materials or addi-
tives (e.g., growth factors and other cell regula-
tory biomolecules), along with proteins [37) and
living cells [38.39], can be used to develop func-
tionally active nanofibrous structures. The elec-
trospinning process is based on the application
of an electric field, generated by a high voltage
power supply applied between a polymeric solu-
tion and a metal ground collector. When the
electric field reaches a critical value, the electro-
static force overcomes the surface tension of the
polymeric solution and a charged polymer jet is
ejected from the capillary tip of the needle. As
the jet travels towards the grounded collector,
it undergoes a stretching process together with
a fast solvent evaporation. This process results
in the formation of a random nonwoven mesh
composed of solid and long nanofibers [40,41].
The remaining solvent in the fibers allows for
the establishment of links between successive
layers of the fibers in the mesh.

Despite all the advantages of using electro-
spun scaffolds for tissue engineering applica-
tions, these meshes have a major limitation. The
pores formed in the electrospun fibrous meshes
typically do not allow cell infiltration into the
inner regions of the structure. This is a major
shortcoming of the structures and compro-
mises the potential use of electrospun nanofiber
meshes [17]. Much research has focused on the
development of fibers with smaller diameters to
maximize surface area. However, it was demon-
strated that the mean pore radius varies directly
with the fiber diameter, leading to smaller pore
size (42]. Thus, the nanofiber mesh will essentially
behave as a 2D sheet where the cells can only pro-
liferate at the surface, instead of allowing a 3D
structure where cells are able to infiltrate. Some
tissues may still benefit from such 2D structures
but most tissues need 3D structuring. The use
of porogen agents, such as salt particles [43.44],
chemical blowing agents [45] or postprocessing
by laser machinery [46] are other possible strate-
gies already described in the literature, aiming at
increasing the pore size of electrospun meshes. In
the referred salt leaching technique, salt particles
are deposited layer by layer, which causes delami-
nation of the nanofiber scaffold. The structures
obtained still have limitations regarding cell
infileration, since this only takes place through
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the lateral side of the scaffold and not across the
thickness of the nanofiber mesh [(43]. By using
a blowing agent, pores are created in discrete
points of the mesh, but cellular infiltration is not
fully demonstrated [45]. Laser post-processing is
also capable of producing localized cavities or
channels in the nanofiber meshes. Biological
assays were not yet reported to verify the extent
of cell infiltration through those laser-processed
holes in the mesh structure [46].

In this article we present a different strategy
to increase the pore size of electrospun nanofi-
bers meshes consisting of the creation of a dual
composition (two types of polymer nanofibers
produced simultaneously) nonwoven nanofiber
mesh. After the production of the mesh, one of
these polymers was selectively removed, in order
to increase the void volume and consequently
the pore size. To test this concept we combined
a dual-spinneret electrospinning set-up with a
rotating plate as collector, in order to obtain a
homogenous mixture of the two polymeric nano-
fiber types. The use of a similar strategy applied
to aligned nanofiber meshes has previously been
described (47], with the aim of overcoming the
dense fiber packing and reduced pore size. It is
known, however, that the random distribution of
fibers is the most typical morphology of electros-
pun meshes, thus making the effective control of
its pore size much more imperative. We propose
herein the production of composite meshes of
polycaprolactone (PCL) and poly(ethylene oxide)
(PEO), with the posterior selective removal of
the PEO fraction to control the pore size.

To determine the success of our approach,
the characterization of the produced electros-
pun nanofiber meshes was performed by scan-
ning electron microscopy (SEM), interferometric
optical profilometry and contact angle tests, in
order to determine the physical properties that
may influence the cellular behavior. We also
characterized the fiber diameter and pore size
of the meshes by image analysis of SEM micro-
graphs. Biologic assays were performed to show
the efficacy of the processing method, facilitating
cell penetration into the nanofiber meshes with
increased pore size. A novel clamping system
was developed to undoubtedly prove the cellular
penetration through all the thickness of the pro-
duced meshes. The cultured cells were analyzed
by SEM and laser scanning confocal microscopy.
MTS and DNA assays were performed to deter-
mine the cell viability and proliferation. We con-
clude that the proposed method can be used to
control the pore size without compromising the
cell viability and proliferation.
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Materials & methods

Electrospinning processing
Polycaprolactone, with a molecular weight of
80 kDa (TONE™, Union Carbide Chemicals
and Plastics Division, NJ, USA), was dissolved
in an organic solvent mixture of chloroform
(Sigma-Aldrich, MO, USA) and dimethylfor-
mamide (DMF; Sigma-Aldrich) in a 7:3 ratio
at 17% (w/v) concentration, as described else-
where (48]. PEO (Sigma-Aldrich), with a molecu-
lar weight of 100 kDa, was dissolved at 25%
(w/v) in a mixture of water and ethanol (6:4
ratio). Both polymer concentrations and chlo-
roform/DMF ratio were defined after several
optimization stages to obtain the most stable
processing, leading to the more convenient
mesh morphology.

To produce the dual composition electrospun
nanofiber meshes, a system was developed to
allow the simultaneous electrospinning of more
than one polymeric solution. Two independently
controllable high voltage power supplies (semi-
commercial from UltraVolt, NY, USA, and
Bosh, Germany) were used to generate electri-
cal voltages ranging from 8 to 20 kV, with the
lower values being applied to the PCL solution.
Each polymer solution was placed in a 10 ml
syringe coupled to a 21 G needle with a blunt
tip. The feeding rate was established at a con-
stant value of 0.25 ml/h by precision syringe
pumps (Aladdin-1000-220B, UK) for both
polymeric solutions.

A conducting and rotating plate, connected
to the ground with a rotating speed of 15 rpm,
was used as a collector to obtain a homogeneous
nanofiber mixture. A collector to needle tip dis-
tance of 12 cm was defined after an optimiza-
tion procedure and the syringes were placed at
9 c¢m distance to minimize the electrospun jet
interference. The process was continued for at
least 2 h for the production of each dual com-
position nanofiber mesh with a final thickness of
50—60 pm. The nanofiber meshes were further
dried at room temperature for at least 1 day to
remove all the remaining solvent.

With the goal of increasing the pore size of
the dual composition nanofibers meshes, the
PEO nanofibers were selectively removed by
dissolution in distillated water for a period of
24 h at 37°C. After the dissolution procedure the
meshes were dried in an oven at 37°C.

Physical characterization
The morphology of the electrospun nanofiber
meshes was assessed by SEM (Leica Cambridge
S360, UK). The meshes were sputter coated
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with gold (sputter coater model SC502, Fisons
Instruments, UK) and then observed with an
accelerating voltage of up to 15 kV. Samples were
analyzed with the dual composition (PCL-PEO
nanofiber mesh [NFM]) and after the selec-
tive PEO dissolution (PCL-PEO NFM after
PEO dissolution).

The fiber diameter was measured from SEM
micrographs with the software Image] (version
1.38x, Wayne Rasband National Institutes of
Health, MD, USA). For each sample, at least
ten micrographs were used (at x5000 magni-
fication) and, in each micrograph, 15 different
fibers were randomly selected. Pore size was
also evaluated from SEM micrographs using
the Image] software. The pore size values
were obtained from SEM micrographs (x5000
magnification) in a total of 60 measurements
for each condition. The pore size values were
obtained by converting the contour of the pore
area into a circumference of equivalent perim-
eter and determined from the circumference an
equivalent diameter (49].

Interferometric optical profilometry was used
to assess the topography of the samples. A sur-
face profiler (DEKTAK3ST, Veeco, CA, USA)
in vertical scanning interferometry (VSI) mode,
with a vertical resolution of 3 nm, was used to
measure the surface roughness. Five different
regions (119 x 91 pm) for each sample were
measured. The average roughness and root mean
square roughness values were automatically cal-
culated by the equipment analytical software
WycoVision® 32.

The wettability of the surfaces was assessed
by contact angle measurements. Measurements
of the static contact angle were carried out by
the sessile drop method using contact angle
equipment (model OCA 15plus, DataPhysics
Instruments, Germany) with a high perfor-
mance image processing system. The used stan-
dard polar liquid, water (2 pl, HPLC grade) was
added by a motor-driven syringe at different
zones of each sample, and the measurement time
was extended until 20 min at room temperature.
At least three measurements were carried out for
each sample (PCL NFM, PCL-PEO NFM and
PCL-PEO NFM after PEO dissolution).

Biologic assays
The dual composition electrospun nanofiber
meshes were cut into small disks with 8 mm
diameter. In order to demonstrate the enhanced
cellular infiltration into the nanofibers meshes,
a system was developed to clamp the mesh.
This system consisted of two silicone rings
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(with 8 and 5 mm of outer and inner diameter,
respectively), held together with the sample in
two points by a nylon stitch (Ficure 1. When
clamped between the rings, the samples have
no direct contact with the surface of the well.
This clamping system was sterilized by ethyl-
ene oxide, with the meshes already clamped
between the rings.

A well-established cell line of human pri-
mary osteosarcoma (SaOs-2 cell line; European
Collection of Cell Cultures [ECACC], UK) was
utilized. Dulbecco’s modified eagle medium
(DMEM; Sigma-Aldrich) with 10% fetal
bovine serum (Biochrom AG, Germany) and
1% antibiotic—antimycotic mixture (Gibco,
UK) was used to culture the cells. The cells were
harvested by trypsinization before seeding onto
the scaffolds.

Before seeding, the clamping systems contain-
ing the dual composition electrospun nanofiber
meshes were placed in a 48-well plate with 1 ml
of ultra-pure water in order to dissolve the PEO
nanofibers. The well plate was placed in an incu-
bator at 37°C for a period of 24 h. The seed-
ing was performed with 50 pl cell suspension
(1 x 10° cells/ml) over each scaffold. The devel-
oped nanofiber mesh clamping system confined
the seeding area, avoiding cell adhesion to other
surfaces of the culture well. The cell-seeded scaf-
folds were incubated in a humidified atmosphere
at 37°C, containing 5% CO,, for 4 h, follow-
ing which 1 ml of culture medium was added
to each well. The culture medium was changed
every 3—4 days. The experiment was performed
in triplicate for every time culture period (1, 3,
7 and 14 days).

To evaluate the cell morphology and their
distribution in the nanofibrous scaffolds, the
constructs were washed with phosphate buffer
saline (PBS; Sigma) and fixed with 2.5% glu-
taraldehyde solution (Sigma). Then, they were
dehydrated by immersion in a series of ethanol
solutions with increasing concentration and air-
dried overnight in a hood. The samples were

Silicone ring

8 mm

NFM

Figure 1. Clamping system used in the biologic assay. Lateral and top views.

NFM: Nanofiber mesh.
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sputter coated with gold (sputter coater model
SC502, Fisons Instruments) and observed with
SEM (Leica Cambridge S360, UK).

The penetration of the cells into the nano-
fiber mesh was evaluated by laser scanning con-
focal microscopy (Fluoview™ 1000, Olympus,
Germany). The samples were fixed with forma-
line for 30 min at room temperature and then
washed with PBS. The staining was performed
with 4,6-diamidino-2-phenyindole dilactate
(DAPI; Sigma) and phalloidin-tetramethyl-
rhodamine B isothiocyanate (Sigma) for the
nucleolus and actin filaments, respectively.
The constructs were then mounted on glass
microscope slides and observed. Samples were
excited simultaneously at 345 nm for DAPI
and 540/545 nm for phalloidin. Emission at
458 nm was mapped to the blue channel and
570/573 nm to the red channel. Nanofibers
were observed in DIC black ground leveling
mode. Representative images were taken as
individual slices and the images are built from
series of stacked images.

Cell viability was determined by the colori-
metric MTS assay (CellTiter 96° AqQueous
One Solution Cell Proliferation Assay, Promega,
WI, USA) on days 1, 3, 7 and 14 of culture.
The constructs were immersed in phenol red-
and fetal bovine serum-free DMEM and the
MTS reagent was added in a proportion of 5:1,
in a total of 600 pl per well. The well plate was
incubated at 37°C for 3 h, in accordance with
the manufacturer instructions. Five replicas of
100 pl were pipetted from each well and placed
in a 96 Costar flat bottom well plate, and its
absorbance read in a microplate reader (Synergie
HT, Bio-Tek, USA) at 490 nm.

Cell proliferation was assessed by the
DNA quantification assay. This test deter-
mines the total amount of double-stranded
DNA corresponding to different culturing
time. Quantification was performed using
the QuantiT™ PicoGreen dsDNA Assay Kit
(Invitrogen™, Molecular Probes™; OR, USA).
Briefly, cells in the construct were lysed by
osmotic and thermal shock and the supernatant
used for the DNA quantification assay. A fluores-
cent dye, PicoGreen, was used owing to its high
sensitivity and specificity to double-stranded
DNA. The fluorescence of the dye was meas-
ured at an excitation wavelength of 485/20 nm
and at an emission wavelength of 528/20 nm,
in a microplate reader (Synergie HT, Bio-Tek,
USA), with the intensity of the signal propor-
tional to the amount of DNA. Triplicates were
made for each sample, thus allowing a statistical
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Figure 2. Scanning electron micrographs of electrospun dual composition polycaprolactone-poly(ethylene oxide)

PRELIMINARY COMMUNICATION

nanofiber mesh, produced with different applied tensions, from lower (A) to higher (C), without dissolution (1), after 2 h
(2) and 24 h of dissolution (3) at 37°C. Original x500 magnification.

analysis to be performed. The DNA concentra-
tion of each sample was calculated using a stand-
ard curve relating the quantity of DNA with
fluorescence intensity.

= Statistical analysis

Statistical analysis was performed using the SPSS
statistic software (Release 8.0.0 for Windows).
First, a Shapiro-Wilk test was performed to
determine the data normality. This test showed
that some results do not follow a normal distri-
bution. In the analysis of the results, p-values
lower than 0.01 were considered statistically
significant.

To compare the morphological properties (i.e.,
fiber diameter, pore size, roughness parameters
and water contact angle) of the produced NFMs,
a Kruskal-Wallis test was performed. When the
analysis indicated significant differences among
the produced NFMs, Tukey’s honestly signifi-
cant difference (HSD) test for multiple com-
parisons was performed to find where the dif-
ferences occur. In the case of biological results,
which also did not follow a normal distribution,

a Mann-Whitney U-test was performed to deter-
mine the cell performance when cultured in

those NFMs.

Results

Initially, PCL and PEO solutions were individu-
ally electrospun under several solution param-
eters (polymer and solvent concentration) as well
as processing parameters (voltage, needle tip to
collector distance and flow rate) in order to pro-
duce homogeneous fibers with uniform diameters
in the absence of visible defects, namely bead-
like morphology. Both polymers were electrospun
with a needle tip to collector distance of 12 cm
and voltages in the range of 9-15 kV for PCL
solution and 13-19 kV for PEO solution. Due
to the process instability caused by the relative
proximity of the two electrically driven polymer
jets, the applied voltages for both polymers was
varied, although always with a higher voltage for
the PEO solution. Lower applied voltages were
observed to result in fibers with visible defects and
also regions of polymer aggregation (Ficure 2, A2).
Higher applied voltages produced less uniform
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fibers with larger diameter variations on the same
fiber mesh (Ficure 2, C1). Smooth, uniform fibers
without bead-like structures were observed using
intermediate voltages (Ficure2, B1). This sample was
processed at 15 kV for PCL solution and 17 kV for
PEO solution. The dual composition PCL-PEO
NFM used afterwards were all processed using
these optimal processing conditions.

To determine the ideal dissolution conditions
for PEO nanofibers, several electrospun dual
composition PCL-PEO NFM were immersed
in distilled water without mechanical agitation.
It was described in the literature that the PEO
dissolution kinetics in water increases in the
temperature range 20—40°C [s0]. Thus, a dis-
tilled water bath was heated at 37°C to attain
conditions promoting a faster and complete dis-
solution of the PEO fraction. After a dissolution
period of either 2 or 24 h, the meshes processed
at lower voltages showed a beaded morphology
with significant variation in fiber diameter and
polymer accumulation (Ficure 2, A2 & A3). After
PEOQ dissolution of 24 h, the nanofibers main-
tained their continuity and general morphol-
ogy in meshes processed at intermediate volt-
age. The PCL nanofibers, after the dissolution
of the PEO fraction, assumed a twisted mor-
phology (Ficure 2, B3). The final morphology of
the mesh obtained with higher voltage shows
discontinuous fibers with abrupt variations of

the fiber diameter and polymer accumulation
points (Ficure 2, €3). All samples presented visible

M
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surface marks caused by the dissolution of PEO
fibers (Ficure 2,43, B3 & €3). The SEM micrographs
showed that PCL-PEO meshes, when submit-
ted to the dissolution process for 24 h, have an
enhanced pore size caused by the dissolution of
the PEO fraction. All subsequent dissolutions
were preformed during a period of 24 h at 37°C.
Meshes were randomly selected for posterior
characterization assays.

Physical characterization
The PCL and PEO solutions were simultane-
ously processed by electrospinning, resulting in
a 3D dual composition nanofibrous structure
with interconnected micropores, composed
of uniform and randomly oriented nanofibers
(Ficure 3B). Applying the Kruskal-Wallis test to
the fiber diameter results, we found a highly sig-
nificant difference between the produced NFMs
(p < 0.0001). Tukey’s HSD test indicated that
the fiber diameter distribution in PCL-PEO
NEM after PEO dissolution is comparable
with that observed for the control PCL NFM
(p = 0.183) (Ficure 4). It was noticed that the
PCL-PEO NFM submitted to the dissolution
process showed a marginal increase in the aver-
age fiber diameter (~157 nm), which did not sig-
nificantly affect the fiber diameter distribution
when compared with the control PCL NFM.

Comparing the SEM micrographs of con-
trol PCL NEFM (Ficure 34) and dual composition
PCL-PEO NFM (FIGURE 3B) with the PCL-PEO

m
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Figure 3. Scanning electron micrographs (A-C) and interferometric optical profilometry images (D-F) of electrospun
control PCL NFM (D), dual composition PCL-PEO NFM (E) and PCL-PEO NFM after PEO dissolution (F). Original magnification

of x1000 and x518, respectively.

NFM: Nanofiber mesh; PCL: Polycaprolactone; PEO: Poly(ethylene oxide).
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NFM after PEO dissolution (Ficure 3C), an
apparent increment was observed in the size
of the pores, accommpanied by a decrease in
the number of pores. Indeed, the PCL-PEO
NFM after PEO dissolution had statistically
significant larger pores (p < 0.001), as revealed
by Tukey’s HSD test (Figure 5). Interferometric
optical profilometry images confirmed the pore
size increment in the samples and consequent
topographical alterations. The higher in-depth
scale of the PCL-PEO NFM after PEO dissolu-
tion could be indicative of a more open structure
and presence of loosely connected fibers in this
sample (Ficure 3F). An increment of the pore size
was also confirmed by the significant higher
average roughness of the PCL-PEO NFM after
PEO dissolution (p = 0.001) (Ficure 6), deter-
mined by interferometric optical profilometry.
Essentially, both SEM and interferometric opti-
cal profilometry show consistent results with the
increased level of pore size when performing
PEO fiber dissolution.

To ascertain the influence of these topo-
graphical alterations over the hydrophobic/
hydrophilic character of the samples, the water
contact angle evolution over a period of 20 min
was measured for control PCL NFM, dual com-
position PCL-PEO NFM and PCL-PEO NFM
after PEO dissolution (Ficure 7). Generally, all
samples show a hydrophobic character. However,
the dissolution of PEO induced a statistically
significant reduction of the water contact angle
(p < 0.001), as revealed by Tukey’s HSD test,
until 16 min of wettability. There were no statis-
tically significant differences in the water contact
angle between the control PCL NFM and the
dual composition PCL-PEO NFM (p = 0.07).
At 18 min, the only statistically significant dif-
ference was observed in the wettability between
the dual composition PCL-PEO NFM and
the PCL-PEO NFM after PEO dissolution
(p < 0.01). Moreover, at 20 min no statistically
significant differences in the wettability between
the three types of NFMs existed (p > 0.01).

Biologic characterization
The adhesion, spreading, viability and prolif-
eration of human osteoblastic cells on the dual
composition electropun nanofiber meshes after
PEO dissolution were evaluated for 1, 3, 7 and
14 days of culture (PCL NEM were include as
controls). Ficure 8 shows SEM micrographs of
cultured cells on the electrospun meshes. In
the case of the control PCL NFM, the adhe-
sion only happens at the surface of the nanofiber
mesh (Ficure 84). Cell infiltration into the mesh
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Figure 4. Box plot of fiber diameter for control PCL NFM, dual composition
PCL-PEO NFM and PCL-PEO NFM after dissolution.

*p < 0.01 versus control PCL NFM.

**p < 0.01 versus PCL-PEO NFM.

NFM: Nanofiber mesh; PCL: Polycaprolactone; PEO: Poly(ethylene oxide).

is observed on PCL-PEO NFM after PEO dis-
solution for longer culture periods (Ficure 8, B3).
Cells are visible in different layers of the NFM,
below the upper level of the nanofibers and
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Figure 5. Box plot of pore size on control PCL NFM, dual composition
PCL-PEO NFM and PCL-PEO NFM after dissolution.

*p < 0.01 versus control PCL NFM.

**p < 0.01 versus PCL-PEO NFM.

NFM: Nanofiber mesh; PCL: Polycaprolactone; PEO: Poly(ethylene oxide).
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Figure 6. Box plot of roughness parameters, namely average roughness
and root mean square roughness, on control PCL NFM, dual composition
PCL-PEO NFM and PCL-PEO NFM after dissolution.

*p < 0.01 versus control PCL NFM.

NFM: Nanofiber mesh; PCL: Polycaprolactone; PEO: Poly(ethylene oxide);

Ra: Average roughness; Rg: Root mean square roughness.
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inside the mesh structure (Ficure 8, B3 & B4). After
14 days of culture, both samples have their top
surface (seeding surface) almost fully covered
with cells. Furthermore, in control PCL NFM a
confluent cell layer was observed, which was not
previously seen in the dual composition meshes.

To further confirm cell penetration into the
nanofiber meshes, the opposite side of the seed-
ing surface of the meshes was also observed by
SEM (Ficure 8C). As the seeding was performed in
the area confined by the clamping silicone ring,
the cells present in the opposite surface of the
mesh could only migrate through the thickness
of the nanofiber mesh. This result shows that the
increased pore size and the overall morphology
of the PCL-PEO after PEO dissolution allows
cell penetration into the mesh. For longer culture
periods, an increment in the cell number at the
surface of the nanofiber mesh was observed. On
this side of the mesh, a progressive infiltration
of the cells was visible from the interior of the
mesh to its surface (Ficure 8D). In control PCL
NFM this infiltration was not observed and
the cells were absent at the opposite side of the
mesh (Ficure 8C), demonstrating the efficiency of
the ring system in confining the cell adhesion.

Nanomedicine (2010) 5(4)

Detailed and further magnified micrographs
illustrate cellular infiltration into the PCL-PEO
NFEM after PEO dissolution (Ficure 8E). SEM
micrographs show a progressive cell penetration
during the culture periods. Cells were visible
underneath several fibers and in different layers
across the mesh thickness (Ficure 8, E3 & E4).

To further confirm the cellular penetra-
tion observed in SEM, laser scanning confo-
cal microscopy was conducted on control PCL
NFM and PCL-PEO NFM after PEO disso-
lution cultured with human osteoblastic cells
(Ficures 9 & 10). Cells appeared rounded and uni-
formly distributed over the scaffold surfaces after
1 day (Ficures 94 & 104). For longer culture periods
(7 days), control PCL NFM still contained cells
mainly at the surface of the mesh (Ficure 98). By
contrast, in PCL-PEO NFM after PEO dissolu-
tion, cells appeared spread and were detected in
the inner/deeper layers of the NFM (Ficure 10),
colonizing the full thickness of the scaffold and
infiltrating into the unseeded side of the mesh.
These observations are thus in agreement with
the results from the SEM analysis.

The viability of the osteoblastic cells cul-
tured on the control PCL NFMs and on the
PCL-PEO NFM after PEO dissolution was
assessed by MTS assay (Ficure 11). Cell viabil-
ity was significantly higher on the PCL-PEO
NEM after PEO dissolution (p < 0.001), as
revealed by the Mann-Whitney U-test, for
almost all the time points. The only excep-
tion was the time point 7 days, where no sig-
nificant differences were found between both
NFMs (p = 0.063). The higher viability of cells
seeded on the PCL-PEO NFM after PEO dis-
solution can be justified by the attachment and
growth of cells into the open structure of the
mesh. Furthermore, a progressive increment of
cell viability along with culturing time was also
observed for both nanofiber meshes.

Cellular proliferation was estimated based
on the DNA quantification assay (Ficure 12). In
control PCL NFM, the DNA content increased
slightly until 3 days of culture, where it reached
the maximum value, after which time it reduced
from that time point onwards. In PCL-PEO
NFM after PEO dissolution a statistically sig-
nificant decrease in DNA content was observed
at day 3 (p = 0.002), followed by a progressive
increment for longer culture periods. Despite
this progressive increment of DNA quantity,
no statistically significant difference was found
between PCL-PEO NFM after PEO dissolution
and the control PCL NEM (p > 0.01), as revealed
by the Mann-Whitney U-test.
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Discussion

In natural tissues the cells are surrounded by the
ECM, which provides structural support for the
cells, controls the tissue structure and regulates
cell adhesion, migration, proliferation and, con-
sequently, tissue morphogenesis. The ECM is a
dynamic and hierarchal organized structure com-
posed of polysaccharides (glycosaminoglycans)
and proteins (collagen and proteoglycans). These
components are organized as an interconnected
nano- or micro-ranged fibrous network [17]. In
the past two decades, nanofiber meshes produced
by electrospinning have been described as having
a large potential in the field of tissue regenera-
tion [17.40,51]. Electrospun meshes closely resemble
the ECM due to their nanoscale structure and can
act as a functional replacement of the ECM [1751].
The most serious limitation on the use of the
nanofiber meshes as tissue engineering scaffolds
in 3D tissues is most likely the fact that the pores
created by the random deposition of nanofibers
are too small to allow cell infiltration into the
inner regions of the nanofiber mesh [17.23:51].
Most of the reports in literature using electro-
spinning to produce tissue templates do not
provide any strategy to overcome this problem,
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compromising the scaffold’s effectiveness for the
proposed applications.

We propose the electrospinning of a dual
composition nanofibrous structure that is inten-
tionally designed for cell penetration, obtained
by the selective extraction of one material of the
nanofiber mesh. This strategy would create larger
pores that could promote cell infiltration to the
inner region of the mesh and, at same time, main-
tain the structural and biological properties that
resemble the ECM structure. Unlike some pre-
viously described strategies to increase pore size,
such as techniques that use blowing agents (45 or
postprocessing by laser [46], our strategy modi-
fies the nanofiber mesh as a whole, providing an
homogeneous pore size distribution. The devel-
oped system allows an independent voltage con-
trol, since the PCL and PEO solutions have dif-
ferent properties and, consequently, need to be
processed at different conditions. In addition, the
proposed postprocessing technique is very simple
and does not involve any extra component that
could eventually compromise cellular behavior.

It is hypothesized that the PEO dissolution
products are nontoxic and will not be detrimen-
tal for cell viability. In fact, the dissolution of
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Figure 7. Box plot of water contact angle values for control PCL NFM, dual composition
PCL-PEO NFM and PCL-PEO NFM after PEO dissolution NFM, as a function of time.

*p < 0.01 versus control PCL NFM.
**p < 0.01 versus PCL-PEO NFM.

NFM: Nanofiber mesh; PCL: Polycaprolactone; PEO: Poly(ethylene oxide).
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Figure 8. Scanning electron micrographs of electrospun control PCL NFM (A) and PCL-PEO NFM
after PEO dissolution (B), and opposite face of control PCL NFM (C) and PCL-PEO NFM after PEO
dissolution (D) cultured with human osteoblastic cells during 1 (1), 3 (2), 7 (3) and 14 days (4).
Original magnification of x500. (E) Details of cellular infiltration on PCL-PEO NFM after PEO
dissolution. Original magnification of x2200.
NFM: Nanofiber mesh; PCL: Polycaprolactone; PEO: Poly(ethylene oxide).

PEO nanofibers in water has revealed itself as an
efficient method to obtain the selective removal.
This was verified by the ‘fingerprinting’ marks
of PEO nanofibers visible on the remaining PCL
fibers, constituting an important characteristic of
the obtained meshes. Those marks result from
the deposition of the fibers in the collector being
not completely dry and are caused by the overlap
of PEO and PCL fibers. According to previous
experimental results from the literature, the solu-
bility of PEO in water increases in the temperature
range of 20—40°C and tends to saturate at higher
temperatures [50]. Thus, the PEO dissolution was
performed at the temperature of 37°C, the same
temperature at which the biologic assays are con-
ducted, ensuring that the PEO was successfully
and completely removed at that temperature. This
temperature is lower than the melt temperature of
both polymers, which does not involve nanofiber
morphology alterations during the process of dis-
solution. Due to the presence of impurities in the
PEO solution, some aggregates of PEO were also
observed and produced during the dissolution in

water [50], which may cause morphologic altera-
tions in the nanofiber mesh. Considering the
hydrophobic character of PCL, no significant
morphological alterations are expected within
the PCL nanofibers. To confirm this statement,
different topographical properties of the electro-
spun meshes, namely fiber diameter, pore size and
roughness, were characterized. Fiber diameter
measurements show that most of the produced
fibers have diameters in the range of 175-875 nm,
thus in the submicrometric range. Considering
the main aim of the present study, it is not advan-
tageous to have very small fiber diameters, since
increasing fiber diameter results in an increase in
the mean pore size, as previously discussed [42].
Hypothetically, the slightly higher, but not statis-
tically significant, diameter of the fibers measured
in the PCL-PEO NFM after PEO dissolution
may also contribute to a larger pore size in these
meshes. Even so, the electrospun nanofiber meshes
have a maximum probability of being effective
in mimicking the natural ECM and allowing
cell infiltration.
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Different methods have been proposed in the
literature to measure the pore size and degree of
porosity. Sieving methods [52], mercury intrusion
porosimetry [53,54] and flow porosimetry [54] are

z=15.55 pym

z=13.80 pm z=17.25 pym

z=231.05pym

among the most used methods to determine pore
size. In the present study, the evaluation of pore
size was performed by quantitative image analysis

of SEM micrographs [s5]. As expected, PCL-PEO

z=18.66 pm z=21.77 pm

z=31.10 ym z=34.21 pym

z=10.35 pym

z=20.70 ym z=24.15pm

z =34.50 ym z=37.95 pym

Figure 9. Laser scanning confocal microscopy images of electrospun control
polycaprolactone nanofiber mesh after 1 (A) and 7 days (B) of human osteoblastic cells
culture. Cell nuclei were stained with 4,6-diamidino-2-phenyindole dilactate and actin filaments
stainded with phalloidine. Original magnification of x10.
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NFM after PEO dissolution had the largest pore
sizes. The dissolution of PEO fibers results in
pore sizes significantly higher than similar PCL

z=10.16 pm z=12.70 pm

z=20.32 ym z =22.86 pm

221876 ym » - | 2=23.45m *

z2=4221 pm =

meshes, which is in agreement with the removal
of half of the fibers that constitute the mesh. The

enhanced pore size meshes present a median pore

z=15.24 ym z=17.78 ym

z =25.40 pm z=27.94 ym

| 2 = 14.07 ym

z =46.90 ym

Figure 10. Laser scanning confocal microscopy images of PCL-PEO NFM after PEO
dissolution, after 1 (A) and 7 days (B) of human osteoblastic cells culture. Cell nuclei were
stained with 4,6-diamidino-2-phenyindole dilactate and actin filaments stainded with phalloidine.

Original magnification of x10.

NFM: Nanofiber mesh; PCL: Polycaprolactone; PEO: Poly(ethylene oxide).
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diameter of 5.017 pm. This is in the same range of
values as previously reported by Tzezana ez al. [s3).
The PCL-PEO NEM after PEO removal clearly
showed larger pores, as depicted by the inter-
ferometric optical profilometry images. These
meshes also present larger topography gradients
between the top and bottom fibers, which can be
an indication of a more open mesh structure and
of the presence of loosely connected nanofibers.
Considering this higher distance and the fact that
the fibers are slightly larger, it is consistent with
a considerably higher average roughness of those
samples, being the roughest of all three samples
analyzed by this technique.

These differences in roughness could have also
influenced the hydrophobic/hydrophilic charac-
ter of the samples and, consequently, the cell
behavior [56]. The contact angle assay showed a
decrease of the hydrophobicity of the PCL-PEO
NEFM after PEO dissolution, when comparing
with control PCL NFM. Despite the main-
tenance of a hydrophobic character, the PEO
dissolution turned the PCL-PEO NFM into a
more hydrophilic structure. This effect can be
related to the increased fiber diameter of the dual
composition PCL-PEO NFM. As reported in
the literature, the increase in the fiber diameter
causes a decrease in the water contact angle [56].
In addition, it has been shown that smaller pore
sizes lead to higher air entrapment in the pore
structure, which may cause an increase in water
contact angle [56]. This is particularly evident on
control PCL NFM. Conversely, higher pore size
induced a decrement on water contact angle, as
shown in our results.

The biological performance of the PCL-PEO
NFM followed by PEO dissolution was assessed
by the cellular infiltration level, cell viability and
proliferation into the inner regions of the pro-
duced nanofibrous meshes. To demonstrate that
human osteoblastic cells could migrate through
the thickness of the NFM, a special clamping
system was developed. This system was designed
to have the double function of limiting the seed-
ing area and to clamp the meshes at a certain
distance from the bottom of the culture well
plate. Thus, while in control PCL NFM the cell
infiltration is limited to the top surface of the
nanofiber mesh (because the pore size is insuf-
ficient to allow infiltration), in the PCL-PEO
NFM after PEO dissolution, the infiltration of
the cells into the inner regions of the mesh was
observed, mainly for longer culture periods. In
these meshes, the cells are clearly visible at vari-
ous depths within the nanofiber mesh and cover-
ing different levels of the mesh, as confirmed by
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Figure 11. Box plot of human osteoblastic cells’ viability cultured on control

PCL NFM and PCL-PEO NFM after PEO dissolution.

*p < 0.01 versus control PCL NFM.

NFM: Nanofiber mesh; PCL: Polycaprolactone; PEO: Poly(ethylene oxide).

laser scanning confocal microscopy. The extent
of cell infiltration was also evaluated by SEM
observation of the opposite face of the mesh
that was not seeded with cells. The presence of
cells in this surface was observed only in the
PCL-PEO NFM after PEO dissolution. In fact,
in the initial days of culturing, the cells are seen
inside the mesh, progressing along the culturing
period and reaching the opposite surface of the
mesh. Conversely, control PCL NFM shows no
cells in the opposite side of the mesh even for
long culturing periods. This result demonstrates
that the presence of cells in the opposite surface
of the PCL-PEO NFM after PEO dissolution is
in fact due to cell infiltration through the mesh
thickness and not due to any other cell colo-
nization alternative. The previously published
work on dual-polymer composite fiber-aligned
scaffolds (47] did not report results showing an
even distribution of cells through the scaffold
thickness. Our results demonstrate unequivo-
cally that the obtained pore size and porosity are
sufficient to allow extensive cell infiltration from
one side of the mesh to the other.

The enlargement of the pore size may facili-
tate the cell penetration in the dual composition
meshes. However, this result may also be related
to the loosely connected structure of electrospun

www.futuremedicine.com

551



DNA concentration (pg/ml)

Guimaries, Martins, Pinho, Faria, Reis & Neves

meshes that are formed by differently oriented
fibers lying without physical connection with the
neighboring fibers (caused by the dissolution of
the PEO fibers). The removal of the PEO fibers
may also lead to discontinuities in the remain-
ing PCL fibers. In this way, the surrounding
fibers will offer only a minor resistance to the
migration of cells [57]. It is remarkable that the
biological results herein reported are obtained
using a shorter culturing period (14 days) and
cells with lower migratory capabilities, when
comparing with mesenchymal stem cells used
in other work [47]. Furthermore, our results show
infiltration of cells through the full thickness
of the nanofiber mesh. Other work following a
similar strategy only reported a gradient of cells
from the edge (~45% of cells remain in the outer
quarter) to the center of the construct (~12% of
total cell population reach the center region).
The viability of cultured cells was assessed
by the MTS test and significantly improved cell
viability was found within the PCL-PEO after
PEO dissolution when compared with control
PCL NFM. The extra access to the inner mesh
structure facilitates the attachment of cells and
allows further cell penetration. The progressive
increase in cell viability also demonstrates that
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Figure 12. Box plot of cell proliferation on control PCL NFM and PCL-PEO
NFM after PEO dissolution, estimated according to the DNA
quantification assay.
*p < 0.01 versus control PCL NFM.

NFM: Nanofiber mesh; PCL: Polycaprolactone; PEO: Poly(ethylene oxide).
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PEO dissolution, along with PEO dissolution
products, do not negatively affect the cell viabil-
ity. Furthermore, the cellular proliferation assay
shows a progressive increment in DNA content
along the culture periods, with the exception of
day 3. Despite the differences not being statis-
tically significant between control PCL NFM
and PCL-PEO NFM after PEO dissolution, the
latter presents higher cell proliferation, which
indicates easier access of inner surfaces for cells
to proliferate into, compared with the PCL
NFM. In addition, these results confirm that
the PEO dissolution did not negatively affect
cell proliferation or its viability.

Conclusion & future perspective

We demonstrated the efficacy of a dual com-
position strategy to increase the pore size and
solve the low cell infiltration capacity on random
electrospun nanofiber meshes. This strategy con-
sists of producing a dual composition nanofiber
mesh and selectively removing one of the poly-
meric fibers (PEO), leaving the other fraction
intact (PCL). It was observed that this method
does indeed increase the pore size without major
alterations of the mesh structure. Pore size mea-
surements showed a significant increase of pore
size (doubling) in those meshes when compared
with control PCL NFM. The biologic assays
demonstrated that the cells were not only able
to proliferate into the nanofibrous scaffold, but
were also capable of migrating to the opposite
side of the mesh.

The strategy herein proposed for the pore
size increment of electrospun nanofiber meshes
allows a fully cellularized electrospun mesh to
be obtained. Considering the promising biologi-
cal results with a human osteoblastic cell line,
further studies with primary cells are envis-
aged to confirm the biological functionality of
these enhanced pore size electrospun meshes.
Consequently, this approach can be followed to
successfully overcome one of the most critical
limitations of the electrospun meshes aimed for
the regeneration of 3D tissues, namely bone,
cartilage or full thickness skin wounds.
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Electrospinning of a dual composition nanofiber mesh (i.e., polycaprolactone and poly[ethylene oxide]), followed by selective removal of
the poly(ethylene oxide) fibers, has been demonstrated.
Morphological characterization of the final mesh, after dissolution of the poly(ethylene oxide) fraction, demonstrated a significant

increment in pore size.

Structural properties of the remaining polycaprolactone fibers were maintained, resembling the morphology of native

extracellular matrix.

Osteoblastic cells colonize the inner regions of the enhanced porous electrospun mesh and migrate/penetrate through its full thickness.

Cell viability and proliferation were not affected by the highly porous nanofiber mesh structure.
The proposed method can be used to intentionally control the pore size of electrospun scaffolds.

The postprocessing step does not involve any extra component that could eventually compromise the cellular behavior.
A fully celularized electrospun nanofiber mesh was obtained, appropriate for tissue engineering applications.
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