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Cell penetration to nanofibrous scaffolds

Forcespinning®, an alternative approach for fabricating 3D nanofibers
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( :ell infiltration is a critical param-

eter for the successful development
of 3D matrices for tissue engineering.
Application of electrospun nanofibers in
tissue engineering has recently attracted
much attention. Notwithstanding sev-
eral of their advantages, small pore size
and small thickness of the electrospun
layer limit their application for develop-
ment of 3D scaffolds. Several methods
for the pore size and/or electrospun layer
thickness increase have been recently
developed. Nevertheless, tissue engineer-
ing still needs emerging of either novel
nanofiber-enriched composites or new
techniques for 3D nanofiber fabrication.
Forcespinning® seems to be a promising
alternative. The potential of the Forces-
pinning® method is illustrated in pre-
liminary experiment with mesenchymal
stem cells.

Strategies to Increase the Pore
Size of Electrospun Layers

Because of their structure, which
mimics the natural extracellular matrix,
nano- and microfibrous layers are prom-
ising materials for tissue engineering and
for regenerative medicine.! They have
some extraordinary properties, such as
huge porosity, fiber diameter similar to
that of fibrillar proteins, and an enormous
surface-to-volume ratio. However, elec-
trospun fibers have some disadvantages
for tissue engineering applications, above
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all their limited thickness, their small
pore size, and their planar 2D structure.
Various strategies have been applied to
overcome these disadvantages and to fab-
ricate nanofibers with huge pores and a
3D structure.

Systems combining insoluble fibers and
sacrificial co-fibers,”? salt leaching,* ice
crystals,’ and photopatterning® have been
used to increase the pore size of prepared
nanofibers. Ultrasonification in an aque-
ous solution is another physical method
that has been used in the electrospinning
process to extend the thickness and the
porosity of the layer.” The application of
ultrasound resulted in increased scaffold
pore size and enhanced cellular infiltra-
tion and proliferation in vitro. In another
study, PLGA nanofibers with Degrapol®
(a bioresorbable polyurethane) as a sacrifi-
cial part of the system enabled deeper cell
penetration to the scaffold.®

In addition, systems employing pat
terned collectors have been wused to
increase the pore size. The use of classi-
cal non-patterned collectors results in
homogeneous distribution of the elec-
tric field and random orientation of the
nanofibers. Non-homogenous distribu-
tion of the electric field on the patterned
collector results in changed deposition of
the nanofibers, which correlates with the
local electric field intensity and is driven
by Coulombic forces.” Li et al.*" devel-
oped patterned static collectors consist-
ing of conductive and non-conductive
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bar 100 um.

Figure 1. Morphology of layers produced by Forcespinning® technology (A). Macroscopic view
of Sample 2 deposited by static deposition (B). Macroscopic view of Sample 3 deposited by vac-
uum assisted deposition (C). SEM morphology of Sample 1 (D), Sample 2 (E), Sample 3 (F). Scale

void spaces. Nanofibers were aligned
across a non-conductive void. Another
approach was introduced by Zussman
et al.'? They used a rotating table placed
on a rotating disc moving 90° between
the steps of deposition. The fibrous mesh
that was produced had a square “mesh”
orientation of the nanofibers, as the sec-
ond layer was oriented perpendicular to
the first layer. Another approach is based
on parallelization of the nanofibers.
Parallelizing the fibers increased the pore
size of the meshes without altering the
fiber diameter. For example, Zhu et al.”?
used a rotating frame cylinder for prepar-
ing a parallelized fibrous mesh. Vaquette
and Cooper-White" tested nanofibrous
meshes deposited on patterned collectors.
They found that increased pore size of a
patterned mesh enabled deeper cell pene-
tration to the scaffold. Recently, we intro-
duced a study® in which nanofibrous layers
prepared using a structured collector were
used as a scaffold for mesenchymal stem
cell (MSC) seeding. The structure of the
scaffold with increased pore size improved
the cell proliferation and, moreover, the
osteogenic differentiation of the cells, in
comparison with a non-structured layer.
A patterned surface with spots of different
surface mass density caused increased pore
sizes in the less dense areas. The pore sizes
were huge enough to enable MSCs to pen-
etrate through the fibrous layer. Migration
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of cells is very advantageous in bone tissue
engineering applications.

Interestingly, the knitted-like structure
of the fibrous mesh also improved the bio-
mechanical properties of the mesh, which
is of importance for tissue engineering of
skin or tendon.

Strategies to Increase the
Thickness of Electrospun Layers

In addition, various strategies were
used to increase the thickness of the
fibrous layers. One of the easiest ways to
produce 3D fibrous structures is with the
use of sequential or multilayering elec-
trospinning. Using these methods, elec-
trospun layers hundreds of microns in
thickness can be produced. Han et al.'®
prepared a multilayered electrospun layer
mimicking the ECM of the urinary blad-
der in a single-step process. Another way
is to modify simple electrospun layer by
bending, folding, or stacking. Chen et
al.” prepared nanofiber structures with
aligned or randomly oriented nanofibers.
They overlaid five cell-seeded layers, and
prepared two types of 3D scaffold, with
aligned or random orientation of the
nanofibers. An interesting method for
preparing thicker nanofibrous layer was
introduced by Shabani et al.'® They used
focused infrared irradiation during the
electrospinning process. The lamps were
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arrayed in a manner such that their light
was focused on the last third of the top-
to-collector distance. As a result, a nano-
fibrous layer was prepared, which was 10
times thicker than the layer from conven-
tional electrospinning and showed a less
dense structure than when conventional
electrospinning was used. In addition,
special collectors were used to prepare 3D
nanofibers. A liquid bath was used as a
collector in an electrospinning technique
known as “wet electrospinning.” The
pore size and the thickness of the nanofi-
bers that were produced was dramatically
increased.” Blakeney et al.?* demonstrated
the use of a grounded spherical dish col-
lector with an array of needle-like probes.
The nanofibers that were prepared exhib-
ited a loosely packed 3D structure with a
ball-like morphology. The loose ball-like
morphology enabled cell penetration into

the scaffold.

Forcespinning as an
Alternative Method for
Producing 3D Nanofibers

Recently, Forcespinning® was intro-
duced as a novel method for producing
polymeric nanofibers. While electrospin-
ning is based on the electrostatic forces
between an electrically charged solution
and a collector with the opposite charge,
Forcespinning® uses a centrifugal force
to produce ultra-thin fibers. As a conse-
quence, Forcespinning® can prepare lay-
ers both from solutions and from melts.
This eliminates some limitations of elec-
trospinning, e.g., high electric voltage,
and the need to use dielectric solvents.
The Forcespinning® process has already
been described in detail elsewhere.?"??
The device for Forcespinning® is com-
posed of a spinneret loaded with a poly-
mer solution or a melt. While the fiber is
being produced, the polymer solution is
drawn from the orifice by rotating forces.
Subsequently, the solution is evaporated
from the fibers and they are deposited on a
collector. The main parameters influenc-
ing the Forcespinning® process are the
centrifugal force that is used, the viscos-
ity of the solution or melt, the diameter
of the collector, the radius of the orifice,
and solvent evaporation rate.”> A well-
balanced force must be used. It must be
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pores predominated in Sample 3 [C]).

Figure 2. Proportional distribution of pore sizes determined from SEM stereological analysis. Different distributions of pore sizes were seen in the
samples. While proportional representations of pores were similar in samples prepared by classic deposition (Sample 1 [A] and Sample 2 [B]), smaller

high enough to overcome the surface ten-
sion of the solution or melt, but not too
high to form polymeric beads. Similarly,
the viscosity of the polymer solution has
to be chosen appropriately. If the viscosity
is high, the forces being used to draw the
fiber may not be strong enough to create a
jet. However, beads can be produced when
a solution with low viscosity is used. The
diameter of the orifice is also an impor-
tant factor in the process. A decrease in the
diameter of the orifice reduced the overall
diameter of the fibers. The orientation and
the geometry of the orifice also have effect
on fiber formation.?! Another important
parameter is the evaporation rate of the
solvents from the polymer solution. If the
evaporation rate of the solvent is too low,
the fibers may be converted into a thin
film as the layers build up on the collec-
tor and the fibers that are still wet merge.
If the evaporation rate is relatively high,
the elongation process of the polymer jet
is disturbed, and fibers of large diameter
are produced. The distance between the
spinneret and the collector, which is deter-
mined by the diameter of the collector, is
not as crucial as in electrospinning. The
critical distance is too short to enable the
fibers to be stretched. However, when this
critical distance is exceeded, the reduction
in fiber diameter with increasing distance
becomes minimal. The Forcespinning®
process enables relatively thick, fluffy
fibrous layers to be produced. Scaffolds of
this kind, with a highly porous 3D struc-
ture, are desired for tissue engineering
applications.

Forcespinning® produces a loose and
highly porous fibrous mesh. To the best
of our knowledge, no study has been
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Table 1. Description of prepared micro/nano-fibers

Sample 1 Sample 2 Sample 3
Solution 50% PCL 50% PCL 50% PCL
RPM 10 000 10 000 10 000
Orifice G20 G30 G30
Deposition . - . - -,
static deposition static deposition vacuum deposition
mode
in- +
Fiber thin-0.76 £ 0.21 um; t:l“nnth?cf)—; (3)613 thin-0.76 + 0.3 um;
diameter | thick-237+144um | "™ 2OF | thick-2.27 +1.12 um
1.03 um
Mean pore 64.5+119.2 421 +537 2084272
size (um?)
Maximal
pore size 1592.3 762.9 253.7
(um?)

published describing the interaction of
mesenchymal stem cells with Forcespun
nanofibers. We therefore performed a
preliminary experiment, in which scaf-
folds from PCL layers prepared by
Forcespinning® were seeded with MSCs
and visualized by confocal microscopy.
Forcespinning® of 40% (w/v) PCL in
chloroform:ethanol (volume ratio 9:1)
were processed using Cyclone 1000 L/M
Forcespinning® equipment with a metal-
lic plate with a G30 or G20 orifice with a
rotation speed of 10 000 RPM (Fig. 1A).
The samples were deposited either on a
stationary deposition system or with the
use of vacuum-assisted deposition. The
meshes that we produced had different
macroscopic and microscopic morpholo-
gies. While the bulk fiber mesh depos-
ited on the stationary deposition system
exhibited a loosely-packed 3D struc-
ture (Sample 1 and Sample 2 [Fig. 1A
and B], Forcespinning® conditions are
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listed in Table 1), the fibers deposited
by vacuum-assisted deposition exhibited
a packed “electrospinning-like” mor-
phology (Sample 3 [Fig. 1C]). The SEM
measurements (Fig. 1D-F) showed that
Forcespinning® resulted in the formation
of nano- and microfibers. The diameters
of the fibers for all samples were similar.
The thin nanofibers had mean diam-
eter of 0.76 pm, and the mean diameter
of thick microfibers was around 2.3 pm.
Stereological analysis showed differences
between studied groups. Sample 1 had the
biggest mean pore size (64.5 pm?) and the
biggest maximal pore size (1592.3 pm?).
The mean pore size of Sample 2 was
smaller (42.1 pm?); however, it still was
higher than Sample 3, which was depos-
ited using vacuum-assisted deposition
(29.8 pm?). All stereological data are
showed in Table 1. Proportional represen-
tation of pore sizes in the samples is shown
in Figure 2. The samples were sterilized
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Figure 3. Confocal microscopy of MSCs seeded on fibers scaffolds prepared by Forcespinning®. Cells were stained with DiOC6 (green color) and prop-
idium iodide (red color)—left column. Depth color projection was used to visualize distribution of the cells in scaffolds (right column). Cells penetrated
to the depth more than 200 um in scaffold Sample 1 (50% PCL, G20 orifice) (A and B) In the case of Sample 2—50% PCL, G30 orifice, classic deposition
(C and D); and Sample 3—50% PCL, G30 orifice, CVD (E and F) the penetration was considerably smaller. The micrograph shows in figures A, C, and E
mesenchymal stem cells stained with DiOC6 for membranes (green) and propidium iodide for nuclei (red). Figures B, D, and F represent color-coded
depth profile of cells on scaffolds.
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in 70% ethanol and seeded with porcine
mesenchymal stem cells (approximately 5.4
x 10° cells/cm?). In order to visualize the
penetration of the cells into the scaffolds,
on day 6 after cell seeding, the samples were
stained with DiOC and propidium iodide
and were visualized by confocal micros-
copy, as was described previously.” Briefly,
the samples were fixed in frozen methyl-
alcohol (-20 ° C) and incubated with the
fluorescent probe 3,3'-diethyloxacarbocya-
nine iodide (DIOC6; 0.1-1 pg/mL in PBS;
pH 7.4) and subsequently with propidium
iodide (PI; 5 pg/mL in PBS). A ZEISS
LSM 5 DUO confocal microscope was
used for visualizing the samples (PI: X__
= 561 nm, X_ = 630-700 nm; DiOCo6:
X =488 nm, X =505-550 nm). The
results of the study showed that the MSCs
on Sample 1 (50% PCL from G20 orifice
at speed 10 000 RPM) penetrated through
the scaffold to a depth greater than 250 pm
(Fig. 3B). This kind of deep cellular infil-
tration is sufficient for the formation of 3D
scaffolds. However, the cells on Sample 2
and Sample 3 did not penetrate deeper than
50 pm (Fig. 3D and F). This kind of pen-
etration is similar to the penetration in elec-
trospun nanofibers. On non-patterned 2D
PCL nanofibers, the cell infiltration depth
was 50 pm (Fig. 4B), while on patterned
3D nanofibers, the infiltration depth was
80 pm (Fig. 4D). The Forcespinning®
method is able to produce 3D constructs,
but the cell penetration is highly dependent
on pore size. In the case of samples with
high porosity and huge pores, the penetra-
tion rate overcame the electrospun nanofi-
bers. These preliminary results suggest that
Forcespun nanofibers have huge potential
for tissue engineering applications where
deep cell penetration is necessary. However,
the method is relatively new, and it is neces-
sary to carry out more detailed testing and
optimization in order to take full advantage

of the prepared scaffolds.

Conclusion

Electrospinning, a well-known
nanofiber fabrication technique, effi-
ciently form nanofibrous meshes from
various polymers. However, the classi-
cal deposition technique often suffers
from the formation of a fibrous mesh

with small pore size, resulting in poor
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Figure 4. Penetration of mesenchymal stem cells to electrospun nanofibers on day 7. Penetration
to non-patterned 2D nanofibers (A and B) and patterned 3D nanofibers (C and D). The micrograph
shows in figures A and C MSCs stained with DiOC6 for membranes (green) and propidium iodide for
nuclei (red). Figures B and D represents color-coded depth profile of cells on scaffolds.

cellular infiltration. Cellular infiltra-
tion is critical for the formation of 3D
tissue engineering constructs. Various
strategies to increase the mean pore size
and the thickness of the fibrous layer
have therefore been proposed in recent
years. Although the results of the stud-
ies are promising, the methods often
use a complex experimental setup and
their productivity is limited. However, a
novel method based on centrifugal spin-
ning may overcome these disadvantages.
Forcespinning® technology enables the
preparation of highly porous micro- and
nanofibrous layers with considerable
thickness. These properties are advan-
tageous for tissue engineering applica-
tions, where 3D structured fibers with
huge interconnected pores are necessary
to enable the cells to migrate and com-
municate. The properties, the thickness,
and the pore size of forcespun fibers are

Cell Adhesion & Migration

highly dependent on the device settings,
which makes this method easily scalable
for various applications.
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