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Abstract Fiber scaffolds of bioactive polysialic acid have
been prepared via electrospinning for peripheral nerve
regeneration. The diameter, morphology and alignment of
fibers in scaffolds were adjusted by variation of electros-
pinning parameters, which are decisive for the cell-scaffold
interaction. Due to the high water solubility of polysialic
acid (poly-«-2,8-N-acetylneuraminic acid) a photoactive
derivative (poly-a-2,8-N-pentenoylneuraminic acid) was
used to obtain stable fiber scaffolds in water by photo-
chemical crosslinking. At the optimized fiber scaffolds
good cell viability and directed cell proliferation along the
fibers was achieved by cell tests with immortalized
Schwann cells.

1 Introduction

The goal of tissue engineering is to create a living construct
with the ability to mimic the complexities of tissue func-
tions. Engineered tissues consist of cells and scaffold,
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which substitute the native extracellular matrix (ECM). In
native tissue cells interact constantly with the ECM and it
guides their proliferation [1]. Therefore scaffolds have to
meet various requirements like mechanical stability, bio-
compatibility and nanoscale topography [2]. Scaffolds with
these requirements can be prepared via electrospinning by
creating a nano scaled fiber scaffold similar like the three-
dimensional network structure of collagen multi-fibrils
(50-500 nm) with proteoglycans in native ECM [3]. Due to
the high flexibility of the electrospinning process, suitable
materials and additional additives can be selected to adjust
the fiber properties for specific cell types [4, 5].

Peripheral nerve injuries occur several hundred thou-
sand times each year in Europe and the US alone [6, 7].
Aligned fiber scaffolds help guide the naturally regenerat-
ing axons from the proximal stump to the distal segment of
the injured nerve to finally restore function and disfigure-
ment. Polymers like poly-¢-caprolactone [8], poly(L-lactic
acid) [9] and poly(L-lactide-co-glycolide) [10] were already
investigated as neural fiber scaffold.

In current investigations polysialic acid (poly-¢-2,8-N-
acetylneuraminic acid, PSA) plays a decisive role for
peripheral nerve regeneration [11]. PSA is an alpha-2,8-
linked polysaccharide (Fig. 1), which is highly hydrophilic
due to its carboxylic function.

In the brain and in the central nerve system of verte-
brates, PSA occurs in high amount during embryonic
development. During the growth process PSA regulates the
function of the neural cell adhesion molecules (NCAM)
[12]. Thereby PSA plays an important part in cell migra-
tion, axonal guidance, synapse formation, and functional
plasticity of the nervous system [13] as well as tumor
progression and differentiation [14].

The goal of this work is to combine the bioactivity of
PSA with the nanoscale topography of electrospun fibers to
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Fig. 1 Poly-a-2,8-N-acetylneuraminic acid (PSA)

obtain a bio-identical
regeneration.

To achieve this goal, the binary polymer system, PSA
with polyethylene oxide (PEO), was electrospun. After
electrospinning the water soluble PSA/PEO fibers had to be
crosslinked to achieve stable fiber scaffolds for cell tests.
Recently, it has been shown that PEO can successfully be
crosslinked by irradiation with ultraviolet (UV) light using
benzophenone as photoinitiator [14]. Based on this
knowledge, a photoactive derivate (poly-a-2,8-N-pente-
noylneuraminic acid, PEN) was used besides PSA as
scaffold material.

The work is divided as follows: (1) characterization of
the photoactive derivative, PEN, (2) investigation of the
electrospinning process with regard to the morphology and
the diameter of the fibers, (3) cross-linking of the fibers to
reduce the water solubility and finally (4) in vitro cell tests
to investigate proliferation and viability of Schwann cells
on the fiber scaffolds.

scaffold for peripheral nerve

2 Materials and methods
2.1 Materials

PSA (Mw: 30.000 g/mol) was delivered by Nacalai and
converted to poly-o-2,8-N-pentenoylneuraminic  acid
(PEN). The polyethylene oxide PEO (Mw: 600.000 g/mol)
and the ethanol (p.a.) were delivered by Fluka. For cross-
linking the fibers a triacrylate (trimethylpropane ethoxylate
triacrylate) from Aldrich and the photoinitiator (Irgacure®
500), a mixture of 1-hydroxy-cyclohexyl-phenyl-ketone
and benzophenone, from Ciba were used.

2.2 Characterization methods

Infrared (IR) spectra of the derivates and fiber scaffolds were
measured with a Thermo Nicolet Nexus spectrometer in
ATR (Attenuated Total Reflection) mode with a diamond
crystal. The water based eluate of the fiber scaffold was
transferred by a reversed phase column (Bakerbond® Cis,
40 um Prep LC Packing, J.T. Baker) in an organic phase of
methanol and dichloromethane for IR measurements in
transmission mode, using a barium fluoride crystal.

The solubility of PSA and PEN in a water:ethanol
mixture was measured by a turbidity measurement. They
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were precipitated by gradual addition of ethanol in the
water based solution. The precipitation point was deter-
mined by measuring the scattering of a laser beam
(wavelength: 632.8 nm) with a silicon photodiode, which
goes directly through the solution.

The viscosity, conductivity and surface tension of the
polymer solution were measured at room temperature by a
rheometer (Rheometrics Fluid Spectrometer, plate-plate,
shear rate between 47 and 52 s_l), a conductometer
(Metrohm) and a tensiometer (Dataphysics, Wihelmy
plate).

Morphology and diameter of the fibers were measured
by a transmission electron microscope TEM (LIBRA 120,
Zeiss) and an atomic force microscope AFM (Topometrix
Explorer 2000). A copper grid (200 mesh) for TEM and a
glass slide for AFM measurements were used as sample
carrier.

2.3 Electrospinning

The fundamental component of an electrospinning setup
(Fig. 2) is the high voltage power supply (Matsusada,
AU-50P2-L), which is connected to a nozzle. The polymer
solution runs out of the nozzle with a constant flow rate,
which can be adjusted by a syringe pump (Syringe pump,
NE-500 OEM). The nozzle consists of a steel capillary with
an inner diameter of 0.8 mm. The fibers are collected on a
microscope slide above the grounded counter electrode.

In this study all fiber scaffolds were produced at an
electrode distance of 20 cm, an applied voltage of 5.5 kV
and a flow rate of 0.02 ml/h.

2.4 Photocrosslinking

Triacrylate (15 mg/ml) and photo initiator (5 mg/ml) were
added to the PSA/PEN (6.7 mg/ml) and PEO (26.8 mg/ml)
solution. The fibers were electrospun from a water:ethanol
(1:1) solution and dried at 35°C for 14 h. Under nitrogen
the fibers were crosslinked with a UV light source (Min-
erallight® Lamp, UVGL-58, 115 W) at a wavelength of
366 nm. Fibers without PSA/PEN were produced as

polymer solution

nozzle
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v
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Fig. 2 Electrospinning set-up
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reference. The fiber scaffolds were treated with water for
24 h after crosslinking to check their stability.

2.5 Cell culture
2.5.1 MTT assay

In vitro experiments were performed with immortalized
Schwann cells, which are used as neuronal cell model. The
fibers were electrospun on glass slides, which had previ-
ously been disinfected with a 70% isopropanol, brought
into tissue culture vials and pre-incubated with medium
over-night. The medium was carefully removed and the
samples were incubated in 40 pl cell suspension
(75,000 cells/ml). After cell attachment on the material
(1.5 h) the medium was filled up. After 6 days the cell
viability was measured by a MTT (3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazoliumbromid) assay. Each experi-
ment was performed 6 times in parallel. 100 pl of culture
medium and 10 pl of MTT solution (5 mg/ml phosphate
buffered saline PBS, sterile filtrated) were added to each
well and incubated for 4 h at 37°C and 5% CO,. After-
wards, 100 pl of 10% sodium dodecyl sulfate SDS (w/v) in
0.01 M HCI was added and the samples were incubated for
24 h. The transmission signal at 570/630 nm was measured
using a microplate reader (Bio-Rad, Munich, Germany). A
glass slide without cells was used as a baseline value. The
data were presented as the mean values standard deviation
of six replicates for each sample. Variances within each
group were calculated using the f test. Statistical signifi-
cance was considered for P < 0.05.

2.5.2 DAPI staining

In order to visualize the cells on the glass slides, double-
stranded DNA of the cell nuclei was stained by histological
staining with 40,6-diamidino-2-phenylindole dihydrochlo-
ride (DAPI). Each experiment was performed 6 times in
parallel in a 96-well culture plate. After 6 days, the culti-
vation glass slides were washed with PBS to remove
nonattached cells. Afterwards absolute ethanol (200 ml)
was added and the glass slides were stored for 30 min at —
20°C. Then the cells were washed twice with PBS and the
cell nuclei were stained by addition of 200 pl of DAPI-
staining solution (2 pl of DAPI-stock solution in 1 ml of
buffer). The slides were incubated at 37°C for 20 min and
subsequently washed 3 times with PBS. Afterwards the
glass slides were observed with UV light using a fluores-
cence microscope. Six images (magnification x400) of
each slide were taken. After 6 days of cultivation on the
glass slides analogue to viability assay and cell morphol-
ogy were examined.

3 Results
3.1 Characterization of PEN

Poly-a-2,8-N-pentenoylneuraminic acid (PEN) was pre-
pared using poly-«-2,8-N-acetylneuraminic acid as starting
material and characterized by 'H- and '*C-NMR.

The infrared spectra show a band drift of the amide to
lower wave numbers from 1,565 to 1,555 cm~ !, In the
infrared spectrum of PEN a band of the methylene group at
917 cm™" appears and the CHj3 deformation vibration of
the amide at 1,376 cm ™' is superposed by a CH, vibration
at 1,395 cm ™' (Fig. 3).

The infrared spectra as well as GCMS show that PSA
can be converted to PEN quantitative.

3.2 Influence of process parameters

The electrospinning process is based on electrostatic for-
ces, which stretch a polymer solution during solidification.
High voltage is applied to the polymer solution droplet
inducing thusly electrical charges. Due to the Coulomb
repulsion between the induced charges and also due to the
external electric field, the droplet is stretched until the
electrostatic force overcomes the surface tension of the
droplet, at this point a thin jet is ejected out of the droplet.
The jet is accelerated by the external electric field in the
direction of the counter electrode, where the fiber web is
collected on a substrate.

Parameters, which influence the electrospinning process,
can be divided in solution and process parameters.
Important solution parameters are surface tension, con-
ductivity and viscosity, which are connected to the con-
centration, molecular weight and solubility of the polymer
as well as the vapor pressure of the solvent. The process
parameters are, for instance, applied voltage, flow rate of
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the polymer solution, geometry of the electrodes and dis-
tance between the electrodes as well as ambient tempera-
ture and humidity [16, 17]. With different geometries [18]
of the counter electrode, non-woven as well as woven can
be collected.

The influence of the main solution parameters, like
viscosity, conductivity and surface tension, on morphology
and diameter of the fibers were investigated to optimize the
topography of the final fiber scaffold for cell tests. For
these measurements PSA was used instead of PEN, due to
the fact that PSA is easier commercially obtainable, thus
higher quantities can be processed. Therefore it was
assumed that both polysaccharides, PSA and PEN, have a
similar chemical composition, therefore having the same
effect on solution parameters like viscosity, conductivity
and surface tension.

Before preparing the polymer solutions, turbidity mea-
surements were done to investigate the highest possible
PSA/PEN concentrations in a water:ethanol mixture. Thus
fiber scaffolds with a high PSA/PEN concentration can be
produced to achieve a good bioactivity of the final material.
In Fig. 4 the solubility curves of PSA and PEN in
water:ethanol as solvent are shown. The PSA solubility is
reduced by increasing the ethanol content. PEN is less
soluble in a water:ethanol mixture than PSA. The solubility
curve has its maximum at an ethanol content of about 0.5.
Thus the PSA concentrations and the ethanol content for
the polymer solutions (Table 1) were selected from the
marked area in Fig. 4.

Due to the low molecular weight of commercial available
PSA (Mw: 30.000), no fibers could be spun from pure PSA or
PEN solutions. An ideal material to be added to the solution,
in order to increase its viscosity and thereby get a stable
electrospinning process, was polyethylene oxide (PEO).

Four series of polymer solution were electrospun: the
ratio between PSA:PEO and the concentration of polymer
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Fig. 4 Solubility curves of PSA and PEN in water:ethanol
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Table 1 Overview of characterized polymer solutions

Solution Polymer Mass ratio Ethanol content Variable
(mg/ml)  (mpsa/mpeo)  (Vethano/ Viotal)

1 23 10/13 0.5 PEO 1

2 27 10/17 0.5

3 30 10/20 0.5

4 25 8/17 0.5 PolySia 1

5 30 13/17 0.5

6 35 18/17 0.5

7 33 6.7/27 0.5 PEO +

8 42 8.3/33 0.5 polySia 1

9 50 10.0/40 0.5

10 30 13/17 0.66 Solvent ratio

11 30 13/17 0.5

12 30 13/17 0.33

as well as ethanol:water were varied therein to investigate
the influence of solution parameters like viscosity, con-
ductivity and surface tension on the morphology and
diameter of the fibers.

3.2.1 Polyethylene oxide (PEQO) concentration

In polymer solution 1-3 the PEO concentration was varied.
With increasing PEO concentration an increase of the
viscosity is detected. The influence on conductivity and
surface tension is minor in comparison to the viscosity and
can therefore be neglected (Fig. 5a). With the increase in
viscosity of the solutions the electrospun fibers show an
increase in the fiber diameter (Figs. 5b, 6).

The high molecular weight of PEO (600.000 g/mol) has
a strong effect on the viscosity of the solution. The
molecular weight influences the entanglement concentra-
tion in solution, on which the stability of the jet is
depending [19]. By stretching the polymer solution the
polymer chains are elongated and partly aligned, which
requires a certain amount of force. This strain resistance
increases with the viscosity of the polymer solution.

Thus the measurements show that the stretching of the
jet between the capillary and the counter electrode is
decreased at higher viscosity (Fig. 5b).

3.2.2 Polysialic acid (PSA) concentration

In the solutions 4-6 the PSA concentration is varied
(Table 1). At higher PSA concentrations the conductivity
increase due to fact that PSA is a polyelectrolyte (Fig. 7a),
whereas no influence on the viscosity and the surface
tension could be detected in this concentration regime.
No significant difference in the average fiber diameter
could be caused with increasing conductivity (Fig. 7b).
However the fiber morphology is getting smoother with
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Fig. 5 a Influence of the PEO concentration on conductivity and viscosity; b fiber diameter at increasing viscosity (see Table 1, polymer

solutions 1, 2, 3)

Fig. 6 TEM pictures of nanofibers with different concentrations of PEO (see Table 1, polymer solutions 1, 2, 3)
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Fig. 7 a Influence of the PSA concentration on conductivity and viscosity; b fiber diameter at increasing conductivity (see Table 1, polymer

solutions 4, 5, 6)

higher PSA concentration as shown in the TEM pictures
(Fig. 8). Due to the fact that with higher conductivity the
amount of charges per time, carried by the polymer jet
from the nozzle to the counter electrode, is increased at a
constant applied voltage. With a higher charge density
along the jet stronger Coulomb repulsion occurs and
increases the instability along the jet, which creates a

bending movement [20]. This bending movement induces a
stronger stretching of the polymer jet, thus a smoother
morphology as well as smaller diameter of the fibers can be
obtained [21].

From the described theory it can be concluded that due
to stronger stretching of the polymer jet a smoother fiber
morphology with increasing PSA concentration could be
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Fig. 8 TEM picture of nanofibers with different PSA concentrations (see Table 1, polymer solution 4, 5, 6)

obtained. Furthermore it can be expected that with a further
increase of conductivity the fiber diameter is getting
smaller.

3.2.3 Total polymer concentration

In solution 7-9 the ratio between PSA and PEO is kept
constant and the total polymer concentration is varied.
With the increase of PEO and PSA concentration the vis-
cosity as well as the conductivity increase (Fig. 9a). In
Fig. 9b a slight decrease of the fiber diameter as well as of
the standard deviation is shown in the first step. By
increasing the polymer concentration further the fiber
diameter clearly increases.

It can be assumed, that in the first step (solution 8) the
polymer jet is more stretched due to the higher conductivity
of the polymer solution, which results in a smoother as well
as smaller fiber diameter. The same effect is described in
the previous series with the PSA concentration (polymer
solution 4-6). In the next step at higher polymer concen-
tration (solution 9) the viscosity resistance predominates
the stretching along the jet due to the higher conductivity,
thus a larger fiber diameter is obtained.

Fig. 9 a Influence of the

3.2.4 Solvent

By increasing the ethanol content, in the water:ethanol
solution, a decrease of the surface tension as well as of the
conductivity is noticed (Fig. 11a, b). The influence on the
viscosity can be neglected. The electrospun fibers show a
clear decrease of the diameter with decreasing ethanol
content thus increasing surface tension (Figs. 10, 11c, 12).

Supposedly both parameters, conductivity and surface
tension, contribute to the reduction of average fiber diam-
eters with decreasing ethanol content, due to stronger
stretching of the polymer jet. The influence of conductivity
was already described at the variation of the PSA con-
centration (solution 4-6). With higher surface tension the
critical voltage increases (5.2-5.8 kV), at which the jet is
ejected from the droplet on the nozzle [22]. Due to the
higher critical voltage more charges are induced and the
stretching of the jet by Coulomb repulsion is additionally
increased.

After analyzing of the main solution parameters it can
be concluded that the variation of the ethanol:water ratio
shows the strongest effect on the fiber diameter in com-
parison to the variation of PSA and PEO concentrations.

polymer concentration on
conductivity and viscosity;

b fiber diameter at increasing
polymer concentration (see
Table 1, polymer solutions 7, 8,
9)
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Fig. 10 TEM pictures of nanofibers electrospun at different polymer concentrations (see Table 1, polymer solution 7, 8, 9)
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Fig. 11 Influence of the ethanol content a on the surface tension, b on conductivity and viscosity; ¢ fiber diameter at increasing surface tension

(see Table 1, polymer solutions 10, 11, 12)

Fig. 12 TEM pictures of nanofibres from polymer solutions (see Table 1, polymer solutions 10, 11, 12) with different solvent ratio
(water:ethanol)

With high PEO as well as a high PSA concentration

smooth fibers with diameters of about 100-150 nm can be

produced, which are similar in size to the collagen fibrils in

ECM.

3.2.5 Electrode geometry

The orientation of the fibers is an important factor for

scaffolds, especially for peripheral nerve regeneration [23].
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Fig. 13 AFM pictures of nanofibres a highly aligned fibres between parallel electrodes b non-wovens on top of the electrode

The fiber alignment can be obtained by different techniques.
On the one hand a rotating drum can be used to collect the
fibers, where the alignment can be adjusted by varying the
rotation speed [18]. On the other hand two perpendicular
counter electrodes can be used, to receive aligned fibers by
horizontal movements between the grounded electrodes.
This method is based on the influence on the electric field
profile due to the electrode geometry. The electric field lines
in the gap near the electrodes are drawn towards their edges.
Thus a pulling force is exerted on the electrospinning jet
across the gap [24]. Above the electrodes a non-woven and at
the same time highly orientated fibers between the electrodes
are collected (Fig. 13). A disadvantage is the low density of
orientated fibers and the limited electrode distance to guar-
antee a horizontal movement of the electrospinning jet
between the electrodes.

3.3 Crosslinking
After electrospinning the fiber scaffolds were crosslinked by

UV radiation and afterwards treated with water for 24 h to
investigate the stability in water. In Fig. 14a a comparison
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between crosslinked fibers with PSA and PEN before and
after treatment with water is represented. The acrylate band
at 1,732 cm~ ! is used to standardize the intensity of the
spectra in order to compare the intensity of the amide band at
1,610 cm ™" of PSA and PEN. As reference the spectrum of
the untreated sample of PEN is also shown. The IR spectrum
of PSA fibers shows that PSA cannot be detected anymore
after 24 h, thus no stabile linkage could be achieved by
photochemical crosslinking. The fibers with the photoactive
PEN compared to PSA are more stabile in water. The amide
band can still be detected after 24 h in water.

In the water extract of the PEN fiber scaffolds different
components like PEO (951, 1106, 1246, 1341 cm_l), PEN
(1,596 cm_l) and benzophenone (1,279 cm_l) could be
detected by infrared spectroscopy (Fig. 14b). These results
clearly indicate that the photochemical crosslinking could
be improved by using the photoactive PEN instead of PSA.

3.4 Cell tests

After 6 days cultivation of the cells on the glass slides
microscopy phase contrast images were performed. The cell
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Fig. 14 a Infrared spectra of cross-linked fibers before and after treatment with water (24 h); b infrared spectrum of extractable components of

cross-linked PEN fibers
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Fig. 15 Phase-contrast pictures of immortalized Schwann cells after 6 days of cultivation; glass slides a without fibers, b PEO fibers without

PEN, ¢ PEN fibers

Fig. 16 DAPI dying of immortalized Schwann cells after 6 days of cultivation; glass slides a without fibers, b PEO without PEN, ¢ PEN fibers

morphology on the three surfaces was considerably different.
On the glass slides without fibers the cells showed a random
cell growth and cell clusters. On the glass slides, coated with
fibers, a cell growth in direction of the fibers was noticed.
Particularly the cells on the PEN fibers grew in straight lines
along the fiber.

The cell nuclei were stained with DAPI. Therefore the
cells were fixed with ethanol. On the images (Figs. 15, 16)
it can be seen that the fibers with cells detached from the
glass slides. Therefore no statement about the cell density
on the substrates can be made. But you can see better than
in the phase-contrast pictures, how the cells grow along the
detached fibers.

The viability of the cells was determined with a MTT
assay, whereas the fibers also partly detached from the
glass slides, thus the presented results in Fig. 17 can be
affected by this problem. The viability of the cells on the
glass slides without fibers is higher than on the coated
slides. The viability of the cells is reduced with PEO fibers
of about 26% and with PEN fibers of 22% in comparison to
the pure glass slides. The results are based only on one data
record, thus the results are statistically unsecured.

In summary the immortalized Schwann cells were less
viable on the fibers than on the pure glass slide. The phase
contrast images and the DAPI dying showed a cell growth

0.7 -

0.6 - —r—
05 -

0.3 -

0.2 -

Absorption [570/650 nm]

0.1 1

0.0 T
without fibers

PEO fibers PEN fibers

Fig. 17 MTT assay of immortalized Schwann cells after 6 days of
cultivation; glass slides a without fibers, b PEO without PEN, ¢ PEN
fibers

in direction of the fibers. Particularly on the PEN fibers the
cells grew towards the fiber direction.

4 Conclusion
In conclusion, a method to fabricate fiber scaffolds of PSA
was developed. Therefore a binary system with PEO was

used to stabilize the electrospinning process and to increase
the mechanical stability of the electrospun fiber scaffolds.
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Another advantage of the binary system is the economical
handling of PSA, thus the production of this material is low
cost.

To optimize the fiber scaffolds and to ensure the con-
trolled variation of parameters in future works, the influ-
ence and interactions of process parameters on the
morphology and the diameter of fibers were investigated by
means of the PSA and PEO system. It was shown that with
higher viscosities the fiber diameter can be increased. At
higher conductivity the fiber morphology becomes
smoother and with higher surface tension and conductivity
the fiber diameter drops. By the variation of electrode
geometries aligned fiber scaffolds could be obtained. A
rotating drum will be used in the future, to improve the
fiber density of the aligned scaffold.

The high water solubility of PSA could be minimized by
preparing a photo-active derivative PEN, thus subsequent
photochemical crosslinking was improved. In the future a
photoactive, biodegradable copolymer instead of PEO will
be used in combination with PEN to enhance the cross-
linking and to create a biodegradable scaffold material.

In cell tests with the crosslinked fiber scaffolds a cell
viability and a directed cell proliferation along the fibers
were observed, which are promising results for future work
to reach the goal of peripheral nerve regeneration by
electrospun fibers scaffolds of PSA.
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