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Abstract

Bio-polymer gelatine can be found in a broad variety of applications, mostly in the food industry. Moreover, it
is used in the encapsulation of active pharmaceutical ingredients. In electrospinning, it is used for drug release,
but can also strongly influence the morphologies of nanofiber mats when blended with other polymers. In a
recent project, we studied the influence of adding citric acid and coconut oil to gelatine electrospinning solu-
tions. While the former can be used to modify gelatine nanofiber diameters and create diverse morphologies
between the fibres and sprayed droplets of different shapes, the latter results in an electrospraying process and
additionally increases water resistance, suggesting a possible use of the combination for tailored drug release.
Keywords: nanofiber mat, water resistance, electrospraying

Izvlecek

Biopolimerno Zelatino uporabljajo na stevilnih podrocjih, Se posebno v Zivilski industriji, pa tudi pri kapsuliranju ak-
tivnih farmakoloskih sestavin. Pri elektropredenju jo uporabljajo za sproscanje zdravil. Ko jo mesajo z drugimi po-
limeri, pa lahko pomembno vpliva na morfologijo nanovlaknatih kopren. V nedavnem projektu sta bila preuceva-
na vpliva dodatka citronske kisline in kokosovega olja k raztopljeni Zelatini za potrebe elektropredenja. Medtem ko
se citronska kislina lahko uporabi za spreminjanje premera nanovlaken iz Zelatine in ustvarjanje razlicne morfolo-
gije med vlakni in razprsenimi kapljicami razli¢nih oblik, pa povzroci kokosovo olje elektrorazprsevanje in dodatno
poveca vodoodpornost, kar kaze na mozno uporabo kombinacije za nacrtovano sproscanje zdravil.

Kliucne besede: nanovlaknata koprena, vodoodpornost, elektrorazprsevanje

1 Introduction in the presence of different other chemicals [4, 5],

addition of diverse acids [6] or toxic materials, such

Gelatine belongs to bio-polymers which are often
electrospun to create nanofiber mats for diverse pur-
poses. Gelatine nanofibers can be used to mimic an
extra-cellular matrix [1, 2] and are therefore expect-
ed to provide good growth and proliferation condi-
tions for cells. Gelatine is known to bind cell surfac-
es via fibronectin binding better than native collagen
[3]. However, gelatine has a disadvantage since it is
water-soluble, which makes crosslinking after the
electrospinning necessary, e.g. with a heat-treatment
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as glutaraldehyde [8].

Another possibility is using gelatine blended with
other polymers. Blending silk fibroin with gela-
tine, for example, resulted in an increased nanofib-
er diameter and hydrophobicity, while the me-
chanical properties decreased [8]. Testing diverse
PAN/bio-polymer blends, gelatine was found to be
the only bio-polymer which significantly increased
the PAN fibre diameters, an effect which survived
wetting the samples although no cross-linking step
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was included [9]. Similarly, large fibre diameters
could not be gained by modifying spinning and so-
lution parameters of pure PAN [10]. Electrospin-
ning PVA/gelatine blends was used to create scaf-
folds with modified hydrophobicity and morphology
[11]. Similar results were found in ethyl cellulose/
gelatine blends, which could be tailored between
hydrophobic and hydrophilic properties, showing
tuneable water stability [12]. Zein/gelatine blends
were found to show high crystallinity, resulting in
the preservation of a porous 3D structure gained by
electrospinning, which was not possible in pure gel-
atine or pure zein nanofibers [13].

Blended with cellulose acetate, gelatine loaded with
gabapentin was found to significantly increase inju-
ry regeneration in rats [14]. Similarly, gelatine-coat-
ed poly(butylene succinate) nanofiber mats could
be used to immobilize thrombin, a haemostat, re-
sulting in shorter haemostasis times and less blood
loss than commercial gelatine sponges when tested
in a rat liver model [15].

In the research, apart from some pre-tests with respect
to pure gelatine, we examined the influence of citric
acid on water resistance and morphology of pure gel-
atine fibres. This acid was shown to increase water sta-
bility of collagen/PEO nanofibers [16], of gelatine
scaffolds which were not produced by electrospinning
[17], and of electrospun native collagen fibres [18]. It
must be mentioned that according to the literature,
the bio-polymer which should be crosslinked and the
citric acid need to be incubated for several hours and
should afterwards be electrospun from the solution
containing a high ratio of ethanol or similar solvents
[19]. The latter was not possible in the electrospinning
machine used in this project. Thus, our experiments
aim at investigating whether the electrospinning proc-
ess itself can replace the incubation process due to the
large forces and high dynamics working during na-
nofiber formation. Electrospinning both materials to-
gether without former incubation has, to the best of
our knowledge, not been reported before in the scien-
tific literature and therefore represents a new approach
to create water resistant gelatine nanofiber mats. If
working, it would allow creating waterproof gelatine
nanofiber mats without the necessity of using toxic
cross-linkers afterwards, which could lead to the use
of gelatine nanofiber mats for medical or biotechno-
logical applications.

Additionally, the influence of coconut oil - which is
known to work as a plasticizer [20] - was tested.
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Coconut oil also shows good antibacterial, anti-in-
flammatory and anti-viral properties [21, 22]. Elec-
trospinning blends of gelatine and coconut oil were
not found in the literature either, and might not
only increase the possible application of such elec-
trospun nanofiber due to combining the intrinsic
medical properties of both materials, but may also
stabilize gelatine to increase its water resistance.

2 Materials and methods

For electrospinning, a needleless electrospinning
machine “Nanospider Lab” from Elmarco (Czech
Republic) was used. The spinning parameters were
as follows: temperature in the spinning chamber
(21 £ 1) °C, relative humidity 33%, carriage speed
75-150 mm/s, substrate speed 0 mm/min, electrode
distance 175-220 mm, electrode-substrate distance
50 mm, high voltage 70-75 kV between the lower
electrode and the grounded upper electrode, and
nozzle diameter 0.6-0.9 mm, depending on the vis-
cosity of the spinning solutions. A polypropylene
(PP) substrate (from Elmarco) was used as the sub-
strate during electrospinning. A sketch of the elec-
trospinning machine is shown in Figure 1.

Ground electrode

Substrate
—— (e.g. textile fabric)

High voltage electrode

Figure 1: Electrospinning setup in “Nanospider Lab”

Gelatine powder was purchased from Abtei (Ger-

many), coconut oil from BioWise (Germany). The

following spinning solutions were prepared from

these materials, using aq. dest. as a solvent (all frac-

tions are given as weight percentage, all spinning

solutions besides the one with coconut oil had room

temperature during electrospinning):

- GlI: 35% gelatine,

— Glb: 35 wt.-% gelatine, boiling the solution and
cooling down before spinning,

— G2b: 40 wt.-% gelatine, boiling the solution and
cooling down before spinning,

- GCAI: 33 wt.-% gelatine + 3 wt.-% citric acid
(solid),
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- GCAZ2: 31 wt.-% gelatine + 14 wt.-% citric acid
(solid),

- GCA3: 27 wt.-% gelatine + 24 wt.-% citric acid
(solid),

- GCA4: 24 wt.-% gelatine + 33 wt.-% citric acid
(solid),

- GCO: 26 wt.-% gelatine + 26 wt.-% coconut oil
(heated to ~ 40 °C before spinning to reduce vis-
cosity).

An optical examination of nanofiber mats was per-
formed using a confocal laser scanning microscope
(CLSM) VK-9000 (Keyence, Germany) with a nom-
inal magnification of 2000x. All scale bars have the
dimension of 10 um.

Water resistance tests were performed by immers-
ing the nanofiber mats completely into water for 1
min and letting them dry at room temperature af-
terwards.

Fibre diameters were measured on 10 fibres per im-
age using Image] 1.51j8 (National Institutes of
Health, USA).

3 Results and discussion

The first experiments aimed at investigating the in-
fluence of boiling the gelatine solution on the na-
nofiber mat morphology, as compared to its work-
ing at room temperature. Figure 2 depicts nanofiber
mats, prepared from the solutions G1 and G1b, spun
at the voltage of 70 kV. The images show that, on the
one hand, the fibres became thinner after boiling the
solution, and on the other hand, spherical agglom-
erates were formed. Thinner fibres can be explained
by the reduction of gel-building abilities of gelatine
when it is boiled. Both changes in the nanofiber mat
morphology are not desired; the relatively thick gel-
atine nanofibers are often preferable for the applica-
tion in cell growth, compared to the thinner ones.

Consequently, in the next test, a slightly higher con-
centration of gelatine was used to prepare a solution
which had to be boiled again before the spinning to
slightly reduce the viscosity and thus support the
spinning process. Higher concentrations often re-
sult in thicker fibres, as investigations of other poly-
mers have shown [10,23]. Figure 3 depicts the re-
sults of this experiment. Unfortunately, in this way
only relatively few, chaotically arranged nanofibers
were produced, which after the spinning duration
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of 35 min merely covered the thick substrate fibres,
without creating a visible nanofiber mat.

Figure 2: Nanofiber mat, created from solutions with
35% gelatine, prepared at room temperature (left
panel, diameters (770 + 210) nm) and after boiling,
respectively (right panel, diameters (440 + 130) nm)

Figure 3: Nanofiber mat, created from solution
with 40% gelatine, prepared after boiling (diame-
ters (580 = 140) nm)
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Since former experiments in our group revealed a
similar trend to significantly higher spinnability for
slightly lower gelatine concentrations, the experi-
ments with gelatine/citric acid blends were per-
formed with reduced gelatine concentrations and
without boiling.

The results are depicted in Figure 4. While sample
GCAl, containing the highest gelatine and the
lowest citric acid concentration, resulted in a mat
of nanofibers with reduced diameters, increasing
the citric acid concentration and at the same time
decreasing the amount of gelatine resulted in elec-
trospraying instead of electrospinning, with

strongly changed droplet morphologies between
spiky arrangements of very short nanofibers
(GCA2) and smooth drops in a broad variety of
diameters (GCA4). This finding can be explained
by the well-known suppression of the gelling prop-
erties of gelatine in the presence of acids. The most
interesting structure, however, is visible in sample

Water Resistance and Morphology of Electrospun Gelatine
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GCA3. Here, a relatively thick coating on substrate
fibres can be recognized, on top of which a laby-
rinth-like structure is revealed, looking like a
strongly cross-linked net of thick gelatine fibres. It
should be mentioned that the width of these fea-
tures is approx. 1.5-2 um, i.e. thicker than the na-
nofibers gained for sample GCA1 with the diame-
ters in the range of 600-900 nm.

Unfortunately, the tests of water resistance of these
nanofiber mats showed that all electrosprayed or
electrospun structures were completely washed off
of the substrate. The same occurred at all tests to
increase water resistance by spraying citric acid
onto pure gelatine fibre mats or vapour coating the
electrospun gelatine mats with citric acid. It does
not seem to be possible to increase water resist-
ance of gelatine nanofiber mats in this way. Appar-
ently, the incubation step mentioned in the litera-
ture cannot be replaced by the electrospinning
process itself.

Figure 4: Nanofiber mats and electrosprayed samples GS1-GS4, prepared combining gelatine and citric acid,
using carriage speed of 75 mm/s, electrode distance of 200 mm and high voltage of 75 kV
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Finally, an experiment was performed combining
gelatine with coconut oil. The solution could only
be spun in a relatively warm state, i.e. for a limited
time of approx. 30 min after heating the solution
and putting it into the spinning equipment. The re-
sults of the electrospinning process and of wetting
the sample afterwards are depicted in Figure 5.

Figure 5: Electrosprayed samples GCO, prepared from
warm gelatine/coconut oil solution, using carriage
speed of 75 mm/s, electrode distance of 200 mm and
high voltage of 75 kV

Figure 5 again shows an electrosprayed coating of
the support nonwoven with another morphology
than the other samples. Typically, electrospraying
results in single, round dots, such as for sample
GCAA4. A similar structure, however, can be created
by electrospraying poloxamer/dextran blends [24].

Opposite to the tests with gelatine/citric acid, which
aimed at increasing water resistance compared to
pure gelatine, adding coconut oil could indeed reduce
the water solubility of the gelatine spray-coating. As
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depicted in Figure 5 (right panel), the surface mor-
phology clearly changed after wetting the sample with
a drop of water which dried on the fabric at room
temperature, not washing off the coating. This find-
ing is consistent with former experiments on casein,
for which water stability could be significantly in-
creased by adding wax or paraffin oil to the spinning
solution [25]. We assume that this reduction of water
solubility can be attributed to closing small pores in
the coating, thus reducing the contact area between
gelatine and water [26]. This suggests further experi-
ments with different gelatine : coconut oil ratios to
create nanofibers which may also show increased wa-
ter resistance, making them suitable for a slow release
of medical drugs etc.

4 Conclusion and outlook

To conclude, this study shows that citric acid can be
used to modify the nanofiber mat morphology and
create not only thinner fibres than with pure gela-
tine, but also different sprayed structures, including
a labyrinth-like surface. Coconut oil, on the other
hand, has indeed increased the water resistance of
the resulting electrosprayed coatings.

Future research will concentrate on combining both
features, i.e. creation of nanofiber mats or labyrinth-
like coatings with increased water resistance, possi-
bly also using the combination of coconut oil and cit-
ric acid to enable the use of such materials for drug
delivery and similar applications where a large sur-
face : volume ratio of nanofibers should be combined
with slow dissolving in aqueous environments.
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