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Abstract— Electrospinning of two bio-sourced polymers,
suitable for edible food packaging applications, chitosan, as
well as pullulan, is investigated in view of large area fiber mat
production. The fiber shape and dimensions were measured
using scanning electron microscopy and atomic force
microscopy, for various process parameters using rotating disc
electrodes. An electrospinning pilot production system was
designed for the fabrication of large area nanofiber and
microfiber mats, using a drum collector electrode together with
controllable lateral needle motion. System tests were
performed using polyethylene oxide. Finally, large area fiber
mats of pullulan were produced. The system is promising for
the development of edible, bio-sourced packaging applications.
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I. INTRODUCTION

Nanofiber and microfiber mats of edible or bio-sourced
polymers are promising materials for advanced food
packaging applications [1-3]. Biopolymers and edible
polymers have gained special attention in research on active
packaging, aroma encapsulation, and their microbial
properties in order to replace conventional plastics of
packaging materials or to increase shelf life by coating
conventional packaging materials. A recent comprehensive
review on food packaging perspectives of electrospun
nanofibers can be found in [4], in particular, chitosan and
pullulan have gained attention in this context.

Chitosan is one of the leading polysaccharides on the
polymer market [5]. Electrospinning of chitosan needs a
carrier polymer [4], chitosan nanofibers have e.g. been
studied for dry-aging of beef [6]. Another prominent
example is the bio-polymer pullulan, widely used as a food
additive [7], which is also studied for active food packaging
applications [4,7].

Nano- and microfibers have the advantage of large
surface area compared to flat thin films, when it comes to
oxygen scavenging or release of antimicrobial compounds in
active packaging applications. Therefore, up-scalable and
reproducible large area nanofiber mat fabrication is needed
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towards the
relevant

in research and development
electrospinning  in industrially
applications.

In this study, we have thus investigated the examples of
chitosan and pullulan, and nanofiber mat production to
identify a stable and reproducible parameter range for
electrospinning. Finally, we have designed and constructed
an electrospinning set-up that allows for large area fiber mat
production, being compatible with up-scalable roll-to-roll
manufacturing. Machine testing with pullulan allows for
large area fabrication of nanofiber mats.

Il. EXPERIMENTAL

A. Formulation of polymer suspensions for electrospinning

Chitosan (Sigma Aldrich) was dispersed together with
gelatin (gelatin from bovine skin, Sigma Aldrich) in acetic
acid (AC) (ag, M60.05, Sigma Aldrich). The formulation
was inspired by a method presented by Ebrahimi et al. [1].
Gelatin was dissolved by magnetic stirring at ambient
temperature in an aqueous acetic acid solution (AC) (60%
v/V) to obtain a solution of 14.4% wt/v. Chitosan powder was
dissolved in AC (60% v/v) at a concentration of 3.6% wt/v.
The chitosan and gelatin solutions were mixed in a ratio of
1:4 and magnetically stirred for 24h at room temperature
before usage.

Pullulan (kindly provided by Hayashibara Co, Japan) was
dispersed together with with cyclodextrin (B-CD, Fischer
scientific) in a solution of limonen-cyclodextrin (aq); the
formulation was inspired by a method presented by
Fuenmayor et al. [2]. An aqueous solution of pullulan (20%
wt/wt) was prepared by magnetic stirring for 4 hours at room
temperature, then cyclodextrin (B-CD, 25% of the mass of
pullulan) was added. A solution of R-(+)-Limonen (Fischer
scientific) was then prepared, R-(+)-Limonen/B-CD (90:10),
10% wt of the previous solution, and added. For emulsifying,
a micro-centrifuge  (Argos Flexifuge, Cole-Parmer
Instruments Company Ltd, UK) was used at 9200 rpm for 6
min.
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The obtained viscosity of the emulsions was measured
using a micro-viscometer (LVISC, Rheosens Inc, Tracomme,
Switzerland).

Furthermore, a test solution of polyethylene oxide (PEO,
Sigma Aldrich) was prepared by dissolving PEO in
acetonitrile (60 mg/ml) by magnetic stirring at room
temperature; the PEO solution was used for validation tests
of the electrospinning system.

B. Electrospinning

Electrospinning was first performed onto a rotating
circular disc electrode (diameter 26 mm) made of brass. For
large area electrospinning of pullulan, a system with a
rotating cylinder (drum collector) electrode was used; the
system design is presented in section I11).

The parameters for electrospinning were adjusted to the
following values (unless differently stated): (i) for the
chitosan-gelatin solution: inner needle diameter di=0.61 mm
(0.40 mm), volume flow rate dV/dt=0.1 ml/h, needle-
collector distance d=20.0 cm (15.0 cm, 25.0 cm), high
voltage HV= 19.0 kV (17.0 kV, 21.0 kV), deposition time
t=30 s (1 min, 2 min, 5 min); (ii) for the pullulan solution:
inner needle diameter di=0.61 mm (0.40 mm, 0.84 mm),
volume flow rate dV/dt=0.1 ml/h (0.05 ml/h, 0.2 ml/h),
needle-collector distance d=17.0 cm (12.0 cm, 23.0 cm),
high voltage HV= 15.0 kV (12.5 kV,17.5 kV), deposition
time t=30 s (1 min, 2 min); for the PEO solution: inner
needle diameter di=0.40 mm, volume flow rate dV/dt=50
ul/min, needle-collector distance d=12 cm, high voltage
HV=15.9 kV.

C. Nano — and microfiber characterization

The fiber shape and dimensions were measured using
scanning electron microscopy (SEM) (EVO 15, ZEISS,
Germany) and atomic force microscopy (AFM) (XE-7, Park
Systems, Germany). The diameters of the electrospun fibers
were investigated based on SEM images, measuring at least
100 fibers for each parameter variation; for each analysis,
SEM images of at least three different sample regions were
considered.

I11. ELECTROSPINNING SYSTEM DESIGN AND VALIDATION

To produce large area nano- and microfiber mats,
electrospinning systems using a drum collector electrode was
designed and constructed. The drum collector (diameter 60
mm, length 33 mm) of the electrospinning system (Fig.1), is
powered by an electric DC motor (Transmotec).

Fig. 1. Electrospinning system with drum collector: a) photo of the system
with a syringe pump and needle (left) and drum collector (right); b) CAD
system design 3D view (designed using SolidWorks).

The system allows for adjustment of the cylinder rotation
speed, up to 4000 rpm, monitored by a Hall sensor.

This work has been financially supported by HES-SO, project
PROINDAYV, IA-EXT18-23-90668.

Repetitive lateral needle displacement during electrospinning
covers a displacement range of 14 cm, by using a motorized
crankshaft for adjustable operation at frequencies of a few
Hertz. System validation tests were performed using PEO at
various drum collector speeds. Then, pullulan was used for
large area fiber mat production.

IV. RESULTS AND DISCUSSION

A. Chitosan-gelatin and pullulan nanofibers

The viscosity of the chitosan-gelatin solution was 136
+23 mPa's. Fig. 2 shows representative SEM images of
electrospun chitosan-gelatin nanofibers.

Fig. 2. SEM images of chitosan-gelatin fibers. Examples: a) base
parameter set used for electrospinning: needle-collector distance 20 cm;
high voltage 19 kV; deposition rate 0.1 ml/h, time 30 s; b) increased
voltage (21 kV); c) increased deposition rate (0.2 ml/h); d) increased
deposition time (2 min); scale bars: a)-c) 1 um, d) 10 pm.

For samples corresponding to Fig. 2., fiber diameters are:
a) (179+42) nm, b) (173+38) nm, c) (15430 nm), d)
(167+46) nm, demonstrating stable electrospinning results
over a large range of parameters (specified in section I1). Fig.
2d) furthermore shows that dense fiber mats are obtained
upon electrospinning.

The viscosity of the pullulan solution was 2020160 mPa-s.
Fig. 3 shows SEM images of electrospun pullulan fibers.

Fig. 3. SEM images of pullulan fibers. Examples: a) base parameter set
used for electrospinning: needle-collector distance 17 cm; high voltage 15
kV; deposition rate 0.1 ml/h, time 30 s; b) decreased voltage (12.5 kV); c)
increased deposition rate (0.2 ml/h); d) increased deposition time (1 min);
scale bars: a)-c) 1 um, d) 10 pm.
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For samples corresponding to Fig. 3., fiber diameters are: a)
(367+49) nm, b) (320+58) nm, c) (360+83) nm, d) (488+86)
nm, demonstrating essentially stable electrospinning results
over a large range of parameters (specified in section I1). The
observed increase of fiber diameters for longer deposition
time (Fig 3d) is possibly related to solvent evaporation over
time, and thus an increase in polymer concentration. Fig. 3d)
furthermore shows that dense pullulan fiber mats are
obtained upon electrospinning.

B. System validation and large area fabrication of
nanofiber mats

Fig. 4 shows results from system validation tests performed
by electrospinning of PEO. The PEO microfibers were
collected on an aluminum foil placed around the drum
collector. The fibers have a diameter of about 1.6 um and are
oriented essentially along the cylinder circumference. The
observed inclination of the fiber orientation with respect to
the circumference (aligned parallel to the vertical of Fig. 4)
can consistently be attributed to the lateral needle
displacements performed during electrospinning. The system
has thus been validated for angular speeds up to 4035 rpm.
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Fig. 4. Optical micrographs of electrospun PEO fibers at drum collector
speeds of a) 4035 rpm and b) 1061 rpm. The lateral needle displacement
speed was adjusted with a linear stepper motor to 98.97 mm/s.

Fig. 5. shows a large area of pullulan nanofiber mat (Fig 5.a)
upon electrospinning using the drum collector system, as
well as an optical micrograph of the pullulan fibers (Fig. 5b).
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Fig. 5. a) Photo of a large area electrospun pullulan nanofiber mat; b)
optical micrograph of the pullulan fibers.

The obtained large area pullulan nanofiber mats are thus
promising for the development of active food packaging
using bio-sourced polymer nanofiber or microfiber mats.

V. SUMMARY

Nanofibers of chitosan-gelatin and pullulan were
produced by electrospinning. For both material formulations,
a wide range of electrospinning parameters leads to the stable
formation of nanofibers. Our designed electrospinning
system using a drum collector electrode for large area fiber
mat fabrication has been tested and validated for angular
speeds up to 4035 rpm. Large area pullulan mats were
successfully fabricated. The results are promising for the
adaption of the system design towards a roll-to-roll
production and large area fiber mat pilot studies on bio-
sourced polymer nano- and microfiber membranes and
coatings for active and edible packaging applications.
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