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Abstract

Emulsion electrospinning is a promising method for creating fibrous vehicles
for delivery of drugs and bioactive compounds for the medical and food
industries. Droplet microfluidics is a potent way of continuously generating
controllable emulsion droplets. The incorporation of a droplet generator in an
electrospinning setup for continuous electrospinning of emulsion fibers has
been investigated. The influence of a droplet generator on the morphology
of emulsion fibers has been established through electrospinning of emulsions
of grapeseed oil in PVA and gelatine. The droplet generator was found to
have no influence on the morphology of fibers. Conventional emulsification
methods and droplet generator emulsification has been used to investigate the
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influence of emulsion droplet sizes on the morphology of emulsion fibers.
Increasing the emulsion droplet size was found to create in-fiber droplets with
diameters larger than the fiber diameter. The size of the in-fiber droplets was
found to be dependent on both material and emulsion size.

Keywords: Emulsion electrospinning, droplet generator, rapid prototyping,
3D printed microfluidics, PVA, gelatine, grapeseed oil.

1 Introduction

Electrospinning is a versatile method for producing nanofibers with
properties like high surface area, variable porosity, degradeability, and man-
ageability making them among other things suitable for pharmaceutical
applications [1]. The electrospun fibrous structures are used for applications
such as drug delivery systems [1], filtration [2], composite materials [3],
tissue scaffolds [4, 5], wound dressing [6, 7], and protective clothing [8].
For drug delivery systems electrospinning is used for creating fibrous delivery
vehicles that can provide controlled prolonged drug release making them
ideal for applications such as administration of high-toxicity drugs [9].
The fibers can be made by direct blend electrospinning, co-axial electro-
spinning, or emulsion electrospinning [9-11]. Direct blending is possible
for drugs that are soluble in the polymer solvent, but are susceptible to
poor drug distribution within the fibers, initial burst release profiles, and
loss of biomolecules activity due to prolonged contact to the polymer
solvent [11]. Co-axial electrospinning creates core-shell fibers by using a
needle within a needle creating a co-flow of two immiscible liquids that are
simultaneously electrospun into fibers [9]. Emulsion electrospinning is a
relatively simple way of creating core-shell fibers that does not require
a complex setup [12]. Emulsions allow for protecting solvent sensitive
drugs inside droplets that then can be electrospun into fibers where they
will be mainly located in the center of the fiber [11]. However, emul-
sions are susceptible to destabilization through mechanisms like creaming,
sedimentation, flocculation, and coalescence thus requiring stabilization
molecules while also limiting emulsion electrospinning to the emulsion shelf
life [13]. Additionally, classical emulsification methods can cause denat-
uration or faster oxidation of fragile biomolecules or cells due to heat
dissipation and mechanical stress. A promising novel idea that can potentially
circumvent these problems could be the integration of microfludics into
electrospinning.
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Droplet Generator Electrospinning

Droplet generators are microfluidic systems designed for continuous gen-
eration of droplets through pressure, shear forces, and viscous forces [14].
Droplet generators have attracted attention lately in the fields of directed
molecular evolution and synthetic biology as fast and efficient screening
systems for huge mutation libraries [15]. The forces governing the generated
droplet size are determined by channel dimensions, and by the flow rates
and liquid parameters of both the dispersed and continuous phase [14].
The process of designing a droplet generator best suited for a specific set
of parameters can be sped up by using rapid prototyping with a 3D printer.
This can increase the design cycle of the droplet generator and the testing
of the droplet sizes. By using a droplet generator a continuous generation of
droplets can be achieved, which can be electrospun directly from the droplet
generator outlet. Such a setup has several advantages over the classical
emulsion formation, since the long term stability of the emulsion can be
neglected and hence little to no additives and emulsion stabilizers have to be
added to the solutions [16]. This makes these fibers better suited for medical
applications and the food industry than emulsion based fibers with various
emulsion stabilizers [17]. The interaction between the continuous phase and
dispersed phase in electrospinning in influenced by the materials chain length,
conductivity, hydrolysis, viscosity, solubility, surface tension, and solvents
while also in droplet generators influencing the droplet formation rate and
droplet size through viscosity and interfacial tension [14, 18-21]. This gives
ample ways of controlling the results of droplet generator amplified emul-
sion electrospinning through polymer parameter adjustment. The emulsion
electrospinning production volume can be increased through parallelization
of droplet generators [22].

The direct incorporation of a droplet generator into the electrospinning
setup has been investigated and the fibers generated during electrospinning
have been investigated and characterized.

2 Methods
Electrospinning

A solution of 15% PVA w/v in Milli-Q water was prepared from a mixture
of PVA (MW 72,000) (88% hydrolysed) (MP Biomedicals, LLC) and PVA
(MW 89,000) (99%+ hydrolysed) (Merck) at a ratio of 1:1 [18].
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Tween 80 was added to the PVA solution to a final concentration of
10 mg/L to prevent beading. A solution of 30% gelatine (w/v) was pre-
pared by dissolving gelatine (SFK-Food) in 30% AcOH and Milli-Q water.
The reference samples were electrospun using an electrospinner (Yflow
A/S) with a connected droplet generator connected to a spinneret with an
inner needle diameter of 1.1 mm, and a 19 cm spinneret-collector distance.
The potential was set to 18-20 kV. The humidity was between 40-50%
relative humidity and the temperature was between 18—-20°C. The flow rate
was set 15 pL/min.

Emulsion Electrospinning

A solution of 15% PVA w/v in Milli-Q water was prepared from a mixture
of PVA (MW 72,000) (88% hydrolysed) (MP Biomedicals, LLC) and PVA
MW 89,000) (99%+ hydrolysed) (Merck) at a ratio of 1:1 [18]. Tween
80 was added to the PVA solution to a final concentration of 10 mg/L to
prevent beading. A solution of 30% gelatine (w/v) was prepared by dissolving
gelatine (SFK-Food) in 30% AcOH and Milli-Q water. Fluorescein (SIGMA-
ALDRICH) was gradually added to both the PVA solution and the gelatine
solution until the solutions turned bright-green. A solution of commercially
available grapeseed oil (Food-line) was prepared by gradually adding nile red
(SIGMA-ALDRICH) until the solution turned bright pink.

The emulsions of grapeseed oil (nile red) in 30% gelatine was prepared by
using two different methods to create two different emulsion sizes. The first
emulsion was prepared by vortexing a dispersion of grapeseed oil in 30%
(w/v) gelatine at a ratio of 1:1 at 3000 rpm.

The second was prepared by using a ULTRA TURRAX screw mixing
the dispersion of grapeseed oil in 30% gelatine (w/v) (ratio 1:1) at 30k rpm
until homogeneous. The emulsion size was evaluated by using a fluorescense
microscope (Olympus). The emulsion fibers were electrospun using an elec-
trospinner (Yflow A/S) with a inner needle diameter of 1.1 mm, and a 19 cm
spinneret-collector distance. The potential was set to 18-20 kV. The humidity
was between 40-50% relative humidity and the temperature was between
18-20°C. The flow rate was set 15 uL/min. Both emulsion size evaluation and
emulsion electrospinning was done immediately after solution preparation.

Droplet Generator Electrospinning

The droplet generator was 3D printed with an Anycubic Photon DLP resin
printer with clear resin (Prima Creator). The droplet generator was directly
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connected to an electrospinner (Yflow A/S) where a solution of 15% PVA
(w/v) or 30% gelatine (w/v) was used as the continuous phase and grapeseed
oil was used as the dispersed phase. The electrospinning parameters used
were a needle with inner diameter of 1.1 mm, and a collector distance of
19 cm. The potential was set to 18-20 kV. The humidity was between 40-50%
relative humidity and the temperature was between 18-20°C. The flow rate
for the polymer solution was set to 15 uL/min at a 1:1 mixing ratio between
the polymer solution and the nile red oil fraction. This has been used in both
cases of Polymer-PVA or Gelatine fluorescein mixture. The droplet formation
was allowed to stabilize by waiting one to two minutes before initiating
electrospinning of the continuously generated emulsion.

Sample Collection and Evaluation

The samples were collected on microscope glass slides and stored in Petri
dishes. Samples were investigated using a fluorescence microscope (Olym-
pus) with bright-field, TRITC filter cube, and FITC filter cube. The fiber
diameter and in-fiber-droplet diameters were evaluated manually using
Image-J using a minimum of 250 measurements for droplets and a minimum
of 500 measurements for fiber diameters.

3 Results and Discussion
Emulsion Electrospinning

The hitherto conventional way of emulsion electrospinning has been the
creation of a stable emulsion by either mechanical mixing methods or ultra-
sound which have then been used for electrospinning. Rapid prototyping of
microfluidic systems using 3D printing can replace the emulsification step by
creating droplet generators that can be directly connected to the electrospin-
ning needle for electrospinning of continuously in situ generated emulsions.
This immediate electrospinning of the emulsion minimizes the requirement
of emulsion stabilizer. The effect of incorporating a droplet generator into
the electrospinning setup was investigated by using a 3D printed droplet
generator which was printed using a DLP resin printer (Anycubic Photon),
see Figure 1. During all of the experiments the droplet generator geometry,
flow rates, and flow rate ratios between dispersed and continuous phase have
been kept constant in order to establish the effect of the polymer on emulsion
electrospinning.
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Figure 1 Picture of the droplet generator in electrospinning setup. (1): Inlet of continuous
phase. (2): Inlet of dispersed phase. (3): Outlet of emulsion for direct electrospinning.

Emulsion fibers electrospun using a droplet generator directly connected
to an electrospinner needle as the spinneret are shown in Figure 2(a). The con-
tinuously generated grapeseed oil droplets in 15% PVA had an average
droplet diameter of 778 pm + 159um which were fed into the spinneret for
instantaneous electrospinning of emulsion fibers. Electrospinning the contin-
uously generated grapeseed oil droplets in 15% PVA produces fibers with
droplets that are situated along the fibers. To ensure that these droplets are
not the result of polymer beading or induced by the droplet generator,
an experiment was performed using the same electrospinning parameters
without grapeseed oil.

Electrospinning only PVA without oil using the generator-electrospinner
setup produces straight fibers without beading, see Figure 2(b). The droplet
generator is thus not the cause of the in-fiber droplet formation in the fibers
seen in Figure 2(a), but is instead just a replacement for the emulsion
production step.

Fibers obtained by using the droplet generator-electrospinner setup with
15% PVA (fluorescein doped) and grapeseed oil (nile red doped) are shown
in Figure 3.
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(b) 50 pym

Figure 2 (a) Emulsion fibers of grapeseed oil in 15% PVA (w/v) electrospun using a droplet
generator connected to an electrospinning setup. (b) 15% PVA (w/v) fibers spun using a
droplet generator connected to an electrospinning setup.

The image was taken with an inverted optical microscope with a FITC
filter cube causing the fluorescein doped gelatine fibers to emit green light.
Nile red was added to the grapeseed oil to detect where the grapeseed oil (nile
red) is located, since a TRITC filter cube can be used to excite nile red and
make it emit red light.

Figure 3(b) is a composite image of the TRITC filter image overlayed on
the FITC image showing droplets of grapeseed oil compartmentalized along
the fibers. The average fiber diameter was 0.78 ym + 0.26 m and the average
droplet diameter was 2.54 ym =+ 1.71 pm.

In order to show the usability of the method for food related applica-
tions, gelatine was chosen as a proof of concept polymer phase Similar
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Figure 3 PVA-grapeseed oil emulsion fibers spun from an emulsion of grapeseed oil in
gelatine made using a droplet generator-electrospinner setup. (a) Brightfield, (b) composite
image of TRITC filter image overlayed on FITC filter image, (c) Histogram of the fiber
diameter (blue) and droplet diameters (orange) in (a).

precautions of ensuring that the droplets are not gelatine beads were made
by using parameters that prevents beading which were found through testing
on gelatine without emulsions.

Figure 4 shows a collection of images of fibers of gelatine-grapeseed
oil spun using the droplet generator-electrospinner setup. The continuously
generated droplets of grapeseed oil in gelatine had an average diameter of
951 pum =+ 193 pm which is approximately 22% larger than grapeseed oil
droplets in 15% PVA. The droplet generator electrospinning setup produces
fibers with droplets distributed along the fibers, with droplet diameters larger
than the fiber diameters. As is evident in the FITC/TRITC filter composite
image in Figure 4(b) the grapeseed oil (nile red) is primarily located inside
the droplets with very little grapeseed oil distributed in the fibers between
the droplets. The average fiber diameter was 0.73 um + 0.16 um and the
average droplet diameter was 1.85 pm =+ 0.49 pm. Gelatine thus stabilizes
smaller in-fiber droplets than 15% PVA despite having approximately the
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Figure 4 Gelatine-grapeseed oil emulsion fibers spun from an emulsion of grapeseed oil in
gelatine made using a droplet generator-electrospinner setup. (a) Brightfield, (b) composite
image of TRITC filter image overlayed on FITC filter image, (c) histogram of the fiber
diameter (blue) and droplet diameters (orange) in (a).

same fiber diameter and a larger average emulsion diameter. Changing the
material retains the formation of in-fiber droplets with diameters larger than
the fiber diameter.

Initial tests with smaller emulsion droplet diameters showed a change
in the formation of in-fiber droplets. To further investigate the influence of
the emulsion diameter on the formation of in-fiber droplets regular emulsions
were made. Two emulsions of grapeseed oil in 30% gelatine were made using
either vortexing at 3,000 rpm or by using an Ultra Turrax at 30,000 rpm
until homogeneity. Emulsions created by vortexing had an average droplet
diameter of 12.1 um =+ 5.7 pm, and Ultra Turrax emulsification resulted in
droplets with an average diameter of 2.7 ym =+ 0.8 um.

Fibers electrospun from a vortexed gelatine/grapeseed oil emulsion are
shown in Figure 5. Beads with diameters larger than the fiber diameter are
located along the fibers that emit yellow light with a FITC filter cube and red
with a TRITC filter cube, indicating that the beads are grapeseed oil droplets
with nile red. The average fiber diameter is 0.7 pm + 0.3 um and the average
in-fiber droplet diameter is 1.1 ym 4+ 0.4 pym.
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Figure 5 Gelatine-grapeseed oil emulsion fibers spun from an emulsion of grapeseed
oil (with nile red) in gelatine (with fluorescein) generated using vortexing at 3,000 rpm.
(a) Brightfield, (b) FITC filter, (c) TRITC filter, (d) Histogram of the fiber diameter (blue)
and droplet diameters (orange) in (a).

Fibers electrospun from the gelatine(fluorescein)/grapeseed oil(nile red)
emulsion generated by Ultra Turrax mixing at 30,000 rpm are shown
in Figure 6. Unlike the fibers electrospun from the emulsions generated
by vortex mixing these fibers electrospun from the emulsions generated by
Ultra Turrax mixing do not show droplets along the fibers. The fibers do
contain grapeseed oil evenly distributed along the fibers which is evident in
Figure 6(c) as the fibers emit red light under a TRITC filter cube. The average
fiber diameter is 1.59 ym £ 0.38 pm which is larger than the average fiber
size observed when using a droplet generator emulsion or vortex generated
emulsion, which may be caused by the formation of a core-shell structure
which has been observed before by others [17].
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Figure 6 Gelatine-grapeseed oil emulsion fibers spun from an emulsion of grapeseed oil

(with nile red) in gelatine (with fluorescein) generated by Ultra Turrax mixing at 30,000 rpm.
(a) Brightfield, (b) FITC filter, (c) TRITC filter, (d) Histogram of the fiber diameters in (a).

Table 1 Grapeseed oil emulsion size, in-fiber droplet size, and fiber size of samples elec-
trospun from emulsions of grapeseed oil in either 30% gelatine or 15% PVA. The emulsions
were made using a droplet generator (DG), vortexing, or Ultra Turrax.

Material Method  Emulsion Size (um) Droplet Size (um)  Fiber Size (xm)
15% PVA DG 778 + 159 254+ 1.71 0.78 £0.26
30% gelatine DG 951 4+ 193 1.85 £ 0.49 0.73 £0.16
30% gelatine  Vortex 121 £5.7 1.1+04 0.7+£0.3
30% gelatine  Turrax 27+0.8 - 1.59 £0.38

Table 1 shows the fiber diameter and in-fiber droplet diameter results of
electro-spinning emulsion fibers from emulsions generated by a droplet gen-
erator, vortexing, and Ultra Turrax emulsification. The table shows the direct
coupling of droplet size and in fiber droplet size. As the emulsion droplet
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size decreases so does the in fiber droplet size. This indicates that there is a
connection between the emulsion droplet size and the in-fiber droplet size,
which may be caused by emulsion droplets being broken down into smaller
droplets during electrospinning which is similar to the droplet forming mech-
anism of a droplet generator. Droplet formation during electrospinning would
also explain why the in-fiber droplet size changes when changing materials
as droplet formation is dependent upon viscous forces and interfacial tension
which are material dependent. It has also been observed by others that electric
fields can influence the formation of droplets through pulling and elongat-
ing the droplets causing rapid formation of small droplets [14]. If droplet
formation occurs during electrospinning a larger emulsion droplets would
result in larger in-fiber droplets as it would be limited by available forces and
space during the elongation phase of electrospinning. As the emulsion droplet
size decreases the droplets will become elongated during electrospinning
resulting in smaller in-fiber droplets with dispersed phase material situated
in the sections connecting the in-fiber droplets.

The compartmentalization of the in-fiber droplets are at its highest when
the emulsion droplets are large but becomes less prevalent as the emulsion
droplet size decreases, see Figures 4, 5, and 6. The in-fiber droplets disap-
pearance from fibers electrospun from the Ultra Turrax generated emulsion
can be explained by the size of the emulsion droplets. The emulsion droplet
size is nearly the size of the resulting fiber diameter which causes them to be
too small for a droplet formation point so instead as they are elongated during
electrospinning they will fuse together forming a core shell structure.

4 Conclusion

The use of 3D printed droplet generators incorporated into the spinneret and
the resulting fibers have been investigated. These fibers have been compared
to fibers generated from conventional emulsions. Using droplet generators
for continuous generation of emulsions has some advantages over conven-
tional emulsification methods. (i) The droplet generator reduces the need
for emulsion stabilizers since the emulsion is immediately electrospun into
fibers. (ii) The droplet generator emulsion is not in the same way exposed
to the heat dissipated as during mechanical and ultrasound emulsification.
(iii) The polymer choice has an influence on the in-fiber droplet diam-
eter. (iv) The droplet generator enables scale-up of continuous emulsion
spun fibers. The amount of produced fibers can be increased through par-
allelization. (v) Rapid prototyping through 3D printing enables fast design
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adaptations of the droplet generator to the required system and experiment
specifications. (vi) The droplet generator enables production of compartmen-
talized in-fiber droplets.
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