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Abstract The introduction of highly volatile fragrances
within polymeric nano-scaled fibers is a promising route
for efficient and simple encapsulation of temperature-sen-
sitive materials. This work describes the investigation of
selected parameters influencing the electrospinning of
emulsions of poly(vinyl alcohol) (PVA) and (R)-(4) lim-
onene or hexadecane. Thereby the influence of environ-
mental parameters such as temperature and relative
humidity on the fiber structure and encapsulation efficiency
(EE) of the fragrance is demonstrated. For that purpose, the
electrospinning process was carried out in a climatic cabin
in which temperature and relative humidity were con-
trolled. Studied temperatures ranged from 8 to 24 °C and
relative humidity varied between 55 and 85 %. The influ-
ence of temperature was dependent on the PVA concen-
tration in the emulsion. The relative humidity influenced
both the obtained fiber morphology and fragrance EE to a
higher extent than the temperature due to the hydrophilic
nature of the PVA. This study is of importance when
considering the use of emulsion -electrospinning for
encapsulation purposes.
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Introduction

Electrospun membranes can find applications in various
areas such as sensors, drug delivery, or tissue engineering
[1-6]. However, while producing nanofibers, the environ-
mental conditions (temperature and relative humidity) are
strongly influencing the obtained fiber morphology [7-13].

For example, when electrospinning solutions of hydro-
philic polymers such as (poly(ethylene oxide) (PEO),
poly(vinyl alcohol) PVA or PVA/hyaluronic acid in water
[7, 9, 13], poly(vinyl pyrrolidone) (PVP) in ethanol [10],
and PEO or PEO/chitosan in acetic acid [13], a decrease in
fiber diameter was observed when the relative humidity
was increased. A tenfold increase in relative humidity
(from 4 to 40 % RH) caused a fiber diameter decrease of at
least 50 % [13]. When beaded fibers were formed, the bead
diameter increased with increasing relative humidity.
These results were the opposite of what was observed with
solution electrospinning of hydrophobic polymers such as
poly(styrene) (PS), poly(methylmethacrylate) (PMMA),
PMMA in toluene, poly(lactide) (PLA) in hexafluoropro-
panol or trifluoroethanol [9], or cellulose acetate (CA) in an
acetone/dimethylformamide (DMF)/ethanol solvent mix-
ture [11]. As such, opposite trends in the fiber diameter
variation were observed when spinning hydrophilic (PVA,
PEO, and PVP) polymers or hydrophobic polymers (PS,
PMMA, and PLA) according to the humidity. Upon elec-
trospinning at high relative humidity, the solvent evapo-
ration rate was expected to be reduced (the atmospheric
pressure being closer to water vapor saturation pressure).
The decreased solvent evaporation rate would then lead to
an enhanced fiber elongation during the flight toward the
collector and thus to thinner fibers. In the case of hydro-
phobic polymers, however, this effect was overcompen-
sated by the rapid precipitation of the polymer, a decrease
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of the drawing ratio and thus the formation of thicker fibers
was observed [11].

Controlling temperature is also critical during electros-
pinning, as demonstrated for solutions of CA in acetone/
DMF (from 10 to 30 °C) [10] or in acetone/DMF/ethanol
(from 17.5 to 32.5 °C) [11] or for poly(acrylonitrile) (PAN)
in DMF (from 32 to 90 °C) [8]. Overall, a decrease in fiber
diameter was observed with increased temperature during
electrospinning. Indeed, a higher temperature decreased the
solution viscosity which led to a higher drawing during
fiber formation [11]. For PAN in DMF solutions, at the
highest studied temperature (100 °C) the solution surface
tension and viscosity decreased and the polymer solution
conductivity was increased [8], which led to a reduced fiber
diameter with a low crystalline order, but a higher polymer
chain orientation. However, the spinning of CA in acetone/
DMF or PVP in ethanol [10] at three different temperatures
induced the formation of fibers of increasing diameter
between 10 and 20 °C, but decreasing diameter between 20
and 30 °C. First of all, the evaporation rate of the solvent
increased exponentially with increasing temperature, thus
allowing less elongation of the nascent fiber when tem-
perature was increased. The observed result was an
increase in fiber diameter from 10 to 20 °C. However,
when temperature was increased from 20 to 30 °C, the
solution viscosity decreased, and the number of chain
entanglement was reduced. To compensate for the decrease
in viscosity as well as for the decreased surface tension, a
higher voltage was applied, causing higher drawing rates
and thinner fibers.

Regarding the electrospinning set-up itself, the humidity
can easily be controlled by placing the equipment into a
climatized enclosure. However, different ways for con-
trolling the process temperature were reported. Tempera-
ture-controlled electrospinning can thus refer to heating
only the syringe/polymer solution dispensing system [8,
12], the collector [14] or the whole enclosure of the device
[7, 11, 13]. This last approach is particularly relevant since
it avoids the formation of temperature gradients which can
interfere with the fiber formation process.

It was thus established that by controlling the tempera-
ture and relative humidity while electrospinning polymer
solutions one can finely tune the fiber morphology.
Important types of feeds for electrospun fiber production
are colloidal systems such as dispersions or emulsions. In
particular emulsion electrospinning allows the environ-
mentally friendly production of nanofibrous membranes
[15] as well as the encapsulation of a wide variety of active
ingredients due to its ease of processing [16, 17]. However,
for complex systems containing immiscible solvents or
temperature-sensitive compounds, the investigation of
the influence of the environmental parameters on the

electrospinning outcome in terms of fiber morphology as
well as on the encapsulation efficiency (EE) is needed.

Here, we show the influence of temperature (ranging
from 8 to 24 °C) and of relative humidity (ranging from 55
to 85 %) on the fiber formation by electrospinning of direct
emulsions composed of PVA. Limonene, a highly volatile
compound was chosen in order to assess the influence of
the environmental parameters on the EE of the process. A
second model compound, hexadecane (low volatility, high
melting point) was also used as dispersed phase, and the
evolution of the fiber morphology below and above its
melting point was evaluated. This study shows that emul-
sion electrospinning, like previously reported systems of
solution electrospinning, should be performed in environ-
ments in which temperature and relative humidity can
be measured and/or controlled. Both parameters influence
the resulting membrane, either considering EE or fiber
morphology.

Experimental
Materials

(R)-(+)-Limonene (97 %, Py, = 400 Pa at 14.4 °C), and
PVA (Mowiol 40-88, M,, = 205000 g mol ™', T, = 55 °C)
were purchased from Sigma (Steinheim, Germany). Tween
20 and ethanol were purchased from Fluka (Steinheim,
Germany), hexadecane and anisole from Fluka (Buchs,
Switzerland). All chemicals were used as received. For all
experiments deionized water was used (2.1 uS cmfl).

Methods
Emulsion preparation

Two PVA stock solutions were prepared (6 and 9 %, w/w)
by gradually adding PVA in the required amount of water
under stirring and heating (75 °C). Limonene was weighed
and added drop-wise in required amounts to the PVA
solution in order to reach an emulsion ratio of 1:8 (dis-
persed phase:continuous phase, w/w) for limonene emul-
sions. Concerning hexadecane emulsions, Tween 20 was
added and dissolved at a concentration of 2 % relative to
the polymer solution (w/w). Hexadecane was then dis-
persed into the polymer phase at a mass equal to that of
PVA in the continuous phase. Emulsions were then stirred
for 2 h at 1250 rpm and sonicated for 2 min at 70 %
amplitude using a Branson Digital Sonifier (400 W,
20 kHz) equipped with a %2 inch tip. To prevent phase
separation, emulsions were stirred at 200 rpm until used for
electrospinning.
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Table 1 Summary of
temperature (T) and relative
humidity (RH) applied while
electrospinning

TCC) 8 8 8 8

RH (%) 55 65 75 85
TECC) 16 16 16 16
RH (%) 55 65 75 85
T(C) 24 24 24 24
RH(%) 55 65 75 85

Emulsion rheology

The viscosity measurements were performed on a Physica
MCR301 Rheometer (Anton Paar, Graz, Austria) with a
plate—cone geometry linked to a temperature control unit
(Anton Paar, Viscotherm VT2, Graz, Austria) containing a
50:50 (w/w) % mixture of ethylene glycol and water. To
exclude rheological history of the polymer emulsions and
thus to obtain high repeatability, the rheometer was pro-
gramed to perform a pre-shear followed by a hold and
finally a stepwise linear shear ramp. The rheometer was set
either to 8, 16, or to 24 °C to be comparable to the elec-
trospinning procedures and the shear rates applied ranged
from 0.05 to 500 s~ '. The pre-shear applied lasted 30 s at a
shear rate of 50 s™', and was followed by 30 s of relaxation
of the emulsion.

Electrospinning

A custom-made electrospinning set-up, previously descri-
bed [16], was used for all experiments. In brief, an infusion
pump (KD Scientific, USA) provided a constant emulsion
flow through a plastic syringe (1 mL, Henke Sass Wollf,
Germany) equipped with a stainless steel needle (0.8 mm
inner diameter, Unimed S.A., Switzerland). Positive and
negative voltage supply sources (AIP Wild AG, Switzer-
land) were connected to the needle and the collector,
respectively. The device was placed in a Faraday cage. The
whole device was then placed into a climatic cabin with
controlled environmental conditions (temperature and rel-
ative humidity). While electrospinning, the needle to col-
lector distance was kept constant (20 cm), the flow rate was
fixed at 5 uL min~", and the voltage applied was between
0.5 and 0.725 kV cm™". For each environment, four sam-
ples were electrospun, each of them for 1 h. Electrospin-
ning environmental conditions achieved in the climatic
cabin are summarized in Table 1. Relative humidity could
vary by £4 % and temperature by 1 °C.

Fiber morphology
The morphologies of the obtained fibers were analyzed by

Scanning Electron Microscopy (SEM, Hitachi S-4800,
Hitachi High technologies, Canada). Electrospun fibers

@ Springer

were sputtered before imaging with a 5 nm gold/palladium
(80/20) coating (Leica EM ACE600, Wien Austria). Bead
and fiber diameters were evaluated based on the acquired
SEM micrographs, with the Image J software, analyzing at
least 75 beads and/or fibers.

Encapsulation efficiency of p-limonene in electrospun
samples

The presence of p-limonene in samples electrospun from
PVA/limonene emulsions was detected by Gas Chroma-
tography (GC—Trace 2000, Italy), using anisole as internal
standard. Each membrane was placed in a closed vial
containing 10 mL of ethanol and sonicated in an ultrasound
bath for 10 min to ensure full fiber breakage. After soni-
cation, 1 mL of the ethanol dispersion was filtered and
mixed with 0.5 mL of a 7.4 x 107> mol L™ ethanolic
solution of anisol, and the obtained solution analyzed. As a
reference, a solution of 7.4 x 107> mol L™! anisol and
5.9 x 107> mol L™! limonene in ethanol was used. EE
was then calculated as the ratio between the amounts of
limonene extracted from a given mass of fibers compared
to the total amount of limonene that could be encapsulated
if the whole emulsion was spun. A two way analysis of
variance was performed on the obtained EE with Origins
software (p < 0.05).

Results and discussion
Emulsion viscosity

The dynamic viscosity of limonene and hexadecane-con-
taining emulsions was evaluated at the respective elec-
trospinning temperatures (8, 16, and 24 °C). The dynamic
viscosities of the limonene-based emulsions increased lin-
early with increasing polymer concentration (6 and 9 %,
respectively) and decreasing temperature (Fig. 1). The low-
shear rate viscosities for the investigated formulations are
shown in Fig. 1 and Table 2. The hexadecane emulsion
was only prepared using a continuous phase with a con-
centration of 6 % PVA, since at higher concentrations the
emulsion was too viscous to be processed by electrospin-
ning. The viscosity of the hexadecane-containing emul-
sions at temperatures close to and above its melting point
(16 and 24 °C) was comparable to the one of the limonene-
containing formulations. At 8 °C, when the hexadecane is
expected to solidify and thus the formulation to behave like
a suspension, a significant increase of its viscosity at low-
shear rates was observed.

Table 2 and Fig. 1, show that the decrease in vis-
cosity with increasing temperature is more important,
when the polymer concentration in the continuous phase
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Fig. 1 Emulsion and solution viscosity according to temperature a at 5 s~ shear rate and b, ¢, d, and e from 0.05 to 500 s™' shear rate

is increased (from 6 to 9 %) rather than when the
dispersed phase is changed (from limonene to hexa-
decane). With 9 % PVA concentration, the increase in
temperature caused an increase in polymer chain
mobility as well as a decrease in water viscosity. The
viscosity increased tenfold when the polymer concen-
tration in the continuous phase was increased from 6 to
9 %. As a comparison, the values for viscosity of pure

6 and 9 % PVA solutions in water were added in
Table 2 and Fig. 1 The same evolution as for emulsions
is visible (decreasing viscosity with increasing temper-
ature). Also, when comparing PVA solution viscosity to
emulsion viscosity, it appears that the viscosity is on
average higher for the emulsion of same polymer con-
centration, the increase in viscosity being due to the
presence of the dispersed phase.
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Table 2 Dynamic viscosity of studied emulsions and PVA solutions
according to temperature at 5 s~ shear rate

T (°C) 8 16 24

6 % PVA viscosity 0.24 £ 0.009 0.19 £ 0.004 0.15 &+ 0.002
(Pa s)

6 % PV A/limonene 0.26 + 0.001 0.22 + 0.006 0.18 % 0.005
viscosity (Pa s)

6 % PVA/ 0.33 £ 0.03 0.21 &+ 0.004 0.15 + 0.006
hexadecane
viscosity (Pa s)

9 % PVA viscosity 1.73 £ 0.04 1.29 £0.03 0.98 4 0.008
(Pa s)

9 % PVA/limonene 2.13+£0.02 1.62+0.02 1324 0.010

viscosity (Pa s)

Influence of temperature and relative humidity
on the fiber morphology

Different factors may induce a fiber morphology change
while electrospinning emulsions at selected temperature
and relative humidity. First, a temperature change influ-
ences the viscosity of the formulated emulsion, which
would in turn influence the morphology of the formed
fibers (the more viscous the emulsion, the least beads are
expected [18]) and also the tendency of the fragrance to
evaporate (the higher the temperature, the faster the fra-
grance evaporation). Also, a relative humidity change at a
chosen temperature would influence the solvent vapor
pressure of the continuous polymer phase (water was used
as a solvent). By changing this parameter, we hypothesized
that the speed of the solvent evaporation would be modi-
fied, and therefore, the polymer chains would organize at
different speeds, which would in turn influence the fiber
forming process and thus the fiber morphology. We
expected as well that the relative humidity would influence
the permeability of the PVA shell as was demonstrated by
Zhang et al. [19] when using ethylene vinyl alcohol
(EVOH) copolymer films and limonene in various envi-
ronments. At high relative humidity, the presence of
moisture in the EVOH films decreased cohesive forces
among polymer chains which increased the chain mobility,
and so the diffusion of the limonene through the EVOH
film was eased.

PVA/limonene emulsion electrospinning

For a given temperature, the fiber morphology was con-
stant, though impossible to measure for some samples due
to fiber re-dissolution at high relative humidity (Figs. 2, 3).
The PVA-based emulsion yielded beaded fibers in all
investigated conditions. The diameters of the relatively
large beads showed broad distributions for all investigated

@ Springer

8°C/55%RH

8°C/65%RH B\
VS ot

S
L

ALl
,Q';W

16°C/55%i2
s
vl'.

Fig. 2 SEM micrographs of the morphology of 6 % PVA/limonene
fibers electrospun in various conditions (the scale bar represents
2 pm)

conditions. The bead morphology was spindle-like in the
case of the emulsions spun at lower humidity (55 %), and a
spherical morphology was observed in all other investi-
gated conditions. This suggested a slight increase in the jet
stability at low humidity, due to an increased solvent
evaporation rate. It then increased when RH was raised to
75 %, and reached a maximum when RH was 85 %. At
85 % RH, independent of the temperature, the fibers
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Fig. 3 SEM micrographs of the morphology of 9 % PVA/limonene
fibers electrospun in various conditions (the scale bar represents
2 pm)

appeared strongly deformed. As expected at 85 % RH
the beads had the highest average diameter (for example,
for 6 % PVA emulsions, (1607 £+ 453) nm at 8 °C,
(1721 &£ 621) nm at 16 °C, and (1216 + 437) nm at
24 °C)). With increasing PVA content (9 %), fibers were of
larger diameter and presented more elongated spindle-like
beads, as compared to the fibers obtained from the emul-
sions with a less concentrated continuous phase. Indeed,
the viscosity of the 9 % PVA-based emulsions was one
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Fig. 4 9 % PVA/limonene electrospun beads and fibers diameter

order of magnitude higher, and thus this formulation
allowed a higher stability of the electrospinning jet.

No important difference between the bead diameters
was observed at 55, 65, and 75 % humidity, respectively
(Fig. 4). A clear change was, however, visible at 85 % RH.
The bead morphology was more spherical, and the average
bead diameter increased (around 1 pm) as compared to the
diameters observed at lower humidity (Fig. 3). A clear
decrease in fiber diameter was observed, when the relative
humidity changed from 65 to 75 % at 8 and 16 °C.
Moreover, the nanofibers connecting the beads appeared to
be partially re-dissolved, similarly to the situation observed
in the case of fibers produced from 6 % PVA emulsions.
The temperature had no clear influence on the fiber mor-
phology and on the bead or fiber diameter.

As a preliminary conclusion, the morphology of emul-
sion electrospun fibers was influenced primarily by the
concentration of the continuous phase. Emulsions with a
higher concentration of polymer in the continuous phase
were more viscous and increased molecular chain entan-
glement occurred. The enhanced entanglement led to a
more stable electrospinning jet. Also, the fiber morphology
evolved toward a more cylindrical shape. Relative
humidity was the major environmental parameter influ-
encing the bead and fiber diameters. For oil in water
emulsions, the evolution of the fiber morphology with the
humidity was similar to the one previously reported for the
solution spinning of water soluble polymers [7, 9, 10, 13].

PVA/hexadecane emulsion electrospinning
The electrospinning of hexadecane-containing emulsions

(and 6 % PVA) led in all conditions to a characteristic-
beaded fiber morphology, and only at the highest

@ Springer



8160

J Mater Sci (2014) 49:8154-8162

8°C/55%RH

16°C/65%RH N

y- (
- J"\ "~
5 .

Fig. 5 SEM micrographs of the morphology of 6 % PV A/hexadec-
ane fibers electrospun in various conditions (the scale bar represents
2 pm)

investigated temperature (24 °C) and the lowest relative
humidity (55 %) the bead shape appeared spindle like
(Fig. 5). Additionally, as compared to the limonene-con-
taining emulsion, the hexadecane system appeared to be
more sensitive to humidity. As such, for temperatures
below the melting point of hexadecane (8 and 16 °C) the
bead diameter increased with the relative humidity (Fig. 6).

Bead diameters evolved from (963 + 342) nm to
(1574 4+ 280) nm at 8 °C, and from (711 £ 350) nm up to
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Fig. 6 6 % PV A/hexadecane electrospun beads and fibers diameter

(1087 £ 352) nm at 16 °C. At 24 °C, the bead diameter
almost doubled when comparing diameters obtained at
55 % RH ((672 + 298) nm) and at 85 % RH ((1372 &+
328) nm). The decrease in the evaporation rate of the
solvent with humidity led to a greater number of instabil-
ities in the electrospinning jet. Larger structures were
formed. Moreover, for a specific humidity value, a slight
decrease in the average bead diameter was observed when
increasing the temperature. This was expected, due to a
large volume contraction of hexadecane above its melting
point. Indeed, at 24 °C the smallest average bead diameters
were observed. The viscosity of the PVA/hexadecane
emulsions was also the lowest measured at 24 °C. The
PVA polymer chain mobility was high, thus allowing a
proper organization and shell formation around the hexa-
decane droplets.

Encapsulation efficiency (EE)

The EE of the volatile limonene was assessed by GC, and a
first observation concerned the influence of the concen-
tration of PVA in continuous phase concentration. Indeed,
as was previously reported [16], the fibers from emulsions
of 6 % PVA/limonene (Fig. 7) showed lower EE than the
ones obtained from 9 % PV A/limonene emulsions (Fig. 8).
This was comparable to results obtained when using clas-
sical microencapsulation approaches [20]. It was expected
that the EE of the highly volatile limonene fragrance would
be dependent on the temperature (which increases its
evaporation rate), and humidity (which influences the
permeability properties of the polymer fibers).

However, when analyzing the EE of 6 % PV A/limonene
as a function of the environmental parameters no signifi-
cant effect of the relative humidity could be identified
below 75 % RH (p < 0.05). At constant RH (below 75 %
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RH), a lower temperature induced a decrease in EE (e.g., at
55 % RH from 26 % EE at 8 °C to 40 % EE at 24 °C). At
85 % RH, the EE remained similar at 8 °C (from 27 to
23 %), decreased slightly at 16 °C (from 36 to 28 %) and
dramatically at 24 °C (from 36 to 8 %) when compared to
EE at 75 % RH. For 9 % PVA emulsions, the global EE
was higher than for the electrospinning feeds based on 6 %
PVA. For 9 % PVA emulsions, at low temperature (8 and
16 °C) and low humidity (55 and 65 %) no significant
difference between the encapsulation efficiencies was
observed. The highest EE was of (67 £ 6) % at 16 °C and
55 % RH. At 75 % RH, the EE decreased with the tem-
perature from (57 & 7) % at 8 °C, down to (46 &+ 7) % at
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Fig. 9 6 % PVA/limonene electrospun beads and fibers diameter

16 °C and finally to (26 £ 10) % at 24 °C. At 85 % RH,
the EE also decreased with increasing temperature, the
lowest one being 2 % at 24 °C.

Temperature, when decreased, was expected to
decrease the limonene vapor pressure which would lead
to higher EE. However, for 6 % PVA/limonene emul-
sions in most of the conditions investigated, this effect
was overcompensated by the reduced solvent evaporation
rate of the continuous phase. The PVA remained
hydrated for longer time during fiber formation, which
led to a higher drawing of the polymer jet as well as an
increase in the PVA matrix permeability, thus increasing
the evaporation rate of the fragrance. Indeed, EVOH
copolymers permeability to limonene is increased, when
relative humidity is increased from 75 to 100 % RH
[19]. These results were also supported by the observa-
tions of the effect of the relative humidity on the fiber
morphologies (Figs. 2, 9) and on the EE (Fig. 7). Low
relative humidity allowed the rapid drying of the poly-
mer jet by enhancing the solvent evaporation and led to
better encapsulation efficiencies.

For 9 % PVA emulsions spun at 75 and 85 % RH, an
opposing trend was observed. The EE decreased dramati-
cally with increasing temperature. As we pointed out pre-
viously, at high relative humidity the instabilities in the jet
prevailed, and some fibers were re-dissolved in the residual
solvent still present upon arriving on the collector. The
fibers contained a similar amount of solvent and thus the
decreased volatility of limonene led to a more efficient
encapsulation at low temperatures.

To this end, both temperature and relative humidity
are influencing factors when looking at morphological
properties and EE of fibers derived from emulsion
electrospinning.
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Conclusion

The electrospinning of emulsions of PVA in water and
limonene or hexadecane allowed the formation of bi-
component nanofibers and beads encapsulating hydropho-
bic liquids. When the polymer content of the emulsion was
increased, the fibers spun became more cylindrical and the
fragrance EE increased. However, switching from limo-
nene to hexadecane in the dispersed phase did not sub-
stantially modify the fiber morphology. Relative humidity
while electrospinning was the most influencing parameter
on both fiber morphology and EE. Indeed, the PVA shell
was permeable to limonene since it remained hydrated at
high relative humidity. When the polymer concentration
was relatively high (9 %), higher electrospinning temper-
ature led to lower encapsulation efficiencies. The contrary
was observed when using 6 % polymer at a relative
humidity of 55 or 65 % RH. This information is particu-
larly relevant for further work on emulsion electrospinning.
Specifically, it should be mentioned that the polymer per-
meability to the encapsulated compound according to rel-
ative humidity should be studied before starting emulsion
electrospinning for encapsulation purposes, especially if
the component encapsulated is itself influenced by either
temperature or humidity. We show, that by use of emulsion
electrospinning procedures, both additives with high and
low volatility can be embedded within electrospun beaded
fibers.
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