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1 | INTRODUCTION

Miguel Aldas'? |
Marina Patricia Arrieta®>*
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| Juan Lépez-Martinez?!

Bilayer systems, consisting of electrosprayed gum rosin microspheres (eGR) and poly
(e-caprolactone) (PCL), were prepared. First, the electrospraying processing condi-
tions of GR in two different solvents, dichloromethane, and chloroform, were opti-
mized. Various electrospraying polymeric solution flow rates and applied voltages
were tested and morphologically analyzed in terms of particle size distribution and
microspheres density. The conditions at which a homogeneous and narrow micro-
spheres size distribution was achieved were chosen as the best for each solvent. The
eGR was deposited onto a compression-molded PCL film to obtain the bilayer sys-
tems. The bilayer systems were characterized by their visual appearance, microstruc-
tural analyses, thermal and mechanical performance, and surface wettability. It was
determined that the mechanical and thermal behavior of PCL film was not affected
due to the addition of the eGR microspheres layer. Meanwhile, the eGR layer consid-
erably changes the surface color of the PCL film, reduces the film transparency, and
produces a blocking effect in the UVB region and high blockage in the UVA region. In
addition, the microspheres layer presents a tunable hydrophobicity depending on the
solvent used, reaching values of ultrahydrophobic surfaces. Thus, the obtained result
reveals a great potential to easily process bilayer systems with high interest in sus-

tainable agricultural, packaging, and/or biomedical applications.
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larger surface area, and porous surface or hollow interior to allow the

encapsulation of components.*

Polymer-based microspheres have gained importance in a broad range
of fields during the last decade since they can be widely used in sev-
eral industrial sectors such as chromatography separation, biomedical
devices, coating additives, and controlled release reservoirs.t 3
Polymer-based microspheres present a spherical geometrical shape
and can be manufactured to have a uniform size that ranges from
nanometer to micrometer scale.’? These microspheres can be

designed with functional properties such as uniform size and shape,

The preparation of polymer-based microspheres is usually devel-
oped by the techniques of solvent separation, single and double emul-
sion, spray-drying, freeze-drying, and coacervation technique.®
However, most of the stated methods have disadvantages, such as
some limitations to scale up, a big polydispersity in the particle size,
and a restricted capacity to produce small particles.* Nonetheless, the

electrospraying technique allows obtaining the microspheres, while
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overcoming the problems associated with conventional particle-
producing methods.®

Electrospraying is an electrohydrodynamic process, which allows
the production of microspheres, with a narrow size distribution, by
using a high-power electric field.°"® In the production process many
parameters had to be handled for instance: the flow of the polymeric
solution, the voltage applied to the capillary needle, and working dis-
tance (from the needle to the collector). In addition, the solution
parameters such as composition, concentration, viscosity, conductiv-
ity, and surface tension, also affect the electrospraying.” Therefore,
optimize an electrospraying process can be complex given the number
of parameters that have to be handled.® Despite the drawbacks of the
process, during the last years, several companies have commissioned
plants  for  manufacturing  electrospun  materials.  Thus,
electrohydrodynamic processing has gained interest in the industrial
sector due to its cost-effectiveness, high versatility, and opportunity
to produce electrospun materials at the industrial level.”

Electrospraying has been investigated for uses in the field of
pharmacy, cosmetics, ceramics, and the food industry.’® Electro-
sprayed and electrospun polymers were studied as carriers for active
compounds, due to the small diameters and large surfaces area with
high porosity that is easy for functionalization.” It is possible to remark
the study of Khan et al., which covers the effect of the different pro-
cess and product parameters to obtain food coatings.!! As well, Bock
et al., analyzed the variation of different parameters in the electro-
spraying process to produce microspheres from solutions of different
concentrations of poly(e-caprolactone) in chloroform. Furthermore,
these microspheres were proven to be compatible with cells, making
them useful for biomedical applications.®

Gum rosin is the solid residue of pine resin, produced as a com-
mon defensive response of conifers to external factors.*?> Gum rosin is
a thermoplastic, acidic, semi-transparent material with a yellowish col-
oration, and soluble in organic solvents.'® Gum rosin is currently used
in different applications such as in the paper industry, adhesives, plas-
tics, printing inks, coatings, and in the food industry.**~1¢ As a plastic
additive, gum rosin has shown several interesting properties such as
its ability to act as a light-absorbing agent, diminishing and/or
preventing the transmission of light through plastics films.'” Further-
more, gum rosin is generally studied, together with its derivatives, in
the pharmaceutical industry, for coatings, microencapsulation, and
controlled release of substances.'®® Poly(e-caprolactone) (PCL) has
been proven to work well with gum rosin, as both materials are bio-
compatible, biodegradable, and have similar melting points (around
60°C).Y? PCL is a semicrystalline biocompatible and biodegradable
polymer with superior viscoelastic performance with interest in sev-
eral industrial applications such as food packaging or biomedical
devices.?°

Regarding the use of gum rosin in electrohydrodynamic pro-
cesses, Baek et al. established the appropriate concentration for the
production of nanofibers from gum rosin solutions in chloroform and
dichloromethane.?* Nirmala et al. prepared PCL-based nanofibers
with gum rosin in different concentrations. Its bactericidal effect pro-

vides the material with antimicrobial activity, with interest for uses in
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biomedical applications.?> Whereas Nirmala et al. performed a com-
parison between gum rosin nanofibers obtained by electrospinning
and thin gum rosin films as coatings, they found structural advantages
in the use of nanofiber coatings such as large surface area, cylindrical
morphology, and high porosity.2® To the best of our knowledge, the
production of gum rosin microspheres by the electrospraying tech-
nique has not been reported yet.

In this context, electrohydrodynamic process (electrospinning and
electrospraying) are progressively becoming more widely recognized
as a powerful tool for the development of bilayer films, having the

924 at the same time

main advantage to operate at room temperatures
as it represent an easy way for providing specific active functions
(e.g., antioxidant, antimicrobial, etc.) by incorporating different active
components.2® Bilayer films are combinations of two different layers
typically based on materials with dissimilar advantage properties glued
together to fulfill an overall performance that monolayers do not
offer.?#2¢ Thus, bilayer systems based on biopolymers are specifically
designed to improve some specific properties of biopolymers as they
generally present poor water resistance and reduced mechanical
performance.”?*

Thus, this work is aimed at developing scalable bilayer films based
on an external layer of PCL film produced by a melt-blending
approach and with an inner layer of gum rosin microspheres produced
by the electrospraying technique. Gum rosin was selected as the inner
layer with the main objective to provide hydrophobicity to the PCL
layer. With this purpose, the electrospraying processing conditions of
GR were optimized using two different solvents, chloroform (CF) and
dichloromethane (DCM). These two solvents were selected due to
their expected high evaporation rate (CF has a boiling point of 60°C
and DCM has a boiling point of 40°C). The influence of the variation
of the potential applied as well as the flow rate of the gum rosin solu-
tion in the production of electrospray gum rosin microspheres was
studied and the best conditions were established to further produce
electrospray GR microspheres with both studied solvents. Then, the
microspheres were directly electrosprayed over a PCL film, and
the bilayer systems were characterized through the evaluation of their
microstructural, mechanical, and thermal performance. Some func-
tional properties such as color properties, visible, and UV light trans-
mission as well as surface wettability were also measured to get
information about their potential use at the industrial level as func-

tional materials providing UV blocking effect and water repellence.

2 | MATERIALS AND METHODS

2.1 | Materials

Gum rosin (GR) commercial-grade was supplied by Sigma-Aldrich
(Mostoles, Spain) CAS Number: 8050-09-7, and it was used for the
inner layer. GR is characterized by a molecular weight of 302 g/mol, a
softening point of 66.5°C, an acid number of 167. Chloroform was
supplied by Panreac (Barcelona, Spain) with a density >1.48 g/cm® at
20°C and 99.8% purity. Dichloromethane, provided by Sigma-Aldrich
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(Madrid, Spain), had a density of 1.325 g/cm® at 20°C and 99.8%
purity. Both products were used as solvents for the GR electro-
spraying forming solution. Polycaprolactone CapaTM 6800,
commercial-grade, was used for the outer layer and was kindly sup-
plied by Perstorp UK Ltd. (Warrington, UK). It has a density of
1.15 g/cm® and a melt flow index (MFI) of 2-4 g/10 min (160°C,
2.16 kg).

22 | Methods

221 | GR electrospraying optimization

The effect of the flow rate and the voltage applied over the produc-
tion of GR microspheres, their size, and morphology was analyzed for
all the processing conditions assayed. Two GR solutions were pre-
pared: one of GR 60 w/v in dichloromethane (GRpcm) and the other
one of GR 45 w/v in chloroform (GRcf). The solutions were kept
under constant stirring at room temperature for 24 h. Electrospraying
was done using a Higher Pressure Programmable Single Syringe Pump
NE-1010 (Shropshire, UK), and a high voltage 0-30 kV power supply
Genvolt 7xx30 series (Shropshire, UK). Each solution was fed into a
10-mL plastic syringe set in the pump. The syringe was connected
through polytetrafluoroethylene (PTFE) tubes to a stainless-steel nee-
dle (@ = 4.9 mm) while the needle tip was connected to the power
supply. The working distance from the needle to the collecting plate
was 15 cm. The microspheres were electrosprayed for 40 min and col-
lected in a sheet of aluminum foil, which was placed over the rectan-
gular metallic collecting plate. The process was carried out at 25°C
and 40% RH.

The morphology of the obtained microspheres was analyzed by
field emission scanning electron microscopy (FESEM), using a Zeiss
Ultra 55 microscope at 1 kV. The density of microspheres and the size
distribution characterization were calculated using the software
Imagel) in the micrographs of the experiments in which electro-
spraying has produce GR microspheres. The significant differences
were assessed at a 95% confidence level according to Tukey's test
using a one-way analysis of variance (ANOVA). The conditions in
which the obtained microspheres have had a narrow size distribution

were selected for the preparation of PCL-eGR bilayers systems.

2.2.2 | Bilayer system preparation

The inner layer was prepared by electrospraying technique following
the optimized conditions determined for electrospraying solution of
GR in both DCM and CF. Gum rosin solutions were prepared and then
electrosprayed over the PCL films for 4 h. The outer PCL layer was
processed into films by compression molding at 80°C in a 10-Tn
hydraulic press from Robima S.A. (Valencia, Spain) equipped with two
hot aluminum plates and a temperature controller from Dupra
S.A. (Castalla, Spain) by using a film mold (120 x 120 mm?). PCL pel-
lets were kept between the plates at atmospheric pressure for 1 min

until melting and they were further submitted to a pressure of
50 MPa for 1 min and then quenched to room temperature for an
additional 4 min.

Each GR electrospray forming solution was processed by
electrospray process. For GR electrospraying solution prepared with
DCM a flow rate of 1 pL/min was used and with an applied voltage of
10 kV (positive and negative voltages = 5 kV and —5 kV, respectively;
Bilayer film label as PCL-eGRpcpnm). For GR solution prepared with CF
a flow rate of 5 uL/min was used and potential of 10 kV (positive and
negative voltages = 5 kV and —5 kV; Bilayer film label = ePCL-cGR).
Under these optimized processing conditions, the GR electrospray
microspheres were poured onto the PCL films to obtain the bilayer
systems. The PCL-eGR bilayer films were dried under vacuum at room
temperature in a desiccator for 120 h to remove any residual

solvents.

2.2.3 | Bilayer film characterization

Visual appearance, UV-Vis spectroscopic, and colorimetric analysis
Visual appearance was evaluated by visual inspection of neat PCL,
neat GR, and the produced bilayers, and a comparison of the bilayer
systems was done. UV-Vis spectroscopic analyses were carried out
on a spectrophotometer Cary 100 UV-Vis by Agilent technologies
(Barcelona, Spain), at a range between 200 and 800 nm to notice the
optical changes due to the electrosprayed layer over the PCL film.
The UV-Vis absorption spectra of PCL and that of PCL-eGR based
bilayer films were obtained.

The surface color properties of the bilayer films were assessed
on a Colorflex-Diff2 458/08 colorimeter from HunterLab (Reston,
VA). For means of comparison, PCL monolayer film was used as a
reference. The test was performed under the CIE L*a*b* color
space, where L* stands for lightness, a* for green (—a*) to red (+a*)
colorations, and b* from blue (—b*) to yellow (+b*) coloration.?”
The mean value and the standard deviation of L*, a*, and b* coordi-
nates, and the yellowness index (Y1) is reported. Moreover, the total
color differences (AE) were obtained comparing the microspheres
side of the bilayer film with the PCL surface color using
Equation (1).27

AE=1/Aa2+ AbZ4+ AL? (1)

The statistical differences in these properties were evaluated by the
one-way ANOVA, at 95% confidence level according to Tukey's test.

Water contact angle measurement

Wettability was determined via the sessile drop method, with an opti-
cal goniometer EasyDrop-FM140 from Kruss Equipments (Hamburg,
Germany). The water contact angle (WCA) of deionized water over
the specimens' surface was measured and the mean value and stan-
dard deviation of 10 points are reported. The obtained results were

statistically analyzed in the conditions previously reported.
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Field emission scanning electron microscopy

Field emission scanning electron microscopy was conducted on a
Zeiss Ultra 55 microscope at 1 kV. Before the analysis, PCL monolayer
film as well as the ePCL-GR bilayer films were cryofractured after
immersion in liquid nitrogen and then sputtered with a gold-palladium
alloy in a Sputter Mod Coater Emitech SC7620, Quorum Technologies
(East Sussex, UK).

Thermal analyses

Differential scanning calorimetry (DSC) experiments were conducted
in a calorimeter Mettler DSC821e (Toledo, Spain) under a nitrogen
atmosphere (flow rate 30 mL/min). Samples were exposed to a ther-
mal cycle of heating from —60 to 120°C, then cooling from 120 to
—60°C and a second heating from —60 to 250°C. The heating rate for
all cycles was 10°C/min. The melting temperature (T,,) and the crystal-
lization temperature (T,) are reported for the PCL film and the bilayer
films, PCL-eGRpcpm and PCL-eGRcE.

Thermogravimetric analysis (TGA) was performed in a TGA
PT1000 from Linseis (Selb, Germany). Samples were heated under the
TGA dynamic mode from 30 to 700°C at a heating rate of 10°C/min
under a nitrogen atmosphere (flow rate 30 mL/min). The onset degra-
dation temperatures (Tso) were determined at 5% of mass loss, while
temperatures of the maximum decomposition rate (T..) were
obtained from the peak of the first derivative of the TGA curve (DTG).
Both temperatures are reported for each film.

Mechanical analyses

Mechanical properties were measure through a tensile test, which
was conducted in the PCL film and in the bilayer PCL-eGR films of an
initial length of 50 mm and a width of 10 mm, according to standard
tests methods ISO 527 part 3. The analyses were done at room tem-
perature in an Elib 30 SAE Ibertest (Madrid, Spain) with a 100 N load
cell, at a crosshead speed of 500 mm/min. Five specimens of each film
were used. The mean value and the standard deviation of Young's
modulus, tensile strength, and elongation at break are reported. The
mechanical results were statistically analyzed at 95% confidence, as
stated above.

3 | RESULTS

3.1 | Optimization of the processing of GR
electrospraying process

It is known that to prepare appropriate solvent-based electrospray
solutions, materials should be homogeneously dissolved in a proper
solvent. An effective solvent should present a similar solubility param-
eter (§) to that of the dissolved substance. The calculated solubility
parameter for GR is 16.0 MPa'2 while CF and DCM have
solubility parameters of 19 MPa'/2 ? and 20.2 MPa??, respectively.
Since differences between GR and both solvents are moderately low,
good miscibility and, thus, solubility in both solvents used should be

expected.
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The GR electrospray solutions were processed into
electrosprayed microspheres varying the electrospraying processing
conditions as are reported in Table 1. Meanwhile, the SEM images of
each experiment are reported in Figure 1 for eGRpcpm, and in Figure 2
for eGRcr. The FESEM images of the GR microspheres show that the
variations in solution flow rate and voltage applied produce differ-
ences in the morphology of GR microparticles.

Figure 1 shows that, when DCM is used as a solvent, a flow rate
of 0.5 pL/min produces microspheres at all the assayed voltages. Flow
rates of 1 and 5 pL/min produce microspheres at voltages of 10 and
15 kV. Meanwhile, a flow rate of 10 pL/min, produces defects such as
beads at any voltage, which suggests that this flow does not allow the
proper evaporation of the solvent. Therefore, it is not feasible to carry
out an effective electrospraying process with GR in DCM operating at
10 pL/min. Moreover, it is observed that for flow rates of 1, 5 and
10 pL/min, an increase in the voltage produces an increase in the pro-
duction of defects such as beads (Figure 1(D)-(L)). This is explained
because the increment in the electrical forces destabilized the
jet. 202829 |n prief, the experiments that allow the production of GR
microspheres using DCM as solvent are a, b, ¢, d, e, g, and h.

The histograms presented in Figure 1, let to determine that the
distribution is broad in experiments a, b, ¢, and e and narrow in experi-
ments d, g, and h. Therefore, from the obtained results it can be con-
cluded that the best processing conditions to obtain microspheres of
GRpcm with uniform size are 1 pL/min and 10 kV corresponding to
experiment d, which have the narrowest microspheres distribution. At
the selected conditions microspheres with a mean diameter of 5 pm
are obtained. Moreover, the smallest microsphere mean diameter was
4 pm, obtained with a flow of 0.5 pL/min and a potential of 20 kV. In
Table 1 it is seen that for a flow rate of 0.5 pL/min (experiments b and
c) a statistically significant (p < 0.05) microsphere diameter diminution
is observed with the voltage increment, which is in good agreement
with the literature.*® For flow rates of 1 and 5 uL/min (experiments d,
e, and g, h, respectively) the diameter size presents no statistical dif-
ferences (p > 0.05) for the same flow. The density and the mean diam-
eter of the microspheres are shown in Table 1.

Figure 2 presents the FESEM images of GR microspheres
obtained from electrospraying using CF as solvent. For any flow rate,
a mixture between microfibers and microspheres is obtained at volt-
ages of 15 and 20 kV, except in experiment h. A similar effect has
been observed in the work of Bock et al., who work with PCL dis-
solved in CF in concentrations of 5, 7.5, 9, and 10% w/v and obtain
microspheres contaminated with nanofibers of the same material
when using high concentrations of polymer and low solution flow
rates.® This could indicate that the concentration of 45 w/v of GR
solution with CF is too high for an electrospraying process at the
higher voltages assayed here of 15 and 20 kV for all flow rates
assayed (except for 5 pL/min and 15 kV).2 Therefore, when using CF
as a solvent, the experiments that allowed to obtain microspheres are
a,d, g h,andj.

Regarding the size distribution, it is seen that in experiments a, d,
and g it is narrow and in experiments h and j there is a broader size

distribution. Therefore, the best conditions to obtain microspheres of
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Flow rate and potential conditions used for the experiments, density and means size of the microspheres obtained with different
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TABLE 1
solvents
DCM
Flow rate Voltage Microspheres density
Experiment  (pL/min) (kV) (microspheres/pm?) x 1000
a 0.5 10 8.73 +0.37°
b 0.5 15 431 +0.44°
c 0.5 20 4.95+£0.38°
d 1 10 7.42 £ 0.36>°
e 1 15 34.8 £2.91°
f 1 20 *
g 5 10 9.17 £ 0.14°
h 5 15 7.28 + 0.25*°
i 5 20 *
j 10 10 *
k 10 15 *
| 10 20 *

Microspheres
diameter (pum)

Microspheres
diameter (um)

Microspheres density
(microspheres/ umz) x 100

6+2° 2.52 +0.14° 4+12
8+2° * *
4£2° * *
5+ 2° 4041 + 0.34° 3+1°
4x1° * *
7£2° 1.01 + 0.20° 5%1°
7+1b 1.07 + 0.20° 5+1b
& 0.15 + 0.06¢ 6+1°
* * *

Note: Different letters (a-c) show statistically significant differences between formulations (p < 0.05).

*No microspheres produced.

GRcf with uniform size were 5 uL/min and 10 kV, corresponding to
experiment g, which showed the narrowest particle size distribution.
At the selected condition microspheres with a mean diameter of 5 pm
are obtained. Table 1 shows the density and the mean diameter of the
microspheres obtained by electrospraying of GR solutions with CF. It
is seen that, at a voltage of 10 kV, an increase in the flow rate (experi-
ments d and g) produces a significant increase in the diameter of the
microspheres. These results are in accordance with those obtained by
Khan et al., who concludes that the contact time of the solution in the
needle is inversely proportional to the size of the sphere obtained.'!
For a flow rate of 5 pL/min, an increase in the voltage (experiments g
and h) does not produce significant changes in the diameter size of
the microsphere (p > 0.05). With CF, the smallest mean diameter was
3 pm, and it was obtained with a flow of 1 pL/min and a potential
of 10 kV.

The obtained results allow inferring that uniform size GR micro-
spheres can be produced using either DCM or CF as a solvent and
that the size distribution can be adjusted changing either the flow rate
of the solution or the voltage applied. In both systems, the electro-
spraying parameters selected produced microspheres with a statisti-

cally equal mean size of 5 pm.

3.2 | Bilayer film characterization
3.2.1 | Visual appearance, colorimetric and UV-Vis
spectroscopic analyses

The visual appearances of neat PCL and PCL-eGR bilayer films are
shown in Figure 3. While PCL film is transparent allowing seen

through the film (Figure 3(A)), the presence of GR reduced the

transparency in bilayer PCL-eGR films and also showing somewhat
yellow tonality (PCL-eGRpcym in Figure 3(B) and PCL-eGRcr in
Figure 3(C)), confirming the successful deposition of GR onto the PCL
film as GR is yellow (Figure 3(D)). These findings were corroborated
by colorimetric measurements and UV-vis analysis.

Regarding the color parameters (Table 2) it is seen that PCL and
both bilayers present a high value of L* (>79), which is a characteristic
of bright whitish colored objects, meanwhile GR have a lower value of
L* (52), because the material is darker, therefore, it has greater absor-
bance and less total reflectance for what it has lower lightness.3® The
a* coordinate value is near zero in all the materials, which suggest that
neither red nor green colorations are dominant.?” The b* coordinate is
negative in PCL, which reveals a faint blue hue in the material. On the
other hand, PCL-eGRpcnm and PCL-eGRcf, have positive values of b*
showing yellow coloration in the samples.?” Yellow hue value in neat
GR is evident, and accordingly presents the highest b* value, which
suggests that the natural color of GR influences the coloration of the

electrosprayed layer,*’

in agreement with the visual appearance of
the films. Regarding the yellowness index (YI), its values are in accor-
dance with the b* coordinate, being GR the sample with the highest
Y| as expected, followed by PCL-eGRcE, then by PCL-eGRpcm, both
with positive YI values, and finally PCL with the lowest and negative
Yl value. It is seen that The Yl index of PCL-GR bilayers is among the
values of the components, neat GR, and PCL. Nevertheless, it should
be highlighted that the color of the bilayers differs drastically from the
color of neat GR, which is due to GR microspheres. Neat GR occurs in
the form of angular, translucent masses of various sizes,>! while the
microspheres are smaller and have a different geometrical shape than
GR. The color depends on the optical reflection properties of the
object, therefore, the highlights, shadows, and shading influence

the perception of the color.>2 In addition, as observed in Table 2 the
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FIGURE 1

Micrographs of gum rosin microspheres produced by electrospraying using DCM as solvent: flow rate as a function of voltage.

Flow rate of 0.5 pL/min and a potential of (A) 10 kV, (B) 15 kV, (C) 20 kV. Flow rate of 1 pL/min and potential (D) 10 kV, (E) 15 kV, and (F) 20 kV.
Flow rate of 5 pL/min and potential (G) 10 kV, (H) 15 kV, (1) 20 kV, and flow rate of 10 uL/min and potential (J) 10 kV, (K) 15 kV, and (L) 20 KV.

Size distribution is shown as a histogram

color parameters are statistically different in both bilayers, which is
due to the higher amount of GR deposited over PCL film during the
4 h electrospraying process in the case of PCL-eGRcf, since electro-
spraying flow rate is higher (5 pL/min) than that of GRDpcm (1 pL/
min). Moreover, these differences could be also attributed to the dif-
ferent particle shape obtained in the electrospraying process.*2 The
visual appearance of PCL film, PCL-GR bilayer films and GR along with
their yellow index is presented in Figure 3.

UV-Vis spectra of PCL, PCL-eGRpcv, and  PCL-eGRce
(Figure S1). PCL spectrum presents an increment of the absorption

intensity in the range of 240-340 nm, related to carbonyl groups
(C=0).22 In addition, the presence of PCL characteristic absorption
band is seen at 280 nm.3* No absorption peaks are seen at longer
wavelength >280 nm as reported in the literature.®* The UV- Vis
spectra of the bilayer films present a significant increase of the
absorbance intensity in the carbonyl groups region and the presence
of two sharp bands, associated with the absorption of different
types of carbonyl groups.3® The changes in respect to the neat PCL
film spectrum are attributed to the presence of GR. According to the

literature, GR displays significant absorption in UV spectroscopy
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FIGURE 2 Micrographs of gum rosin microspheres produced by electrospraying using CF as solvent: flow rate as a function of voltage. Flow
rates of 0.5 pL/min and potential of (A) 10 kV, (B) 15 kV, (C) 20 kV. Flow rate of 1 pL/min and potential (D) 10 kV, (E) 15 kV, and (F) 20 kV. Flow
rate of 5 uL/min and potential (G) 10 kV, (H) 15 kV, (1) 20 kV, and flow rate of 10 pL/min and potential (J) 10 kV, (K) 15 kV, and (L) 20 KV. Size

distribution is shown as a histogram

because of the conjugated group.®®> Moreover, two bands are
observed in the PCL-eGRpcm and PCL-eGRcr spectra located at
205 and 258 nm, which are typical of GR.*¢

In Figure S1 it is possible to observe that while PCL showed
high transmission in the visible region of the spectra, the micro-
spheres layer reduced the transmission in bilayer systems. Both
bilayers present a complete radiation-blocking in the UVB region
(280-320 nm) and the UVA region until 345 nm, where the trans-
mittance begins to increase. The blocking effect in what remains

of the UVA zone is high, with a transmittance of 15% at 400 nm.
Therefore, the GR microspheres provide a protective effect in the
UV region of the spectra. Similarly, it has been observed that GR
acts as a light-absorbing agent and prevents the transmission of
light through PLA-GR-based films.}” PCL-eGRpcwm bilayer formula-
tion has somewhat lower transmittance than PCL-eGRcg in the
visible region of the spectra, which could be attributed to the
morphology of the microspheres with the presence of beads

defects.
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FIGURE 3 Visual appearance, yellowness index, and water contact angle of (A) PCL, (B) PCL-eGRDCM, (C) PCLeGRCF films, and (D) neat
GR. Different letters (a-d) show statistically significant differences between formulations (p < 0.05)

TABLE 2 Color parameters for the CIEL*a*b* space of neat PCL film, GR, and the bilayers PCL-eGRpcm and PCL-eGRcr

Code L* a* b* Yl AE

PCL 79.66 % 0.90° —0.89 + 0.06° —-3.39 +0.10° —9.08 + 0.24° 0.77 £ 0.40
PCL-eGRpcm 89.09 % 0.67° -1.92+£0.15° 4.87  0.50° 8.67 + 0.94° 12.58 £ 0.58
PCL-eGRcr 83.94 + 1.51° —2.86+0.36° 7.01+1.93° 15.54 + 1.50° 11.44 + 2.32
Neat GR 52.8 +0.94 -0.3+0.1¢ 26.6 +0.8¢ 73.6 + 2.04 49.22 +18.8

Note: Different letters (a-d) show statistically significant differences between formulations (p < 0.05).

3.2.2 | Water contact angle significantly increases the WCA in bilayer formulations, in values higher

than GR in its neat form (see Figure 3). The surface wettability is highly

19,37

PCL and GR present a hydrophobic character as stated in literature. dependent on the surface topographical and chemical properties. On

Nonetheless, the incorporation of GR microspheres layer over PCL film the one hand, the shape of the microspheres can increase the contact
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surface changing the topography. On the other hand, the hydroxyl
groups of GR can be interacting with GR through hydrogen bond inter-
actions that are favoring the interaction among both layers. Therefore,
the inherent hydrophobicity of GR will be enhanced in the bilayer with
respect to neat GR and PCL film. In addition, the WCA in PCL-eGRpcm
is higher than in PCL-eGRcf reaching values often defined as ultra-
hydrophobic surfaces (WCA > 120°),%8 even when having a lower
amount of GR. This behavior is because the hydroxyl groups of GR are
not available to interact with water and the shape of the deposited par-
ticles varies in a wide-ranging shape when DCM is used as a solvent as
seen in the SEM micrographs (Figure 4) and thus, the topographic of
the surface is highly influenced. Consequently, the contact surface in
PCL-eGRpcm would be higher than PCL-eGRcF,

3.2.3 | Optical and scanning electron microscopy

Figure 4 shows the surface and cross-section of neat PCL and
PCL-eGR bilayers systems. The neat PCL showed a non-porous

and smooth microstructural surface typical of PCL based
formulations.

Even when the electrospraying process has been optimized, the
obtained particles did not form only microspheres, but a mixture of
microspheres and beads was observed when DCM is used as a
solvent.

This could be explained because the use of natural materials is
difficult in electrohydrodynamic processes since the properties of the
raw materials are highly variable.?’ Furthermore, according to
Bhardwaj and Kundu, natural materials are mostly polyelectrolytic, so
that the ions in their structure contribute a greater charge to the solu-
tion.?® Hence, the ability to form microstructures will also depend on
the composition or acid content of the GR used, which gives the elec-
trolytic character to the material.*>* The formation of beads during
electrohydrodynamic processes has been also related to the low simi-
larity between components of the polymeric solution.?> Therefore,
considering that CF was able to produce microspheres with fewer
beads defects, it can also be ascribed with the closer solubility param-
eter between GR and CF, than those between GR and DCM.

Surface view

Transversal section

PCL

PCL-eGRyay

PCL-eGR¢¢

FIGURE 4 Scanning electron microscope (SEM) observations of PCL and the bilayer films PCL-eGRDCM and PCL-eGRCF of surface and

transversal section with the expanded area
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TABLE 3 DSC and TGA results of

i Code T.(°C)

neat PCL film, GR, and electrosprayed
bilayer PCL-eGRpcym and PCL-eGRcr PCL 27.85
PCL—eGRDCM 25.51
PCL-eGRcr 28.86
GR 52.81

gg\y%gg%, _WILEY_*”
technologies
AH, (J/g) Tm (°C) AH,, (J/g) Ts% (°C) Trmax (°C)
71.13 57.75 —62.06 330.56 412.06
70.13 57.01 —60.31 337.47 413.47
71.68 56.59 —63.45 334.68 414.68
3.87 50.02 —6.30 228.15 313.25

3.24 | Thermal analyses

The thermal parameters obtained from DSC and TGA analyses are sum-
marized in Table 3. According to literature PCL films presents a melting
temperature around 60°C, and the melting enthalpy approximately
60 J/g, %% which is in accordance with the obtained values. The Tso
and Tpnay values measured in the TGA also agree with the literature.!?
As seen in Table 3, the thermal parameter of GR are considerably
higher than those of PCL and the obtained for the bilayer systems,
therefore, it can be inferred that the GR microspheres layer did not
affect significantly the PCL thermal stability mostly because the mass
proportion of GR is to low.*? It should be highlighted that the obtained
formulations are thermally stable in the range of room temperature to
higher than 300°C, which is a considerably higher temperature than

that of the intended use (i.e., mulch film, food packaging, etc.).

3.2.5 | Mechanical analyses

Neat PCL film presents Young's modulus of 109 + 7 MPa, a tensile
strength of 17 + 1 MPa, and elongation at break of 1173% + 50%. No
statistical differences can be found in Young's modulus and elongation
at break of PCL and the PCL-eGR bilayer systems. This suggests that
the deposited layer is too thin to produce a significant change in the
tensile performance of the PCL film. However, a significant reduction in
the tensile strength is observed in the bilayers with respect to neat
PCL. Tensile strength for PCL-eGRpcpm is 13 £ 1 MPa while tensile
strength for PCL-eGRcf is 14 + 1 MPa. This reduction is approximately
20% and both bilayers have no statistical differences in tensile strength.
This reduction in the tensile strength is probably due to the composite
structure and the lower tensile strength of GR, which affect the overall
performance of the bilayer system. In fact, it has been observed that
GR reduces the tensile strength of PCL in PCL/GR-based blends.*?
Although the tensile strength values suggest the risk of film cracking,
no sign of cracking in bilayer films was observed, which may partly be
attributed to the superior viscoelastic performance of PCL. In fact, the
high flexibility of PCL was not affected by the GR microspheres, and it
is probably that the very thin layer of GR broke before the PCL layer in
the bilayer structure during the tensile test measurements. However,
this behavior is frequently undetectable from the stress to strain curve
(not shown) when very thin layers are used.?®

4 | CONCLUSIONS

The processing conditions to obtain GR microspheres by electro-
spraying technique using DCM and CF as solvents were successfully

optimized and both PCL-eGRpcym and PCL-eGR¢k bilayer films were
successfully obtained. It was determined that the best conditions to
obtain microspheres with a uniform size of 5 pm are 1 pL/min and
10 kV when DCM s used as a solvent, and 5 pL/min and 10 kV when
CF is used as a solvent. Besides it was seen that GR¢f solution mainly
leads to electrospray microspheres without defects and GRpcm solu-
tion produced eGRpcpm microspheres whit some beads defects. The
lower formation of beads in eGRcr microspheres with respect to
eGRpcm Mmicrospheres has been ascribed to the smaller differences
between the solubility parameters of GR with CF compared with that
of the DCM.

The GR microspheres layered onto PCL film produced significant
changes in the surface color and an increase in the surface hydropho-
bicity with respect to both, neat GR and neat PCL, as the water con-
tact angle considerably increased. This behavior has been ascribed to
the positive chemical interaction of GR layer with PCL layer as well as
to the size of the microspheres, which are able to increase the contact
surface of GR and the roughness in the material surface. In fact, PCL-
eGRpcm showed considerably improved surface hydrophobicity
reaching values of ultrahydrophobic surface.

The thermal and mechanical performance of PCL film is not
affected by the deposition of GR microspheres. In addition, PCL-
eGRpcm and PCL-eGR¢r presented a complete radiation-blocking in
the UVB region and a high blockage in the UVA zone, with a small
reduction in the transparency of the neat PCL film.

In summary, we have developed a facile and scalable strategy
to develop translucent PCL-eGR bilayer systems with UV blocking
effect without compromising the mechanical and thermal perfor-
mance of PCL, with tunable hydrophobicity depending on the sol-
vent use, which could be of interest for the food packaging
industry. Furthermore, it is worth noting that the dimensions of
the eGR microsphere present allotropic advantages with respect to
the macroscopic material. In fact, although further studies are
required, because of eGR microsphere large surface area, they
have great potential to carry drugs, nanoparticles, and active sub-
stance, which makes these microspheres interest in the biomedical
and active materials field for sustainable agricultural or packaging

applications.
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