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ABSTRACT: This work originally reports on the use of electrohydrodynamic processing (EHDP) to encapsulate Aloe vera
(AV, Aloe barbadensis Miller) using both synthetic polymers, i.e., polyvinylpyrrolidone (PVP) and poly(vinyl alcohol) (PVOH),
and naturally occurring polymers, i.e., barley starch (BS), whey protein concentrate (WPC), and maltodextrin. The AV leaf
juice was used as the water-based solvent for EHDP, and the resultant biopolymer solution properties were evaluated to
determine their effect on the process. Morphological analysis revealed that, at the optimal processing conditions, synthetic
polymers mainly produced fiber-like structures, while naturally occurring polymers generated capsules. Average sizes ranged
from 100 nm to above 3 um. As a result of their different and optimal morphology and, hence, higher AV content, PVP, in the
form of nanofibers, and WPC, of nanocapsules, were further selected to study the AV stability against ultraviolet (UV) light
exposure. Fourier transform infrared (FTIR) spectroscopy confirmed the successful encapsulation of AV in the biopolymer
matrices, presenting both encapsulants a high chemical interaction with the bioactive components. Ultraviolet—visible (UV—vis)
spectroscopy showed that, while PVP nanofibers offered a poor effect on the AV degradation during UV light exposure (~10%
of stability after 5 h), WPC nanobeads delivered excellent protection (stability of >95% after 6 h). This was ascribed to positive
interactions between WPC and the hydrophilic components of AV and the inherent UV-blocking and oxygen barrier properties
provided by the protein. Therefore, electrospraying of food hydrocolloids interestingly appears as a novel potential
nanotechnology tool toward the formulation of more stable functional foods and nutraceuticals.
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INTRODUCTION

Aloe barbadensis Miller is one of the main species of Aloe
vera (AV), which belongs to the family Liliaceae, and its
history dates back to the 4th century B.C.! The term “aloe”
derives from “alloeh” in Arabic and “halal” in Hebrew, which
means bitter shiny substance, while the epithet “vera” means
true or genuine.? The plant of AV is endemic to hot and dry
world areas, such as the Arabian Peninsula or Africa, and it
is welladapted to grow in desert or arid climates. Therefore,
its tissues have highly evolved for the retention and storage
of water by the formation of a dense gel, the so-called leaf
juice, which contains approximately 0.985 g of water/g wet
basis.?

Some of the functional properties of AV are related to its
antioxidant activity, wound and burn healing, pain and
edema reduction, digestion, and immune response.* There
are also some technical reports about its antibacterial and
antifungal activity, especially in the form of fresh juice, and
anticancer properties.’ In addition, the extract of AV leaf
juice has been reported to lower blood glucose levels in
normal and alloxaninduced diabetic mice.® A wide range of
bioactive compounds are found in the AV leaves, such as
anthraquinones (e.g., aloins A and B), carbohydrates (e.g.,
pectin, cellulose, glucomannan, and others), enzymes (e.g.,

amylase, lipase, and oxidase), inorganic compounds (e.g.,
calcium, magnesium, iron, and zinc salts), non-essential and
essential amino acids, and vitamins (e.g., vitamins B1, B2,
B6, and C, P-carotene, choline, folic acid, and a-
tocopherol).”® In addition, AV contains salicylic acid that, in
combination with magnesium, is considered to work together
to provide a natural analgesic effect on burns.”!°

Because the degradation of AV bioactive ingredients starts
right after harvesting of the plant, both the whole leaf and
inner gel fillet need to be rapidly processed into more stable
products. Therefore, protection from chemical degradation
of AV compounds is of high importance, and the use of
encapsulation technologies represent a suitable solution.
Various encapsulation technologies have been previously
used to protect AV compounds from degradation, such as
freeze drying, spray drying, hot-air drying, and coacervation.
For instance, AV has been recently encapsulated in
polyamide nanoparticles by the emulsion-diffusion
technique, followed by freeze drying.!! In another study,
similar AV nanocapsules of a triblock copolymer made of
poly(ethylene glycol) (PEG) and poly(butylene adipate)
(PBA) were also prepared.!? However, spray drying, freeze
drying, and other more conventional or advanced processing
technologies often require the use of extremely low or high
temperatures, vacuum, or harsh solvents, which may add
complexity or may not be scalable.



Electrohydrodynamic processing (EHDP) can result in the
potential interest for the AV encapsulation. This novel
process, comprising both electrospinning, when producing
fibers, and electrospraying, capsules, is a one-step
nanotechnological tool of potential application interest in
food technology and related areas.!* Because of their
extremely high trapping efficiency, electrospun and
electrosprayed ultrathin structures have been recently
proposed for a huge range of bioactive applications,'*
including the stabilization of antioxidants.!>!® The main
advantage of EHDP over other encapsulation technologies in
the field of food-based applications!” and drug-delivery
systems!® is related to its high efficiency, sustained release
capacity, greater thermal, light, and storage stability, and
enhanced protection of loaded ingredients from chemical
degradation. As a result of the ultrathin size of the
electrospun and electrosprayed structures, resultant materials
become much easier to handle and can mask unwanted
organoleptic characteristics, such as odor and taste (e.g., fish-
related ingredients).!”2! Another advantage is the use of
solvents at “natural atmospheric conditions”, which
efficiently preserves the functional condition of the
bioactives."

In the EHDP technology, a wide range of polymer
materials can be potentially used as the protecting
encapsulants. These include both natural and synthetic
polymers, which can easily produce ultrathin fibers or
capsules. EHDP has particularly expanded the use of
polysaccharides as encapsulating materials, such as chitosan,
alginates, celluloses, starches, or malto- and cyclodextrins,?
as well as proteins, such as whey protein isolate (WPI), whey
protein concentrate (WPC), soy protein isolate (SPI), egg
albumen, collagen, gelatin, zein, or casein.? In relation to
food hydrocolloids, WPC deserves particular attention as a
result of its valuable dietary supplement and functional food
enhancement properties. This protein complex is made from
a-lactalbumin (ALA) and B-lactoglobulin (BLG), with
isoelectric points of approximately 4.3 and 5.2,
respectively.?* Particularly, ALA has 123 amino acid
residues, mostly forming a-helices. Alternatively, BLG is
composed of 162 amino acid residues, forming eight
antiparallel B-sheets and one a-helix chain.?>2?¢ This
secondary structure particularly leads to the formation of a
globular quaternary structure, which can create closed
capsules with impenetrable walls. In addition, similar to
other food-grade polymers, WPC is water-soluble and
creates hydrocolloids that makes it perfect as a nontoxic
encapsulant for the encapsulation of functional ingredients
of interest in the food industry. Although the high surface
tension of water in an air environment, together with the
ionization of water molecules at high voltages, typically
complicates EHDP, this can be effectively reduced by the
addition of surfactants (e.g., sorbitan monolaureate) at a low
weight concentration, i.e., 1-2 wt %.%’

Previous research works on the use of EHDP to
encapsulate AV are mainly based on poly(vinyl alcohol)
(PVOH) and limited to the preparation of wound
dressings.”!%282° For instance, in a recent work, Serincay et

al.?? produced antimicrobial dressings with the capacity to
release AV using electrospun PVOH/poly(acrylic acid)
(PAA) nanofibers. Similarly, Uslu and Aytimur® prepared
biocompatible dressings containing AV in
PVOH/polyvinylpyrrolidone  iodine  (PVP-I)) PEG
nanofibers. These studies have reported the potential use of
the AV-loaded electrospun matrices as wound dressings;
however, none of these have evaluated the stability of the
bioactive or their potential use as functional ingredients
when encapsulated in food-grade polymers. The present
study describes the encapsulation of AV leaf juice using
EHDP with the objective to protect its bioactive compounds
and to provide them in a solid form of more added value for
the food, pharmaceutical, and cosmetic industries. For this,
edible polymers such as barley starch (BS), WPC, and
maltodextrin, were used. These food-grade polymers were
compared to polyvinylpyrrolidone (PVP) and PVOH, which
are synthetic polymers widely employed in the cosmetic and
pharmaceutical industry. The EHDP conditions were first
optimized, and the morphology of the resultant biopolymer
encapsulating systems was examined. Finally, in the selected
biopolymer matrices, the encapsulation stability of AV was
analyzed.

MATERIALS AND METHODS

Materials. Leaf juice of AV (A. barbadensis Miller) was
purchased from Laboratorios Farmaceuticos Pejoseca S.L.
(Agaimes, Spain) in gel form under the trade name of
aloVeria. This was extracted from AV plants in the Canary
Islands and presents a purity of 99.6%. PVP, 437190 grade,
with an average molecular weight (Mw) of ~1 300 000 g/mol
was received as free-flowing fine powder from Sigma-
Aldrich S.A. (Madrid, Spain). Modified PVOH with
commercial reference B49v7 was purchased from Plasticos
Hidrosolubles (Valencia, Spain) in film form. This
biopolymer readily fully dissolves in cold water.
Pregelatinized BS sodium octenylsuccinate was Lyckeby
Keep 92032 obtained from Lyckeby Culinar AB (Fjalkinge,
Sweden) and supplied by Trades S.A. (Barcelona, Spain).
Heat-stabilized WPC, with ~80 wt % protein content, was
kindly donated from ARLA Food Ingredients (Viby,
Denmark) under the commercial name of Lacprodan DI-
8090. Commercial-resistant maltodextrin, namely, Fibersol-
2, was supplied by ADM/Matsutani LLC (Clinton, IA,
U.S.A.) and distributed by Alifarma (Reus, Spain). All food
hydrocolloids were received in the form of white to off-white
coarse ground powder. The surfactant, a sorbitan fatty acid
ester, was TEGO SML, purchased from Evonik Industries
(Wesseling, Germany) in liquid form.

Preparation of Biopolymer Solutions. The AV leaf juice
was used as received without further purification. The leaf
juice was found to contain, after drying, a total solids content
of AV of 2 wt %. As a result of its original high water content
and to simplify any potential industrial process (e.g.,



extraction), the leaf juice was used as the base solvent to
solubilize the biopolymers. Because different weight
contents of each biopolymer were required to achieve the
optimal EHDP conditions, the final dry materials ended up
having different contents of AV in the encapsulates. A control
solution of each biopolymer was also prepared in identical
conditions, substituting the AV leaf juice with deionized water.
Table 1 summarizes the biopolymer solutions prepared for EHDP,
indicating the resultant

Table 1. Weight Content (wt %) of PVP, PVOH, BS, WPC,
Maltodextrin, AV Leaf Juice, and Water in the Prepared
Solutions for EHDP and Resultant Content of Encapsulated
AV in the Biopolymers

solution content (wt %)

encapsulated
encapsulation AV leaf AV
system biopolymer  juice  water content (wt %)
PVP 10 0 90 0
PVP + AV 10 90 0 18
PVOH 10 0 90 0
PVOH + AV 10 90 0 18
BS 20 0 80 0
BS + AV 20 80 0 8
WPC 20 0 80 0
WPC + AV 20 80 0 8
maltodextrin 50 0 50 0
maltodextrin + AV 50 50 0 2

content of AV encapsulated. All solutions were prepared at
room temperature, i.e., 25 °C, under high stirring conditions,
and 1 wt % surfactant was added.

Characterization of Biopolymer Solutions. Prior to EHDP,
all biopolymer solutions were characterized in terms of
viscosity, surface tension, and conductivity. The apparent
viscosity (na) was determined at 100 s™! using a rotational
viscosity meter Visco BasicPlus L from Fungilab S.A. (San
Feliu de Llobregat, Spain) equipped with a lowviscosity
adapter (LCP). The surface tension was measured following
the Wilhemy plate method using an EasyDyne K20
tensiometer from Kriiss GmbH (Hamburg, Germany). The
conductivity was evaluated using a conductivity meter XS
Con6 from Lab-box (Barcelona, Spain). All measurements
were carried out at room temperature in triplicate.

EHDP. EHDP was conducted using a high-throughput
Fluidnatek LES00 pilot line from Bioinicia S.L. (Valencia,
Spain). The basic EHDP equipment has a 24 emitter
multinozzle injector, a variable high-voltage 0-60 kV power
supply, and two pumping systems to potentially carry out
coaxial electrospinning or electrospraying. A 5 mL plastic
syringe containing the biopolymer solution was placed on
one pump and was vertically directed to the collector. A
negatively polarized collector was used to drive the solids
from the injector to the collector. The different biopolymer
solutions containing AV leaf juice and water as solvents were

initially optimized in terms of the flow rate, tip-collector
distance, and voltage. Table 2 summarizes the selected

Table 2. Optimal Conditions during EHDP of PVP, PVOH,
BS, WPC, and Maltodextrin with and without AV

encapsulation flow rate needle-collector voltage

system (mL/h) distance (cm) (kV)
PVP 4.0 25.0 20.0
PVP + AV 3.0 25.0 22.0
PVOH 8.0 15.0 15.0
PVOH + AV 8.0 15.0 15.0
BS 1.0 14.0 18.0
BS + AV 2.0 14.0 20.0
WPC 1.0 12.5 17.5
WPC + AV 1.0 12.5 17.5
maltodextrin 2.0 10.0 15.0
maltodextrin + AV 2.0 10.0 15.0

optimal conditions for each biopolymer solution during
EHDP. All materials were processed at least 2 times at the
optimized conditions, yielding similar morphological results.
For the selected materials, various batches were produced to
generate sufficient quantities for characterization and to
achieve reproducibility.

Microscopy. The morphology of the obtained materials by
EHDP was examined using scanning electron microscopy
(SEM) with a S4800 from Hitachi (Tokyo, Japan). All
materials were sputtered using a gold-palladium mixture
under vacuum. Analysis was carried out at 10.0 kV, and
estimation of the dimensions was performed by means of the
Aperture software from Apple (Cupertino, CA, U.S.A.) using
the SEM micrographs in their original magnification. In all
cases, a minimum of 150 particles were analyzed to
determine their sizes.

Ultraviolet (UV) Light Radiation. To accelerate the
oxidation of AV and more rapidly evaluate the protecting
effect provided by the biopolymers, the AV leaf juice and the
selected AV-containing encapsulates were exposed to UV
light radiation for a time span of 12 h. For this, an Ultra-
Vitalux lamp from OSRAM Lighting S.L. (Madrid, Spain)
was used. This operates with a power of 300 W that produces
a blend of radiation very similar to that of natural sunlight,
which is generated by a quartz discharge tube and a tungsten
filament. The radiation of 315-400 nm after 1 h of exposure
is of 13.6 W, and the radiation of 280-315 nm after 1 h of
exposure is of 3.0 W.1

Infrared Spectroscopy. Fourier transform infrared (FTIR)
spectra were collected coupling the attenuated total reflection
(ATR) accessory Golden Gate of Specac, Ltd. (Orpington,
U.K.) to a Bruker Tensor 37 FTIR equipment (Rheinstetten,
Germany). Single spectra were collected by averaging 20
scans at 4 cm™! resolution of the materials in the wavelength
range from 4000 to 400 cm™. To analyze the drying and
stability of AV, the leaf juice was cast onto the ATR crystal to



reach approximately a 30 um thickness film and repeated
measurements were performed over time. Experiments were
performed in duplicate.

Ultraviolet-Visible (UV-Vis) Spectroscopy. Stability of AV
was determined by an UV-vis spectrophotometer NanoDrop
ND1000 from Isogen Life Sciences (Utrecht, Netherlands).
Absorbance was measured in the wavenumber range from
220 to 748 nm. Samples were measured after various UV
light exposure times. The dried AV sample was prepared by
casting the leaf juice onto a Petri dish, leaving it to dry in a
desiccator at 0% relative humidity (RH) and room
temperature until a constant dry mass of 2%. For the
measurements, 400 parts per million (ppm) in distilled water
of each solid was measured. At least 10 scans per sample
were acquired.

Statistical Analysis. The solution properties and stability
data were evaluated through analysis of variance (ANOVA)
using Statgraphics Plus for Windows 5.1 from Manugistics
Corporation (Rockville, MD, U.S.A.). Fisher's least
significant difference (LSD) was used at the 95% confidence
level (p < 0.05). Mean values and standard deviations were
also calculated.

RESULTS AND DISCUSSION

Encapsulation of AV by EHDP. Table 3 summarizes the
main solution properties of the different synthetic and
naturally

Table 3. Solution Properties of PVP, PVOH, BS, WPC, and
Maltodextrin with and without AV Used for EHDP?

encapsulation conductivity surface tension
system (mS/cm) viscosity (cP) (mN/m)
PVP 0.04 (0.02) a 202.2(1.6)a 304 (0.2)a
PVP + AV 0.27(0.02)b  200.8(1.2)b 29.5(0.3)b
PVOH 0.29 (0.01) b 39.5(04)f 444(0.1) g
PVOH + AV 0.42(0.01)d 39.6 (0.3) f 446(02) g
BS 0.35(0.02) ¢ 65.5(0.2)¢ 28.6 (0.2) ¢
BS + AV 0.51(0.03) ¢ 66.8 (0.1)d 28.2(0.3)d
WPC 2.14(0.02) h 109(0.1) g 30.2(0.1)a
WPC + AV 2.55(0.03) 1 11.2(0.1) g 29.8(0.1)b
maltodextrin 1.08 (0.02) f 80.6 (0.3) ¢ 26.6 (0.1) f
maltodextrin + AV 1.18 (0.02) g 80.2(0.2) c 27.2(0.2)e

a

The results are expressed as the mean value (standard deviation),
in which different letters indicate significant differences among the
samples for the same solution property (p < 0.05).

occurring polymers solubilized in AV leaf juice prepared for
EHDP. The table also includes the properties of the blank
biopolymer solutions without AV, i.e., prepared in deionized
water. As seen in the table, all biopolymer solutions based on
AV leaf juice presented higher values of conductivity than
their corresponding water-based solutions. This indicates

that the AV leaf juice presents a certain ionic nature that
increased solution conductivity. The highest values of
conductivity were particularly observed for WPC and
maltodextrin, showing values of 2.55 and 1.18 mS/cm,
respectively. The other biopolymer solutions generated
conductivity values lower than 1 mS/cm in all cases. The
water-based PVP solution presented the lowest value, i.e.,
0.04 mS/cm. In relation to viscosity and surface tension, it
can be observed that the AV leaf juice had a negligible effect
on these properties. This means that the biopolymers are the
most influential elements in the solutions as expected, given
their higher molar masses and mass quantities. All of these
parameters are key during EHDP



Figure 1. SEM images of electrospun fibers of (a) PVP, (b) PVP containing AV, (c) PVOH, and (d) PVOH containing AV. Scale markers are
10 pm.

Figure 2. SEM images of electrosprayed beads of (a) BS, (b) BS containing AV, (¢) WPC, (d) WPC containing AV, (¢) Maltodextrin, and (f)
Maltodextrin containing AV. Scale markers are 10 pm.




because the use of polymer solutions with high viscosity
and/or low surface tension tends to favor the formation of
fibers.*

Figure 1 shows the morphology of the synthetic polymer
mats obtained by EHDP. In Figure 1a, it can be observed that
the neat PVP solution produced ultrathin homogeneous
nanofibers with diameters of approximately 500 nm. After
AV encapsulation, shown in Figure 1b, it generated thinner
PVP fibers with diameters below 200 nm but with the
presence of some beaded regions. This interesting
morphological change can be related to the above-observed
increase in solution conductivity as a result of the ionic
nature of the AV leaf juice. This increased the electrostatic
repulsion between charges on the jet surface during EHDP,
which induced the formation of thinner fibers but also
impaired the formation of continuous fibers. A similar effect
on the morphology of electrospun PVP materials has been
recently observed for the encapsulation of microorganisms.>!
In the case of neat PVOH, as shown in Figure 1c, electrospun
fibers with a mean thickness between 600 nm and 1.5 pm
were obtained. Thinner fibers of about 300 nm, with beaded
regions in the range of 1-3 pm, can be seen in Figure 1d
when PVOH encapsulated AV. However, some droplets or
agglomerates can also be observed on the electrospun mat of
PVOH nanofibers, which was not seen in the case of PVP
nanofibers. This can be ascribed to the low viscosity
observed for the AV-containing PVOH solution, which was
approximately 5 times lower than that obtained for PVP.
Higher viscosities, which are related to higher Mw and,
hence, molecular entanglements, are typically needed during
EHDP to produce fibers free of defects.3? These are thought
to lead to higher viscoelastic forces that can resist the rapid
changes in the polymer shape during EHDP. The larger tip-
collector distance and lower flow rate required for the
optimal processing of PVP could also contribute to its finer
fiber formation.*° For both synthetic polymers, the presence
of some beaded regions within the nanofibers is probably
related to instabilities during EHDP, which were triggered by
the ionic nature of the AV leaf juice that significantly
increased solution conductivity. In any case, other conditions
different from the conditions selected resulted in processing
instabilities or more ill-defined morphologies.

As opposite to synthetic polymers, which mainly presented
a fiber-based morphology as a result of their high Mw, the
use of food-grade polymers, also called hydrocolloids,
typically resulted in beads or capsules. These can be seen in
Figure 2. In general, spherical particles with a relatively
narrow size distribution, including both small (<200 nm) and
large (>3 pm) capsules, were produced. Similar
morphologies have been recently observed for both
electrosprayed carbohydrate-based?! and protein-based*
materials. In Figure 2a, neat ultrathin capsules of BS
obtained from pure water solutions can be observed. These
show a bimodal distribution of sizes, in which ultrathin
capsules with diameters as low as 300 nm coexist with some
microcapsules with diameters between 1 and 3 pm. When BS
was suspended in AV leaf juice, shown in Figure 2b, it

produced similar capsules with slightly lower diameters,
ranging from 200 to 400 nm, for the smallest capsules, and
from 1 to 2 um, for the largest capsules. Unfortunately,
excessive aggregation was also observed in the AV-
containing BS capsules, probably as a result of moisture
sorption from the ambient on the collector during EHDP. In
relation to WPC, as shown in Figure 2c, EHDP of this food-
grade polymer in pure water promoted the formation of
ultrathin capsules with sizes ranging from 500 nm to above
2 pm. Similar to BS, when WPC was suspended in the AV
leaf juice, it led to ultrathin capsules with slightly lower
mean sizes and narrow size distribution. In particular,
spherical particles of WPC ranging from 100 nm to 1 pm can
be observed in Figure 2d. Interestingly, the resultant AV-
containing WPC nanobeads seemed not to agglomerate on
the collector. For maltodextrin, as shown in Figure 2e, the
water suspension of this carbohydrate also produced round-
like particles with different sizes, ranging from 300 nm to
above 3 pm. In Figure 2f, it can be seen that maltodextrin
electrosprayed from the AV leaf juice solution resulted in
ultrathin capsules with similar morphologies. This can be
related to the very low content of AV inside the carbohydrate,
i.e., 2 wt %, which does not seem to affect the morphology
of the maltodextrin capsules.

The formation of beads instead of fibers in these food
hydrocolloids can be ascribed to the relatively high
conductivity and low viscosity values generated by the
solutions used for EHDP.2!* It is also worth mentioning that
the use of AV leaf juice instead of water led to a reduction in
the mean sizes for most of the biopolymers, which was
especially significant in the case of the electrospun fibers.
This observation can be related to the higher content of
encapsulated AV in the fibers than in the beads. This also
correlates well with the above-observed increase in solution
conductivity, even though other properties, such as viscosity
and surface tension, were very dissimilar. This also suggests
that very different polymer solutions in terms of viscosity,
surface tension, and conductivity can be properly processed
by EHDP, and these may have a combined effect on the
resultant materials. In general, all obtained electrosprayed
capsules have a physical appearance of easy-to-handle
powder, whereas -electrospun fibers are presented as
continuous mats. In principle, the morphology of the
electrosprayed capsules can result in more suitable uses as
food additivities, while the electrospun fiber mats can be of
more interest in bioactive food packaging designs.!3!1433

Encapsulation Stability of AV in Biopolymers. As a result
of their ultrathin, disaggregated, and more regular
morphology, application interest, and higher content of
encapsulated AV, the electrospun PVP nanofibers and
electrosprayed WPC nanobeads were selected as the
encapsulating biopolymer-based structures to proceed with
the stability analysis. These present a relatively dissimilar
chemical structure and generated two opposite types of
morphology.

Chemical assessment of the AV leaf juice was carried out
by ATR-FTIR spectroscopy. This technique has been



successfully used in previous studies to determine the
chemical composition of encapsulated bioactive compounds
in electrosprayed matrices of different biopolymers.2®?’
Figure 3 shows the FTIR spectra of the AV leaf juice, dried
AV, and dried AV exposed to UV light for a span time of 12
h. In relation to the as-received AV leaf juice, it showed a
broad and intense O-H stretching band in the 3000-3700
cm™! range and the bending mode band of free water at
~1635 cm™!. This confirms that the AV leaf juice is highly
hydrated. The presence of the highest intensity band,
centered at approximately 3450 ¢cm™!, has been assigned to
the stretching of —~OH groups of different carbohydrate
monomers (e.g., galacturonic acid, mannose,36-3s and uronic
acid) and to the presence of hydrogen-bonded N-H
stretching of amino acids.*® These functional groups provide
an interface for the interaction of polysaccharide chains in
AV with other molecules via hydrogen bonding as a result of
dipole-dipole attraction forces.*
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exposed to UV light for 12 h. Arrows indicate the bands discussed
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Figure 5. (a) UV-vis spectra of AV leaf juice and dried AV exposed to UV light, (b) UV-vis spectra of PVP nanofibers and PVP nanofibers
containing AV exposed to UV light, and (c) UV-vis spectra of WPC nanobeads and WPC nanobeads containing AV exposed to UV light.
UV-vis spectra were collected for times of UV light exposure from 0 to 12 h.



As said, once the AV leaf juice is dried, the main O-H band
considerably reduced its intensity and moved down to ~3290
cm™!. This suggests the presence of phenolic groups in AV
based on anthraquinones (e.g., aloin and emodin),?®*! which
typically contain hydroxyl groups (-OH) bonded directly to
an aromatic hydrocarbon group, although the presence of
remaining water cannot be excluded. Two new bands were
formed at ca. 2922 and 2861 cm™! that can be attributed to
the C-H symmetric stretching (us) and asymmetric
stretching  (Uss)  vibrations of methylene (CH>),
respectively.*? These bands would indicate the presence of
long aliphatic (-CH) chains in AV.* The existence of a low
intense carbonyl stretching band (CEO) at 1742 cm™ and a
C-O-C stretching vibration band at 1245 ¢cm™!, which are
probably related to methyl acyl groups (-COCH3), suggests
the presence of O-acetyl ester.® Two high characteristic bands
potentially ascribed to aromatic double bonds (CEC) were
also shown at ca. 1547 and 1604 cm™', which have been
reported to carvone and limonene, respectively, in gel
polysaccharide from AV.¥*~* These CEC stretching bands
can further indicate the additional presence of vinyl ether and
aloin compound.®® The high intense peak at 1402 cm™ can be
assigned to symmetrical ~-COO stretching of carboxylate
compounds. The shoulder peak at about 1075 cm™ has been
previously related to C-O stretching associated with
acemannan®® and rhamnogalacturonan,®® which are side-
chain constituents of pectins. The high intense band centered
at 1031 cm™ is considered to arise from the C-O and C-OH
bonds of the glucan units in AV gel polysaccharides.*®
Finally, the low but broad absorption band in the range
900-800 cm! is ascribed to the C-H out-of-plane
deformation of the pyranoside ring and mannose.*’

After 12 h of UV light exposure on the ATR plate, some
relevant changes can be observed in the FTIR spectrum of
the non-encapsulated dried AV. The main change is related to
a further decrease of the broad O-H band. This change has
been primarily ascribed to the oxidation of anthraquinones.*®
This is further supported by the decrease of the CEC
stretching band at 1604 ¢cm™', which can be related to the
oxidation of the aloin compound accompanied by the loss of
limonene. In addition, the decrease in the peak intensity
centered at 1742 cm™' possibly corresponds to the
deacetylation of acemannans.*® This process is known to
particularly contribute to the solidification of the AV gel and
its loss of functional properties.* Instead, one can observe an
absorption increase in the C-H alkyl stretching vibration
band centered at 2861 cm™', accompanied by a further
intensification of the C-O and C-OH groups at 1031 cm™.
These latter changes mostly depict the contribution of highly
stable monosaccharide units in the branched regions, such as
galactose and glucan.®”-*

Figure 4 shows the FTIR spectra of the neat biopolymers
and the encapsulated AV in the electrospun PVP nanofibers
and WPC nanobeads, before and after UV light exposure.
The evolution of some of the fingerprint bands found in the
FTIR spectra of the non-encapsulated AV, shown in previous
Figure 3, is marked with arrows in these spectra. In Figure

4a, a comparison of the FTIR spectra of neat PVP nanofibers
versus PVP nanofibers containing AV clearly shows a
reduction and shift of the O-H stretching vibration band of
the biopolymer from ~3480 to 3370 cm™!. On the one hand,
this indicates that resultant PVP nanofibers could potentially
retain a certain amount of water after EHDP. On the other
hand, intra- and intermolecular hydrogen bonding are
expected to occur among the biopolymer chains as a result
of high hydrophilic forces with free water molecules and/or
OH-based compounds of AV. The peak seen in neat PVP
nanofibers at 2957 cm™! is hardly distinguished after the
introduction of AV, which is probably related to the high
absorption of the OH stretching of AV hydroxyl groups. A
similar effect was recently observed for electrospun AV-
loaded PVOH nanofibers.?® The addition of AV also shifted
the carbonyl (CEO) stretching band from

1668 to 1651 cm™. This potentially suggests high
intermolecular secondary interactions between carbonyl
oxygen on the PVP chain, which is attached to the
pyrrolidone rings, and hydroxyl groups of AV compounds.
The appearance of a new sharp absorbance peak at 1737 cm™
confirms the presence of ester components of AV in the
nanofibers. The intense increase of the absorption peaks
observed in the region of 1100-1000 cm™! can be due to the
C-0 stretching of polysaccharides of AV, which was absent
in the neat biopolymer spectrum. Interestingly, the FTIR
spectrum of the AV-containing PVP nanofibers exposed to
UV light also indicates certain changes in relation to the
unexposed nanofibers. In particular, an additional reduction
of the 3370 c¢m™! O-H band was combined with a
considerable increase of the bands in 1450- 1400 cm™!. The
latter change can be related to an absorbance increase of the
CH: bending vibrations of hydrocarbons of polysaccharides
in AV.

For WPC, as seen in Figure 4b, the FTIR spectrum of the
AV-loaded nanobeads also shows a reduction in the O-H
band that was accompanied by a shift from ~3295 to 3270
cm!. This fact provides evidence of a certain hydrogen bond
formation between the polysaccharides of AV and the ~-OH
and -NH2 terminal groups of the protein. Similar to PVP
nanofibers, changes in the C-H stretching vibration bands in
the range of 3000-2800 cm™ after AV encapsulation were
very significant. Incorporation of AV also generated a
displacement toward lower wavenumbers of the amide I and
11 bands of the protein, particularly from 1656 to 1628 cm™
and from 1540 to 1527 cm™, respectively. A similar effect
was recently reported for electrosprayed lycopene-
containing WPC capsules,* in which the shift of these amide
bands was related to changes in the in-plane N-H and C-N
vibrations. These changes suggest a considerable chemical
or physicochemical interaction between the protein and
encapsulated AV. In addition, a new prominent sharp peak
was also observed in the spectrum of the AV-loaded WPC
nanobeads at 1737 cm™!. This may be due to the formation of
new amide or ester linkages between the amino and carboxyl
groups of both components. Additionally, a new group of
C-O bands appeared in the 1100-1000 cm™! range, which



can be related to esters and phenols of AV compounds.
Interestingly, no relevant changes were noticeable in the AV-
containing WPC nanobeads after UV light exposure.
Consequently, these chemical changes confirm the
successful encapsulation of the bioactive in both biopolymer
matrices. However, these also suggest that the chemistry of
AV compounds encapsulated in the PVP nanofibers changed
during the UV light treatment, while these remained stable
in the WPC nanobeads.

Stability of the AV-Containing Encapsulates against UV
Light. In addition, to handle, store, and process the bioactive
in a more appropriate dry form, another important purpose
of encapsulation is to effectively protect the bioactive
materials. The assessment of the protection of the two
selected encapsulated systems was determined by UV-vis
spectrophotometry during accelerated exposure to a strong
UV light source for 12 h. Figure 5 shows the UV-vis spectra
of the nonencapsulated AV leaf juice, AV-loaded PVP
nanofibers, and AVloaded WPC nanobeads as a function of
the UV light exposure time. From observation of Figure 5a,
it can be seen that AV presents two main intense absorption
bands at 229 and 256 nm wavelength. The latter band can be
associated from the results of this work to the bioactive
degradation, and it was used to monitor aging in the AV. This
band was seen to reduce absorption to some extent after the
drying process. This suggests that both processes, i.e., drying
and degradation, seem to occur simultaneously in AV. This
observation and the fact that, after EHDP, the 256 nm
absorption AV band was somewhat higher highlight the first
benefit of this process versus conventional drying on the
bioactive. Thus, EHDP avoided premature degradation
during drying because this is instantaneous and occurs at
ambient conditions. After strong exposure to UV light, the
intensity of the band at 256 nm decreased absorption to a
considerable extent, suggesting AV degradation, as
mentioned above. Panels b and ¢ of Figure 5 show that, while
PVP hardly showed any absorption in the UV-vis range
screened, WPC did show some absorption between 250 and
300 nm, hence providing some inherent level of UV
protection. The two spectra of the biopolymers showed the
peak at 256 nm when AV is encapsulated, which also
decreased absorption with UV exposure as a result of
degradation of the encapsulated bioactive. However, while
the band intensity reduction was very small in the AV-loaded
WPC nanobeads, it became noticeably intense in the PVP

nanofibers. Figure 6 shows the evolution of the absorbance
of the 256 nm band normalized for the AV content as a
function of UV light exposure time. From this, it can be
easily observed that the non-encapsulated AV degraded
quickly during the accelerated UV light exposure, with the
bioactive stability being noticeably reduced for the first 5 h
of radiation (~10% of stability). In relation to both
biopolymer matrices, WPC nanobeads clearly arrested the
photo-oxidation of encapsulated AV. The bioactive remained
stable in the protein capsules up to the first 6 h of UV light
(stability of >95%), showing certain degradation after 12 h
of exposure (~60% of stability). On the contrary, PVP
nanofibers did not provide any relevant protection, which is
also in accordance with the FTIR data described above. It is
interesting to note that the AV encapsulated in the PVP
nanofibers presented a similar profile of degradation kinetics
than the non-encapsulated sample, showing no significant
differences after 5 h of UV light exposure. This observation
confirms that PVP is not able to provide any efficient
protection for the bioactive. A similar low protecting effect
was previously observed during the encapsulation of folic
acid in electrosprayed starch capsules.?’” This observation
was related to the unique tendency of the carbohydrate to
sorb and retain moisture during the processing and
degradation treatment. This phenomenon of sorbed moisture
may also apply here because PVP is a readily water-soluble
polymer and its FTIR spectrum revealed strong moisture
sorption. However, because WPC is also a strong water-
absorbing material, there must be other factors, such as the
encapsulated AV concentration, which was higher in PVP,
and probably more importantly the higher gas barrier and UV
absorption behavior of WPC. In addition, the PVP nanofibers
may also have present some reactivity with the AV
components because many more changes were observed in
the FTIR spectra for this encapsulation system.

The present results indicate that the obtained contents of
AV remained comparatively much more stable in WPC
nanobeads. Whey protein is well-known to present a high
barrier to oxygen and organic vapors,’! which would delay
the oxidation process. Beyond these considerations, the high
protection may also be contributed by the UV absorption
capacity of the protein in the low UV range, as seen in Figure
Sc. In this sense, it has been reported that aromatic amino
acid residues, tyrosine and
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UV light exposure for AV leaf juice, PVP nanofibers containing AV,
and WPC nanobeads containing AV. Absorbance was normalized to
the encapsulated AV content. Different letters indicate significant
differences among the samples at the same time of UV light
exposure (p < 0.05).

tryptophan, present in the whey protein structure are able to
absorb in the UVC rangg, i.e., 100-290 nm.>? These results
correlate well with previous studies performed on the
encapsulation of B-carotene®® and other bioactives,? in
which electrosprayed WPC capsules showed enhanced
protection against photo-oxidation. The findings reported
here are also supported by the above FTIR results, in which
no chemical changes were observed in the AV-containing
WPC nanobeads. Additionally, these observations are in line
with the recent results obtained for electrosprayed ultrathin
WPI-based capsules,** which showed optimal protection for
epigallocatechin gallate (EGCGQG) against moisture, heating,
and dissolution conditions. Overall, it can be considered that
WPC electrospraying creates ultrathin closed capsules that
efficiently encapsulate AV and protect it from UV light
degradation.

In summary, solid-like materials made of AV leaf juice
extracts certainly open up new applications in the food
industry, and the results reported here provide evidence of
the possibility to chemically preserve AV in a dry form
through the electrospraying of food hydrocolloids. In
particular, electrosprayed WPC nanobeads offer efficient
protection to AV bioactive compounds against UV light
exposure. This can be related to the ultrathin capsule-like
morphology of the WPC capsules as well as the high UV
absorption, oxygen barrier, and positive interactions of the
protein with the hydrophilic components of AV. Therefore,
encapsulation of AV in WPC nanocapsules performed by
EHDP shows a great deal of potential in the design of
functional foods and nutraceutical applications and also in
bioactive packaging. Further studies will be focused on
determining the stability of electrosprayed capsules made of
food hydrocolloids containing different amounts of bioactive

components and at diverse storing conditions, such as high
temperature and high or low humidity.
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