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Abstract This paper presents a new microencapsulation
methodology for incorporation of functional ingredients in
edible films. Core—shell microcapsules filled with
demineralized water (C) or 1 % (w/v) peptide solution (Cp)
were prepared using the microencapsulation printer technolo-
gy. Shell material, composed of a stearic acid/carnauba wax
mixture (75:25), represented around 10 % of the capsule
weight, corresponding to a shell material/peptide ratio of
13.3:1 on dry basis. C capsules were more spherical and
homogeneous than Cp ones. Cp’s more irregular morphology
would explain the slightly higher size of dyg (126 pm) com-
pared to C (122.50 pm). Cp microcapsules were more stable
at pH 5 and 7 (<30 % peptide released in 3 h) than at pH 2 and
9.2 (4050 % released in 3 h). A procedure for homogeneous
microencapsule inclusion in hydrophilic Laminaria digitata
edible films was developed, without losing microcapsule in-
tegrity either in the filmogenic solution or during the drying
process. Films with added microcapsules were stronger and
more deformable, more opaque, more water-soluble but less
permeable to water vapour and less resistant to perforation.
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Introduction

Microcapsules have been widely developed in food industry
and used as carriers of different substances for a range of
applications, such as core material protection or controlled
delivery systems (Gibbs et al. 1999). The most commonly
used encapsulation techniques are emulsification, coacerva-
tion, spray drying, spray cooling, freeze drying, fluid bed
coating and extrusion technologies, liposome and cyclodex-
trin encapsulation (de Vos et al. 2010; Gibbs et al. 1999). A
relatively new approach for the preparation of well-defined
core—shell microcapsules is the TNO encapsulation printer
(Houben 2012), which has never before been reported to be
used in food applications.

Core—shell microcapsules have the advantage that they
allow high payloads and well-defined release characteristics,
in contrast to matrix-type microcapsules as, for instance, pre-
pared by spray-drying (Gouin, 2004). However, core—shell
capsules are often more difficult to produce. Encapsulation
printing is a suitable technique to prepare high quality mono-
disperse core—shell microcapsules. Compared to, for instance,
coacervation methods, this technique presents advantages
such as the continuity and the mildness of the process, and
the wide range of materials that can be processed (aqueous,
oils/waxes, polymers, solutions, dispersions).

There are many natural and synthetic polymers used for
microcapsule preparation, and there are a number of advan-
tages related to lipid materials for their use as matrix agents,
like their biocompatibility, biodegradability, ability to entrap a
wide range of water soluble and insoluble compounds and the
fact that they are also fairly economic (Bhoyar et al. 2011).
Carnauba wax is a thermoplastic solid obtained from the
carnauba plant tree, consisting of a complex mixture of high
molecular weight esters of acids and hydroxyacids that com-
bined with stearic fatty acid forms water resistant structures at
room temperature which melt at elevated temperatures (over
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69.6°C for stearic acid and 82—-86°C for carnauba wax).
Carnauba wax/stearic acid combination has shown good re-
sults in previous different types of encapsulation studies (Fini
etal. 2011; Balducci et al. 2011) being potentially suitable for
the microencapsulation printer process due to its matrix
characteristics.

Protein encapsulation by organic matter has been previous-
ly stated to preserve the activity of protein material both in dry
and wet basis (Gibbs et al. 1999; Tomaszewski et al. 2011).
The development of a lipid-based microencapsulation method
is an interesting approach to preserve potentially active ingre-
dients, such as peptides or polyphenols, or even enhance their
efficacy (Goodwin et al. 2012) for different food applications,
while masking undesired properties such as the typically bitter
peptide flavour (Sun-Waterhouse and Wadhwa 2013) and
excessive plasticizer effect (Giménez et al. 2009).

Renewable and biodegradable biopolymers have been
widely investigated as edible film materials (Krochta and
DeMulderJohnston 1997). Polymers derived from underused
natural resources, such as seaweeds, offer the greatest op-
portunities since their environmental compatibility is as-
sured. Full extraction of Laminaria digitata seaweed may
advantageously use the distinct functional characteristics of
each film-forming ingredient like alginates, proteins and
minerals. Proteins and polysaccharides normally form films
with good mechanical properties but poor water barriers,
because of their hydrophilicity, and lipid-nature microcap-
sule incorporation might improve their qualities. Although
polysaccharides have been previously used for encapsulating
lipid phases or emulsions and related applications (Balducci
et al. 2011), no information exists in the literature on the
film-forming consequences of microcapsule addition to
alginate-based L. digitata extract as film principal matrix
component.

The aims of this paper were (1) to develop a new method-
ology for microencapsulation of bioactive peptides, (2) to
characterize the physical properties and stability of the micro-
capsules, (3) to investigate the inclusion of microcapsules in
alginate-based films and (4) to characterize the structural and
physico-chemical properties of the resulting films.

Materials and Methods
Materials

Analytical grade stearic acid and carnauba wax were obtained
from Sigma-Aldrich (Zwijndrecht, Netherlands) and glycerol
and polysorbate 80 (Tween 80) were obtained from Panreac
Quimica S.A. (Montplet and Esteban S.A., Montcada i
Reixac, Barcelona, Spain). The peptide fraction <1 kDa was
obtained from dried Dosidicus gigas tunics subjected to enzy-
matic hydrolysis with Esperase (EC 232.752.2; 8.0 1) supplied

by Novozymes (Bagsvaerd, Denmark), followed by centrifu-
gal ultrafiltration at 3,000 rpm, 20°C for 15 min (Heraeus
Multifuge 3 L-R; Thermo Fisher Scientific, Waltham, MA,
USA) with molecular weight cut-off membrane of 1 kDa
(Macrosep® Centrifugal Devices; Pall Corporation, Port
Washington, NY, USA). The major constituent amino acids,
expressed as %o residues, were Gly (219), Ala (101), Ser (77),
Glu (72), Pro (64), Arg (64), Leu (57) and Asp (54). The
composition in total hydrophobic amino acids was 537%o
residues (Mosquera et al., 2013).

Viscosity

The viscosity of the materials used for the encapsulation
process was measured using an Anton Paar MCR 301 rheom-
eter with concentric cylinder geometry. Samples were placed
in the rtheometer, equilibrated at each temperature (35°C for
demineralized water and 1 % peptide solution, 105°C for shell
material) for 2 min.

Surface Tension and Contact Angle Measurements

The surface tension of the materials used for the encapsulating
process was measured using a Kriiss contact angle measuring
system G10 (Etten-Leur, The Netherlands). Surface energy of
liquid droplets was calculated using the static sessile drop
method.

Surface hydrophobicity and wettability of the shell material
in the filmogenic solution were evaluated from contact angle
measurements (static sessile drop method) using a Kriiss
contact angle measuring system DSA100 at 21+1°C. A drop-
let (6.04=0.02 ul) of L. digitata filmogenic solution at 21+
1°C (1.04+0.03 g/ml) was deposited on a thin smooth layer of
shell material at 21+1°C with a precision syringe. The method
is based on the image processing and curve fitting for contact
angle measurement from a theoretical meridian drop profile,
measuring contact angle between the baseline of the drop and
the tangent at the drop boundary. The contact angle was
measured on both sides of the drop and averaged (0).

Encapsulation Printing Technology

A custom-built set-up was used for microencapsulation print-
ing experiments, consisting of: a heated reservoir for the core
fluid connected to a high pressure pump; a heated piezo-
driven print-head with a 30-pm-diameter nozzle; a heated
reservoir for liquid shell material, connected to a pump system
and a splash-plate type nozzle, in which a jet of fluid shell
material impinges on a splash plate, resulting in a thin, fluid
curtain of shell material (Fig. 1).

Demineralized water and 1 % peptide solution were used as
core fluids to prepare C and Cp microcapsules, respectively. A
stearic acid and carnauba wax mixture (75:25) was used as
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Fig. 1 Schematic of the core material droplet generated by the inkjet
technology before and after being printed through the screen made of
shell material (Encapsulation of micron sized droplets, RBJ Koldeweij,
MSc thesis, University of Twente, 2010)

shell material. Core fluids were printed at 35 °C, at a flow rate
of 0.75 ml/min and a frequency of 20 kHz, producing core
droplets of 106 um. The shell material was processed at
105 °C and a flow rate of 29.6 ml/min to produce a thin liquid
film over a splash plate at 85°C. Densities of materials were
0.81+0.03 g/ml for shell material at 105°C, 0.974+0.02 g/ml
for demineralized water at 35°C and 1.04+0.02 g/ml for 1 %
peptide solution at 35°C.

Seaweed Unrefined Extraction

Dried L. digitata seaweed (Porto-Muifios, Cerceda, A
Coruiia, Spain) was homogenized using an Osterizer blender
(Oster, Aravaca, Madrid, Spain) with 0.1 M H,SO, solution
in 1:10 (w/v) proportion and kept for 12 h at 3+2°C and
washed several times with running tap water until stabilizing
pH (portable pH-meter series 3 Star Orion with an electrode
pH ROSS; Thermo Fisher Scientific, Landsmeer, The
Netherlands). Seaweed extraction was carried out with mag-
netic stirring in 4 % Na,COs solution at 1:60 (w/v) propor-
tion during 3 h at 75°C, then homogenized in an Osterizer
blender and centrifuged at 6,000 rpm for 5 min (Sorvall
Evolution RC Centrifuge; Thermo Fisher Scientific,
Landsmeer, The Netherlands). In order to remove excess
of carbonate salts, the supernatant was dialyzed overnight
in 32/32 dialysis tubing (Visking membrane MWCO-12-
14000 regenerated cellulose; Medicell International Ltd,
London, UK) at 3+2°C. The dialysed supernatant was dried
in an oven for 2 days (FD 240 Binder, Tuttlingen, Germany)
at 65.0+0.8°C and stored at 21°C until use. The proximate
composition of the dried alginate-based extract was ~17 %
moisture, 5.5 % protein, ~47 % ash and ~30 % carbohydrate
plus other minor compounds (Blanco-Pascual, Montero &
Gomez-Guillén, 2014).

@ Springer

Film Preparation

Film-forming solutions were prepared by suspending 3 % w/v
dry L. digitata unrefined extract in distilled water and homog-
enizing with magnetic stirring during 15 min at 75°C. Glycerol
was added at 0.9 % proportion (w/v) as plasticizer. The pH of
the film-forming solutions (FS) was 10+0.4. Microcapsules
were added at 1 % (w/v) as dry powder and homogeneously
dispersed with a mild magnetic stirring. Surfactant polysorbate
80 was added at 0.1 % (w/v) to help in microcapsules disper-
sion, and film forming solutions were cast into Petri dishes.
Strong microcapsule aggregation still occurred during the film
drying process at 35°C. Considering that microcapsules
tended to float or migrate to the surface of the biopolymer
solution, a porous membrane (TMTP09030 Isopore polycar-
bonate membranes; Millipore, Billerica, MA, USA) was
placed over the solution to immobilize the well dispersed
microcapsules in the presence of the surfactant, avoiding
aggregation during film drying. Dishes were dried in an oven
(FD 240 Binder, Tuttlingen, Germany) at 35.0+0.8°C for 7 h.
The polycarbonate membranes were removed from the dried
films before conditioning at 58.0+0.2 % RH and 22+1°C for
4 days, prior to analysis. Three types of films were obtained:
films with water-filled capsules (F-C), with peptide-filled cap-
sules (F-Cp) and control films without capsules (F).

Differential Scanning Calorimetry (DSC)

Shell material percentage of freshly prepared microcapsules
was calculated measuring each enthalpy proportion (AH, by
linear baseline integration) with respect to the shell material
melting enthalpy reference, using a Discovery Series differ-
ential scanning calorimeter (TA Instruments, New Castle, DE,
USA) previously calibrated.

Calorimetric analysis of F, F-C and F-Cp films were per-
formed using a DSC model TA-Q1000 (TA Instruments)
previously calibrated.

For all DSC experiments, samples of around 10-15 mg
were weighed and sealed in aluminium hermetic pans. They
were scanned under dry nitrogen purge (50 ml/min) between
5°C and 115°C at a heating rate of 10°C/min. Peak tempera-
tures (7eak, °C) and melting enthalpies were measured at least
in triplicate and normalized to dry matter content (J/gg,,) for
film structure analysis.

Laser Scattering Analysis

Particle diameter of the microcapsules was measured using
laser scattering analysis (Mastersizer; Malvern Instruments
Ltd, Malvern, UK) with a small volume of isopropyl alcohol
microcapsule dispersion homogenized in a dispersion unit
controller. All the measurements were performed at room
temperature with a refractive index of 1.45 and expressed as
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volume % of microcapsules. Particle size distribution was
expressed in terms of d, dsg and dyo (1m), which correspond
to the accumulative frequencies of 10 %, 50 % and 90 %,
respectively, of particles that are smaller than the indicated
size.

Peptide Encapsulation Efficiency and Stability

The peptide entrapment in the microcapsules was determined
after total release of the capsule content in distilled water at
95°C during 20 min, in order to melt the lipid shell material.
Then, the solution was cooled down to room temperature to
precipitate out the lipids and filtered through 0.45-pm pore
size filters.

Peptide concentration was determined at 280 nm with the
Synergy HT Multi-Mode Microplate Reader and the UV-
spectrophotometer GenS™ BioTek’s microplate data collec-
tion and analysis software (BioTek Instruments, Inc.,
Winooski, Vermont, USA). Demineralized water microcap-
sules results were taken into account as reference due to their
small interference in the results caused by a slight release of
matrix material (half-order release rate) (Shahidi and Han
1993). Determinations were carried out in triplicate and the
mean value of peptide released was calculated using a stan-
dard calibration curve made with increasing concentrations of
peptide solution (0.1-2 mg/ml).

Peptide encapsulation efficiency was calculated by using
the following formula:

Encapsulation efficiency = Peptide entrapped/Theoretical
peptide contentx 100.

For pH stability studies, microcapsules were placed into
different buffer solutions, at pH 2.6, 5 and 7 (citrate—phos-
phate buffer) and pH 9.2 (carbonate—bicarbonate buffer) at 21
+1°C and were filtered through 0.45-um pore size filters after
10 min, 1 h and 3 h, respectively. All samples were evaluated
in triplicate.

For film process stability studies, microcapsules were
placed either into distilled water (pH 7) or into pH10 aqueous
solution (0.012 % Na,COs) at 35+1°C for 30 min, 1 h, 3 h,
5h,7hand 9 h, and were filtered through 0.45-um pore size
filters prior to peptide concentration analysis. All determina-
tions were evaluated in triplicate.

Microcapsule and Film Morphology

Optical microscopy using a Zeiss Axiolmager M1m micro-
scope with Epiplan objectives, 100 W Halogen illumination
source and AxioCam MRc 5 camera (Zeiss, Sliedrecht, The
Netherlands) was used to measure microcapsule diameter and
morphology.

Low temperature scanning electron microscopy (LowT-
SEM) (Oxford CT1500 Cryosample Preparation Unit, Oxford
Instruments, Oxford, England) was used to examine

microcapsules and representative film surface and cross sec-
tions. Samples were mounted with an optical coherence to-
mography (OCT compound Gurr ®) and mechanically fixed
onto the specimen holder and cryo-fractured after mounted as
described by Gomez-Guillén et al. (2007).

Panoramic films pictures were taken with a Canon EOS
550d, MP-E 65 mm optical lens at 5:1 amplification (Canon
Espaia, Alcobendas, Madrid, Spain).

Film Characterization
Thickness

Film thickness of F, F-C and F-Cp was measured using a
micrometer (MDC-25 M, Mitutoyo, Kanagawa, Japan), aver-
aging the values of six to eight random locations in 15 films
for each treatment as described by Perez-Mateos et al. (2009).

Moisture Content

Moisture content of films F, F-C and F-Cp was determined at
least in triplicate by drying samples of around 0.5 g at 105 °C
for 24 h, according to the AOAC (1995). Water content was
expressed as a percentage of total weight.

Optical Properties

The transparency of films F, F-C and F-Cp was calculated at
least in triplicate using a UV-1601 spectrophotometer (Model
CPS-240; Shimadzu, Kyoto, Japan) at 600 nm following the
method described by Perez-Mateos et al. (2009). The films
were cut into a rectangular piece and directly placed in the
spectrophotometer test cell, using an empty test cell as the
reference. Transparency was calculated by the equation,
Transparency=— log(7s00/x), where Ty is the light transmis-
sion (7) at 600 nm and x is the film thickness (mm). According
to this equation, higher values would indicate lower degree of
transparency.

The colour parameters of lightness (L*), redness (a*), and
yellowness (b*) were measured following the method de-
scribed by Blanco-Pascual et al. (2013).

Water Barrier Properties

Water vapour permeability (WVP) of films F, F-C and F-Cp
was determined at least in triplicate following the method
described by Sobral et al. (2001) at room temperature and in
a dessicator with distilled water.

Film solubility was measured at least in triplicate following
the method described by Blanco-Pascual et al. (2013).
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Mechanical Properties

Tensile and puncture tests of films F, F-C and F-Cp were run at
least in triplicate using a texture analyzer TA.XT plus TA-XT2
(Texture Technologies Corp., Scarsdale, NY, USA) as was
described by Blanco-Pascual et al. (2013) but with tensile test
samples of 70x20 mm.

Statistical Analysis

One-way analysis of variance was performed using the SPSS
computer programme (SPSS Statistical Software Inc., Chica-
go, IL, USA). The variance homogeneity was made using the
Levene test or, the Brown—Forsythe when variance condi-
tions were not fulfilled. Paired comparisons were made using
the Bonferroni test or the Tamhane test (depending on vari-
ance homogeneity), with the significance of the difference set
at P<0.05.

Results and Discussion
Encapsulation Printing

Both the viscosity and the surface tension of the starting
materials are important parameters in the encapsulation print-
ing process. For the selected nozzle size of 30 pm and flow
rate of 0.75 ml/min, the viscosity limit for the core liquids was
around 40 mPa s in order to be processable through the inkjet
nozzle at reasonable pressure. Shear-rate dependent viscosi-
ties of the core fluids were measured at the intended printing
temperature (35 °C). The 1 % peptide solution and
demineralized water remained fluid with low, shear-
independent viscosity values of 0.75-0.82 mPa s up to shear
rates of 100 s ' for 1 % peptide solution and 1,000 s ' for
demineralized water. Maximum viscosity values at 4,000 s
were 1.7 mPa s for demineralized water and 7 mPa s for 1 %
peptide solution. Shell material viscosity was also low (7—
7.6 mPa s) and almost shear-independent at the intended used
temperature, which allows formation of a thin liquid curtain to
be used for encapsulation. Since in general viscosity values
did not increase too much at high shear rates, both shell and
core materials were ideal for the encapsulation printing
process.

Surface tension values were 32.70+0.13 mN/m for 1 %
peptide solution (35°C), 70.20+0.15 mN/m for demineralised
water (35°C) and 35.63+£0.18 mN/m for the shell material
(105°C). Even at this low peptide concentration, surface ten-
sion of demineralized water and peptide solution were signif-
icantly different, indicating that the peptides act as surfactants,
which could affect the process and result in different encap-
sulation efficiency.

@ Springer

Using the microencapsulation printer, core—shell microcap-
sules C and Cp were prepared, containing demineralized water
or 1 % peptide solution, respectively, inside a lipid shell.

Microcapsule Characterization

Regarding the microcapsules morphology, at the optical mi-
croscope (Fig. 2a), microcapsule size was covered between
110 and 140 pm of the diameter. The smallest microcapsules
in this range were the expected result, in agreement with the
targeted core droplet size of 106 wm, whilst bigger microcap-
sules might be caused by the collision and coalescence of two
core droplets before or during encapsulation. C capsules were
somewhat more uniform and spherical than Cp capsules.
Overall, the observed capsules did not have cracking or po-
rosity, which suggested high encapsulated materials integrity.
There was no microcapsule aggregation, which is one of the
main problems in encapsulation techniques, probably due to
the carnauba wax presence (Joseph and Venkataram 1995).

At the low temperature-scanning electron microscopy (LT-
SEM,; Fig. 2b), Cp microcapsules were sometimes more oval-
shaped with single protrusions and presumptive peptide ma-
terial in the surface of some of them, revealing that the
microcapsules were not as smooth as C. A small percentage
of both C and Cp presented a little circular hole in one of the
apices, which probably corresponded to an inefficient closure
of the shell material during the encapsulation process,
explaining the peptide material presence outside of Cp cap-
sules. Cp irregularities might be caused by a slight interaction
between peptides and stearic acid from the shell material.
Stearic acid has shown to attract peptides and proteins from
aqueous phases (Zadmard and Schrader 2004). A previous LT-
SEM study showed smooth and regular carnauba wax micro-
capsules of similar size and stearic acid microcapsules with
fracture lines and irregularities on the surface (Fini et al.
2011), which might suggest that a possible crystallization of
the stearic acid domains, promoted by peptide interactions,
could be the main responsible of microcapsule irregularities.

DSC was used to evaluate the percentage of shell material
in the obtained capsules, based on differences in melting
enthalpies. The thermograms of the capsules containing
demineralised water (C) and capsules containing 1 % peptide
solution (Cp) depicted one main sharp endothermic transition
at Tpeak (°C) of 65.65+0.14 and 64.80+0.04, respectively
(Fig. 3a), with corresponding AH (J/g) of 19.9+6.3 for C
and 22.44+4.7 for Cp. Considering that the AH (J/g) of the
shell material (75 % stearic acid+25 % carnauba wax), which
appeared at the Tj,eq (°C) of 74.21+0.2, was 226.7+0.71 J/g
(data not shown), it was deduced that the shell material repre-
sented 8.8+3.0 % and 9.9+2.1 % of the total microcapsule
weight in C and Cp microcapsules, respectively.

Peptide encapsulation efficiency was 84.7+3.4 %. Encap-
sulation efficiency in microcapsules is very important in order
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Fig. 2 Optical microscopy (a)
images and low-temperature
scanning electron microscopy (b)
of C and Cp microcapsules

to study the effectiveness of the process. The obtained peptide
content was slightly lower than the targeted concentration,
which might be caused by different reasons such as, a lower
final peptide concentration in the printed droplet due to minor
losses during sample process into the encapsulation printer; a
minor loss of the core material’s boundary layer suffered from
the impact point between the droplet and the screen shell
material; or the partial peptide—lipid shell material bonding,
which would have not allowed total peptide release. The use
of carnauba wax for lipid-based encapsulation materials

Yo
- ,m@

| 67.99 pm

p

development has also previously shown more than 80 % of
encapsulation efficiency (Bhoyar et al. 2011). Taking into
account both the percentage of shell material and the efficien-
cy of encapsulated peptide on dry basis, it could be concluded
that the ratio of shell material to peptide was 13.3:1.

Laser scattering analysis (Fig. 4) revealed, with an error
lower than 5 %, that Chad a diameter of dyo=122.50 um, dso=
76.82 um and d,(=28.06 um, while Cp had a diameter of
doo=125.83 um, ds5q=77.63 um and d,p=30.11 um. The
amount of particles with size lower than 30 pwm, not observed
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Fig. 3 A. DSC of demineralized water microcapsules (C) and 1 %
peptide microcapsules (Cp). B. DSC films (F, F-C and F- Cp)

in microscopic analysis, might be particles of shell material
collected from the collision of the encapsulated material with
the shell material and/or fragments derived from the sample
handling.

Microcapsule Stability at Different pH
Microcapsules are largely meant for incorporation of active

ingredients in food products (Mellema et al. 2006). Stability of
microcapsules in food systems can be very different
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Fig. 4 Microcapsule diameter of C and Cp as determined by laser
scattering
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depending on a number of environmental factors, including
temperature, pH, and moisture content. This study, performed
at room temperature (21+1°C), was focussed on the stability
of microcapsules subjected to pH variations in aqueous solu-
tions, as a model system mimicking a film forming solution or
even high-moisture food products. A high stability would
increase the versatility for use of microcapsules in different
food systems and processes, including edible films
development.

Microcapsule stability profile (Fig. 5) showed that there
was an early peptide amount (<10 %) released, which accord-
ing to Shahidi and Han (1993) could probably be due to
residual process inefficiency or some microcapsule breakage.
Microcapsules were significantly affected by the environmen-
tal pH. Peptide release at pH 2.6 and pH 9.2 was considerably
higher than at milder pHs, representing around 40 % of the
total peptide content within the first hour. Further release up to
50 % after 3 h was observed at pH 9.2. Microcapsules at pH 5
showed more delayed and progressive release in water, up to
around 25 % after 3 h, which might lead to a controlled release
model. In this case, no peptides were released during the first
hour. At pH 7, peptide release after 3 h was in the same range
as at pH 5, but most of the peptide content was released within
the first hour.

Carnauba wax coated microcapsules were already reported
to be insoluble in water, with release data lower than 30 %
during 7 h (Raghuvanshi et al. 1992). Thus, the presence of
carnauba wax contributes to slowing down the diffusion of
active ingredients through the encapsulation material (Shahidi
and Han 1993), although in combination with the stearic acid
it normally results in a more porous matrix (Fini et al. 2011).

One possible food application of microcapsules is their
addition into edible films. Free peptides can be added in the
formulation of edible films, but they normally produce a
negative rheological effect due to their plasticizing effect
(Giménez et al. 2009). Excessive peptide interactions with

56
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o
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Fig. 5 Microcapsule peptide stability at different pH during the first 3 h
at21°C
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matrix components during film preparation can be avoided by
peptide microencapsulation, prior to the addition into the
filmogenic solution. In the present study, the unrefined sea-
weed extract was obtained under relatively strong alkaline
conditions, therefore, the resulting pH of the alginate-based
film forming solution was 10+0.8.

To check microcapsule pH stability upon film drying sim-
ulated conditions, kinetics of peptide release were measured at
pH 10 and 35°C for 9 h, which is the temperature and max-
imum time needed for film drying (Fig. 6). For comparison
purposes, peptide release was also tested in water at pH 7. No
significant differences were observed, showing an early
~30 % release in the first 30 min and being stable thereafter,
which was enough to cover the complete drying process. After
around 6 h the film dehydration process was completed,
ensuring around 70 % of peptides immobilized in the micro-
capsules in the resulting film. Compared to the pH stability
results, temperatures higher than 21°C increased the release
rate through the encapsulation matrix, probably due to weak-
ening of the shell material at elevated temperatures and the
resulting increased peptide diffusion (Stojakovi¢ et al. 2012;
Shahidi and Han 1993). Comparing microcapsule stability at
pH 7 after 3 h (Figs. 5 and 6), the peptide release was
significantly lower at 21°C (~20 %) than at 35°C (~35 %).

Film Preparation

In order to know the relative cohesive and adhesive molecular
forces within the filmogenic solution and the added microcap-
sules, the contact angle (8) of a droplet of the biopolymeric
solution over the shell material was measured, and found to be
100.3+0.9° at 21°C.

The contact angle indicates how hydrophobic the shell
material is, where 180° represents absolutely no wetting and
smaller contact angles imply increasing hydrophilic surface
and higher tendency to wetting. According to Karbowiak et al.
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Fig. 6 Microcapsule peptide stability in distilled water pH 7 and pH 10 at
35°C during 9 h

(2006), contact angle values 8>65° suggest a predominant
hydrophobic system indicating very low surface affinity be-
tween the filmogenic solution and the lipid microcapsule
surface, which resulted in poor wetting and aggregation of
microcapsules, negatively affecting the film forming process.
Microcapsule aggregation was resolved by including a surfac-
tant in the formulation of the film forming solution and by
immobilization of the well dispersed microcapsules using a
porous polycarbonate membrane.

Three different sets of films were prepared: F-C, containing
water-filled microcapsules C; F-Cp, containing peptide-filled
microcapsules Cp, and F, reference films without
microcapsules.

Although the behaviour of C and Cp microcapsules when
included into the filmogenic solution was essentially the same,
slight differences in microcapsules distribution were percep-
tible in F-C and F-Cp films, as shown in Fig. 7. Panoramic
pictures showed that microcapsules in F-C were more visible
at the film surface, while F-Cp microcapsules were more
integrated inside the matrix, indicating possible differences
in microcapsule density or in the degree of interaction with the
film matrix components. Interestingly, addition of both types
of microcapsules did not significantly modify the film thick-
ness (~141 pwm) with respect to the film without microcapsules
(139 um). Moisture content was significantly higher (P<0.05)
in F (37.1+0.9 %), while no significant differences were
found between F-C (31.0+2.1 %) and F-Cp (31.8+£2.1 %),
attributed to the hydrophobicity of the microcapsule lipid shell
material.

Film Properties
Thermal Properties

DSC thermograms of F, F-C and F-Cp films are shown in
Fig. 3b. An endothermic transition attributed to the presence
of microcapsules was observed in F-C and F-Cp films at
82.884+0.47°C and 86.87+0.28°C, respectively. The corre-
sponding enthalpies, after re-calculation on dry matter basis
to avoid water interferences, were 0.88+0.08 J/g for F-C and
1.23+0.26 J/g for F-Cp. Higher melting temperatures were
needed to melt the shell material suggesting that microcap-
sules were efficiently entrapped into the film matrix. Alginates
from F-C and F-Cp films might have interacted with the
microcapsule components, probably the stearic acid with
more capacity to form interactions. Apparently, Laminaria
film matrix protected more efficiently Cp than C capsules,
which was registered by higher enthalpy values. The 30 % of
peptides released during F-Cp film process might have in-
creased film interactions between filmogenic compounds and
peptides resulting in a stronger matrix than F-C. Films did not
show any glass transition within the temperature range stud-
ied, which might be caused by the presence of glycerol. Films
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Fig. 7 Panoramic photographic surface images of F, F-C and F-Cp films

made of neat alginates have been reported to be essentially
amorphous, with an irregular structure that does not crystallize
(Siddaramaiah et al. 2008), and the addition of plasticizer
seems to increase that behaviour, probably dropping the glass
transition temperatures to a lower range (Avella et al. 2007).

Low-Temperature Scanning Electron Microscopy of F-Cp
Film

LT-SEM cross-sectional images of the film containing the Cp
microcapsules are shown in Fig. 8. Microcapsules were clear-

ly distinguishable throughout the whole biopolymeric matrix,

@ Springer

which exhibited a greatly dense and compact appearance.
Capsules mostly retained their structural integrity, but not their
spherical morphology. The cross-sectional image shows an
empty cavity within the microcapsule, suggesting that the
peptide content tends to be disposed inside the wall of the
capsule. The inclusion of microcapsules in the films caused a
noticeable matrix disruption, in some cases leaving large gaps
between the biopolymer and the microcapsules, probably
favoured by the strong hydrophobic nature of the shell mate-
rial. Despite the fact that microcapsules led to strong discon-
tinuities in the film microstructure, the compact nature of the
alginate-based matrix was strong enough to support them
without being fractured.

Water Barrier Properties

The film water solubility slightly increased (P<0.05) with
microcapsule incorporation in both F-C and F-Cp (Table 1).
The lipid nature of the microcapsule would be expected to
reduce film solubility; however microcapsules caused notice-
able disruption in the film structure, leading to increased
solubility. This effect was contrary to other studies, where
lipid content was homogeneously mixed with the principal
matrix component during the film forming solution process
(Arcan and Yemenicioglu 2013). Solubility values were much
higher than results obtained with commercial alginate films
with cation complexation (~5 %) (Pereira et al. 2013), but
similar to those developed with sodium alginate without cat-
ion complexation (~100 %) (Abdollahi et al. 2013; Zactiti and
Kieckbusch 2006). In contrast, F-C and F-Cp showed a sig-
nificant reduction (P<0.05) in the WVP; as compared to the F
film (Table 1), which was largely attributed to the hydropho-
bic nature of the capsule lipid shell material. More specifically,
the wax constituent has been previously reported to be effec-
tive at reducing the WVP of casein films added with paraffin
wax (Sohail et al. 2006) or sodium caseinate—alginate films
with beeswax (Fabra et al. 2008). The WVPs of all studied
films were considerably higher than previous results obtained
with commercial alginate films (Benavides et al. 2012; Tapia
et al. 2007), which might be caused by the presence of
hydrophilic compounds in the unrefined alginate seaweed
extract, such as sulphated polysaccharides, proteins and phe-
nolic compounds (Blanco-Pascual et al., 2014).

Mechanical Properties

F significantly showed the lowest tensile strength (TS), elon-
gation at break (EAB) and elastic Young’s modulus (Y) (P<
0.05) (Table 1), in good accordance to its poorer cross-linked
structure. Microcapsule addition considerably increased ten-
sile strength, elongation at break and Young’s modulus. Fabra
et al. (2008) showed that beeswax addition to sodium casein-
ate—alginate films improved both elastic modulus and tensile
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Fig. 8 Low-temperature
scanning electron microscopy
images of F-Cp cross section

strength but, contrary to our results, reduced elongation at
break. EAB and TS values of all studied films were lower
than previous films developed with 2—4 % commercial algi-
nate (EAB of 17-30 %) (TS of 12-27 MPa) (Su Cha et al.
2002) and also after adding CaCl, for cation complexation
(~15 % and ~45 MPa) (Pereira et al. 2013).

Regarding puncture deformation (D) and force (F), mi-
crocapsule inclusion in both F-C and F-Cp led to a signif-
icant decrease in both D and F values (P<0.05) (Table 1),
probably as a result of film matrix disruptions caused by the
microcapsules. As in tensile test, no significant differences
were found between F-C and F-Cp. Previous results obtain-
ed with 1-1.5 % commercial alginate films were in the same
F range (13-22 N) and D range (25-60+3.04 %) as F film
(Wang et al. 2007a).

Table 1 Solubility, water vapour permeability (WVP), tensile strength
(TS), elongation at break (EAB), Young’s modulus (Y), puncture force
(P), puncture deformation (D), lightness (L), colour values a* b* and
transparency (—log(7x0¢/x)) of F, F-C and F-Cp films

Film F F-C F-Cp
Solubility (%) 86.0+1.7a 94.8429b 929+19b
WVP(x1077 gm ' s Pa) 1.80+£0.02a 0.80+00b 0.89+03 b
TS (MPa) 6.6+2.1a 10.8+09b 10.1+0.8b
EAB (%) 13140742 2.87+04b 3.23+02b
Y (MPa) 88+25a  183+10b  185+14b
F(N) 1324232 861+1.5b 7.44+14b
D (%) 23.1+40a 109+12b 933+1.5b
L* 251+05a 25.1+1.1ab 26.6+0.8b
a* 352402a 327+05a 3.75+0.6a
b* 454+05a 457+08a 592+1.0a
Transparency 6.99+0.27a 8.42+0.34b 7.97+0.28b

Results are the mean+standard deviation. Different letters (a, b, c) in the
same row indicate significant differences among the different films (P<0.05)

Thus, it could be concluded that microcapsules incorpo-
ration improved film mechanical tensile response due to the
lipid microcapsule strength effect, while negatively affected
to the puncture test film behaviour. The microcapsule matrix
disruption that negatively affected film solubility might have
also been responsible of the puncture breakage. While ten-
sile strength test gives us more general mechanical film
information, puncture test concentrates the force in one
specific little area, being more affected by the discontinuous
structure and poor cohesion between the film matrix and the
microcapsules.

Colour Properties

As shown in Table 1, film transparency was significantly (P<
0.05) lower in films containing microcapsules than in the F
film, being largely attributed to the presence of the carnauba
wax in the shell material. No significant differences were
found between F-C and F-Cp (P<0.05). L* (lightness), a*
(reddish/greenish) and b* (yellowish/bluish) values are also
shown in Table 1, where it is revealed that all films had low
lightness (25-27). a* and b* did not show significant differ-
ences with or without entrapped microcapsules (P<0.05). The
yellowish-brown colouration of films was mainly attributed to
the residual presence of fucoxanthin, a typical pigment in the
chloroplasts of brown algae, in the unrefined extract used as
film forming material (Ferraces-Casais et al. 2012; Blanco-
Pascual et al., 2013).

In general, films were less transparent than those previous-
ly obtained with isolated commercial alginate, due to their
intense colouration and the presence of the microcapsules; but
constituted a better light absorption barrier (Yoo and Krochta
2011; Pereira et al. 2013). Films contained most of the sea-
weed compounds that remained in Laminaria extract, render-
ing more opaque films with more red-brown colouration;
resulting in low lightness and low yellowness tendency
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compared to films developed with commercial alginates
(Wang et al. 2007b).

Conclusions

Printing of hydrophobic stearic acid/carnauba core—shell mi-
crocapsules resulted in an efficient process for active peptide
protection. Microcapsule stability and peptide release rate
depended on the environmental pH and temperature, giving
the possibility of different applications depending on the final
food system. Microcapsule inclusion in hydrophilic L. digitata
edible film matrix resulted in a discontinuous film with im-
proved WVP, higher film solubility and opacity and poorer
puncture response. Given the high peptide entrapment effi-
ciency, this encapsulation methodology can be effective to
prevent any plasticizing effect induced by the presence of free
peptides in the film. L. digitata network, with microcapsules
embedded in it, could be used for active and edible film
applications, as a carrier for a wide range of molecules apart
from peptides.
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