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Abstract

Encapsulation is a means of protection, preservation, and delivery of bioactive
and/or sensitive compounds, such as antioxidants, aromas and flavours, which is widely
applied in food, pharmaceutical, biomedicine, and cosmetic industries. Amongst the
existing strategies, encapsulation of the target active compounds within the structure of
single and multiple emulsions is chosen in this thesis on account of the high encapsulation
efficiency and the good compatibility with different media.

The purpose of this thesis is to assess the use of both sustainable materials and
technologies to produce emulsions and emulsion-based solid microcapsules as a means
of encapsulation of ingredients for food applications. Specifically, single and double
emulsions stabilised with sustainable protein sources have been produced by a low-
energy high-throughput emulsification technology to encapsulate essential oils and
polyphenols.

The low-energy high-throughput technology is based on the use of dynamic
membranes of tunable pore size (DMTS), which consists of a layer of glass microbeads
supported by a nickel metal microsieve. The thickness and interstitial void diameter of
the DMTS system can be tuned by selecting the microbeads size and the amount of
microbeads for the bed. Emulsions are produced by premix emulsification mode, where
a coarse emulsion is refined by pressing it through DMTS system several times (cycles).
The target droplet size distribution of the refined emulsions can be controlled mainly by
tuning interstitial void diameter, thickness of the bed, applied pressure, number of cycles,
and viscosity of the emulsion.

A case study on the valorisation of an agri-food by-product, carob pulp, has been
implemented by coupling two low-energy membrane technologies: forward osmosis and
membrane emulsification. A phenolic solution obtained through water extraction from
carob pulp was concentrated via forward osmosis, and the polyphenol concentrate was
encapsulated in the inner water phase (W) of a water-in-oil-in-water (W;/O/W>)
emulsions stabilized with whey protein isolate (WPI) by premix emulsification with
DMTS. The study combines for the first time both membrane techniques for food by-
product valorisation, allowing to assess the basis for the production of Wi/O/W;
emulsions with the DTMS system. The research showed the importance of balancing the
osmotic pressure between two aqueous phases which is a key of a successful
encapsulation for this specific type of system. The polyphenol loaded Wi/O/W>
emulsions could be further processed by spray drying to produce solid microcapsules.
After rehydrating the solid microcapsules, the structure of the W1/O/W, emulsion was
partially recovered. The results of this study show the potential of combining membrane-
based processes to concentrate and encapsulate bioactive compounds as a strategy to
valorise agri-food products under mild process conditions.



UNIVERSITAT

EMULSION-BAS
PREMIX MICRO
Junjing Wang

ROVIRA I VIRGILI
ED ENCAPSULATION SYSTEMS STABILIZED WITH INSECT PROTEINS: PRODUCTION WITH
POROUS EMULSIFICATION

Aiming for the use of more sustainable ingredients in the food industry in general and
in encapsulation applications in particular, the techno-functional properties of proteins
from edible insects are evaluated. Edible insects, an EU novel food, have nutritional,
economic, and environmental benefits, therefore they are interesting replacers for animal
proteins, such as dairy proteins, for feed and food applications.

Black soldier fly (BSF, Hermetia illucens) is one of the insects having higher organic
to mass conversion rate. BSF protein concentrate (BSFPC) was obtained from aqueous
extraction followed by acid precipitation at pH 4-4.3, and characterized on the amino acid
profile, and nitrogen content. Techno-functional properties of the BSFPC including
solubility, water binding capacity, oil binding capacity, foaming capacity, foam stability,
emulsifying activity and interfacial tension were assessed, and compared to whey protein
isolate (WPI). The BSFPC exhibited comparable or higher emulsifying activity values
than WPI for the same concentrations, hence showing the potential for emulsion
stabilisation. Sunflower oil and lemon oil emulsions with different oil fractions (20, 30,
and 40%) stabilised with BSFPC or WPI were produced by the DMTS system. It was
proved that BSFPC stabilises sunflower oil-water emulsions similarly to WPIL, but with a
slightly wider droplet size distribution. For lemon oil emulsions, BSFPC showed better
emulsifying performance than WPI, specially for the highest oil fraction.

Lesser mealworm (A/phitobius diaperinus) is one of the high-profile edible insects.
Fractionation of insect meals to obtain a lipid and a protein fraction involves several steps.
Defatting is the first step of the fractionation process that is usually carried out by solvent
extraction. To more sustainable extraction processes, hexane was compared with greener
solvents such as ethanol, iso-propanol, and 2-methyltetrahydrofuran. The impact of the
solvent on the extraction yield, the lipid profile, and the emulsifying activity of the
resulting protein was assessed. It was proven that defatting is feasible with greener
solvents and the emulsifying ability of the lesser mealworm protein concentrate (LMPC)
remains the same regardless of the solvent used during defatting.

LMPC was further evaluated as emulsifier to stabilize W/O/W, emulsions and
compared to a plant protein (pea protein isolate, PPI) and WPI. It was found that LMPC
is able to stabilize W1/O/W; emulsions comparably to whey protein and pea protein when
using a premix emulsification with DMTS. Environmental stresses such as temperature
(-20°C, 4 °C, 25 °C, 37 °C, 65°C and 90 °C), pH (1.5, 4.0, 6.5-7.0 and 8.0), and osmotic
pressure unbalance between Wi and W» (10-fold water dilution of W2, 50 mM and 250
mM NaCl added to W) were applied to assess the stability of the emulsions, and the
storage stability at certain conditions (25 and 4°C) were examined for 2 weeks. Under
acidic conditions, LMPC shows similar performance as whey protein and outperforms
pea protein. Under alkaline conditions the three proteins perform similarly, while the
LMPC-stabilized emulsions are less able to withstand osmotic pressure differences. The
LMPC stabilized emulsions are also more prone to droplet coalescence after a freeze-
thaw cycle than the WPI-stabilized ones, but they are most stable when exposed to the
highest temperatures tested (90 °C). From the results it is clear that LMPC has the ability
to stabilise multiple emulsions and encapsulate a polyphenol.
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As for enhancing the shelf-life of emulsions entrapping polyphenols and stabilised
with LMPC, WPI or PPI, the thesis shows a first approach to the production of solid
microcapsules from polyphenol loaded W1/O/W, emulsions by spray drying or freeze
drying. Regardless of the drying technique and protein used as emulsifier, the produced
solid microcapsules are able to retain the structure of Wi/O/W, emulsions after
rehydration.

The results of this work demonstrate the potential of insect proteins as a feasible
alternative to animal proteins, and will contribute to further implementation of insect
ingredients in food, feed, pharmaceutical, biomedicine, and cosmetic applications. In
particular, the surface-active properties of insect proteins, able to stabilise different
emulsion-based encapsulation systems, open the possibility to develop a new range of
sustainable food-grade amphiphilic emulsifiers.
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Resumen

La encapsulacién es un medio de proteccion, preservacion y liberacion de
compuestos bioactivos y/o sensibles, como antioxidantes, aromas y sabores, que se aplica
ampliamente en la industria alimentaria, farmacéutica, biomédica y cosmética. Ademas,
la encapsulacion es un método util y eficaz para enmascarar el olor o sabor desagradable
de un ingrediente, asi como para reducir el contenido en grasa cuando se emplea una
emulsion multiple. Entre las estrategias existentes, en esta tesis se ha seleccionado la
encapsulacion de compuestos activos en el interior de la estructura de emulsiones simples
y multiples debido a su alta eficiencia de encapsulacion y elevado grado de
compatibilidad con diferentes medios.

El objetivo de esta tesis es evaluar el uso de materiales y tecnologias sostenibles para
producir emulsiones y microcapsulas solidas basadas en emulsiones como medio de
encapsulacion de ingredientes alimentarios. Con el fin de encapsular aceites esenciales y
polifenoles, se han elaborado emulsiones simples y dobles, estabilizadas con proteinas
procedentes de fuentes de sostenibles, empleando una tecnologia de emulsificacion de
alto rendimiento y bajas necesidades energéticas.

Esta tecnologia, basada en el uso de membranas dinamicas de tamafio de poro
ajustable (DMTS), consiste en una capa/lecho de microesferas de vidrio soportadas por
un microsieve de metal de niquel. El diametro del espacio intersticial y el grosor del
sistema DMTS se pueden ajustar seleccionando el tamafio y la cantidad de microesferas
en el lecho. Las emulsiones se producen mediante emulsificacidon premix, en la que se
refina una emulsion polidispersa al presionarla a través del sistema DMTS varias veces
(ciclos). La distribucion del tamafio de gota de la emulsion refinada se puede controlar
principalmente ajustando el diametro del espacio intersticial, el espesor del lecho, la
presion aplicada, el nimero de ciclos y la viscosidad de la emulsion.

A modo de estudio de caso se ha valorizado un subproducto agroalimentario, en
concreto la pulpa de algarrobo, mediante la combinacion de dos tecnologias de membrana
de bajo consumo energético: 6smosis directa y emulsificacion por membranas. Para ello,
primero se concentr6 mediante dsmosis directa una solucion fendlica procedente de una
extraccion con agua de pulpa de algarrobo y, a continuacion, el concentrado de
polifenoles se encapsul6 en la fase acuosa interna (W1) de una emulsion agua-en-aceite-
en-agua (W,/O/W,) estabilizada con proteina de suero (WPI) y producida mediante
emulsificacion premix con DMTS. En este estudio se han aplicado, por primera vez, estas
dos tecnologias de membrana a la valorizacion de subproductos alimentarios, lo que ha
permitido establecer las bases para la produccion de emulsiones W1/O/W con el sistema
DTMS. Esta investigacion mostr6 la importancia de equilibrar la presion osmética entre
las dos fases acuosas, para conseguir una encapsulacion exitosa en este tipo de emulsiones
dobles. Posteriormente, mediante el secado por atomizacion de las emulsiones W1/O/W;
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con polifenoles se obtuvieron microcapsulas solidas que, tras ser rehidratadas recuperaron
parcialmente la estructura de una emulsion W1/O/W,. Los resultados de este estudio
muestran el potencial de combinar procesos basados en membranas para concentrar y
encapsular compuestos bioactivos como estrategia para valorizar productos
agroalimentarios en condiciones de proceso suaves.

Con la finalidad de utilizar ingredientes mas sostenibles en la industria alimentaria,
en general, y en aplicaciones de encapsulacion, en particular, se han evaluado las
propiedades tecno-funcionales de proteinas de insectos comestibles. Los insectos
comestibles, considerados novel food en la UE, tienen beneficios nutricionales,
econdmicos y medioambientales, por lo que se proponen como sustituto de las proteinas
animales, especialmente de las proteinas lacteas, tanto en alimentaciéon animal como
humana.

La mosca negra (BSF, Hermetia illucens) es uno de los insectos que tiene una mayor
tasa de conversion organica a masa. El concentrado de proteina BSF (BSFPC) se obtuvo
a partir de una extraccién acuosa seguida de una precipitacion acida a pH 4-4,3 y se
caracteriz6 a partir del perfil de aminoécidos y el contenido de nitrogeno. Se evaluaron
las propiedades tecno-funcionales del BSFPC, incluida la solubilidad, la capacidad de
retencion de agua y de aceite, la capacidad espumante, la estabilidad de la espuma, la
actividad emulsionante y la tension interfacial, y se compararon con el aislado de proteina
de suero (WPI). EI BSFPC exhibid valores de actividad emulsionante comparables o mas
altos que el WPI para las mismas concentraciones, mostrando, por tanto, su elevado
potencial como emulsificante. Mediante emulsificacion premix con DMTS se obtuvieron
emulsiones O/W de aceite de girasol y aceite esencial de limdn, con fracciones del 20, 30
y 40%, estabilizadas con BSFPC o WPIL. Se comprobd que BSFPC estabiliza las
emulsiones O/W con aceite de girasol de manera similar a WPI, pero con una distribucion
de tamafio de gota ligeramente mas amplia. Para las emulsiones de aceite de limon,
BSFPC mostré una mayor capacidad como emulsionante que WPI, especialmente para la
fraccion de aceite mas elevada.

El gusano de la harina Alphitobius diaperinus es un insecto comestible de elevado
valor nutricional. El fraccionamiento de los molturados de este insecto para obtener una
fraccion lipidica y una fraccion proteica incluye diferentes etapas. La primera consiste en
un desgrasado mediante extraccion con solventes organicos. En este caso, se substituyo
el hexano por solventes mas ecologicos como el etanol, el isopropanol y el 2-
metiltetrahidrofurano para mejorar el proceso de extraccion en términos de sostenibilidad.
En concreto, se determind el impacto del disolvente sobre el rendimiento de la extraccion,
el perfil lipidico y la actividad emulsionante de la proteina resultante. Los resultados
permitieron concluir que cualquiera de los solventes alternativos es capaz de desgrasar
sin comprometer la capacidad emulsionante del concentrado de proteina del gusano de la
harina (LMPC), que no se vio modificada independientemente del disolvente.

Asimismo, se evalu6 la capacidad de LMPC para estabilizar emulsiones W1/O/W, y
se compar6 con una proteina vegetal (aislado de proteina de guisante, PPT) y WPI. Se
comprobé6 que LMPC es capaz de estabilizar emulsiones W1/0O/W2 de manera
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comparable a WPI y PPI en emulsiones producidas mediante emulsificacion premix con
DMTS. Se determind la estabilidad de estas emulsiones en diferentes condiciones de
estrés ambiental tales como la temperatura (-20 °C, 4 °C, 25 °C, 37 °C, 65°C y 90 °C), pH
(1,5, 4,0, 6,5-7,0 y 8,0) y el desequilibrio de presion osmética entre W1y W2 (reduccion
de la osmolalidad en W2 aplicando una dilucién 1/10, incremento de la osmolalidad en
W2 mediante adicion de NaCl hasta conseguir una concentracion de 50 mM y 250 mM ).
Del mismo modo, se examindé la estabilidad de estas emulsiones durante el
almacenamiento a 25°C y 4°C durante 2 semanas. En condiciones acidas, LMPC mostrd
un rendimiento similar a WPI y superior a PPI. En condiciones alcalinas, las tres proteinas
se comportaron de manera similar, mientras que las emulsiones estabilizadas con LMPC
resultaron menos capaces de resistir las diferencias de presion osmotica. Las emulsiones
estabilizadas con LMPC también fueron mas propensas a la coalescencia tras un ciclo de
congelacion-descongelacion que las estabilizadas con WPI, si bien fueron mas estables
cuando se expusieron a la temperatura mas elevada (90 °C). Estos resultados permiten
concluir que LMPC tiene la capacidad de estabilizar emulsiones multiples y encapsular
un extracto de polifenoles.

En cuanto a la mejora de la vida 1til de emulsiones W1/O/W estabilizadas con LMPC,
WPI o PPI que contienen polifenoles, la tesis muestra una primera aproximacion a la
produccién de microcpsulas solidas empleando el secado por atomizacién o la
liofilizacion de estas emulsiones. Independientemente de la técnica de secado y la fuente
de proteina empleada como emulsificante, las microcapsulas solidas obtenidas pudieron
retener la estructura de las emulsiones W1/O/W, tras la rehidratacion.

Los resultados de este trabajo muestran el potencial de las proteinas de insectos como
alternativa viable a las proteinas de origen animal, contribuyendo a facilitar el empleo de
los ingredientes de insectos en alimentacion humana y animal o aplicaciones
farmacéuticas, biomédicas y cosméticas. En particular, las propiedades tensoactivas de
las proteinas de insectos, capaces de estabilizar diferentes sistemas de encapsulacion
basados en emulsiones, abren la posibilidad de desarrollar una nueva gama de
emulsionantes sostenibles anfifilicos de grado alimentario.
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Chapter 1
Introduction & objectives
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1.1 Emulsion-based encapsulation systems

Emulsion-based encapsulation systems have been primarily conceived to entrap, protect,
and/or release active agents in pharmaceutical, food, feed, cosmetic, and agrochemical
industries. The encapsulated active agents may include drugs, vitamins, nutraceuticals,
nutrients, antimicrobials, antioxidants, flavours, and colours. The main reason for
developing these encapsulation systems is to overcome challenges that normally limit the
incorporation of these active agents into commercial products, such as poor solubility,
susceptibility to chemical degradation, undesirable flavour profiles, low bioavailability,
or limited bioactivity. As a result of the great progress made in emulsion-related research
in recent years, more and more systems have been developed. Emulsion-based solid
microcapsules, solid lipid particles, multilayer emulsions, high internal phase emulsions,
gelled particles, polymeric particles, and Pickering emulsions are examples of
multiphasic structures based on liquid-liquid dispersions of different complexity (Table
1.1)!=.

Table 1.1. Description of the structure and main characteristics of conventional and some
complex emulsion-based systems.

T f
L (,) Structure Characteristics
emulsion
Conventional "  Two immiscible phases, one dispersed as droplets in the other
ow Dhase stabilized by emulsifier. e.g. oil-in-water “O/W”
emulsion
Multiple Emulsion in emulsion, three or more phases, involve both
hydrophilic and lipophilic emulsifiers. e.g. water-in-oil-in-
o, water “W/O/W” emulsion
Multilayer N ) Protection of more than two layers of stabilizers, disposed
- layer by layer.
High internal High fraction of internal (dispersed) phase (typically >74%),
phase droplets are closely packed.
SO“fi lipid 1 Emulsion formulated above melting point and later cooled
particle down for lipids crystallization.
Polymeric ‘;"mm Lipophilic monomers dispersed in water phase stabilized by
particle « surfactant micelle. The polymerization of monomers within
- @ droplet begins once introduce the water soluble radical
initiator.
Pickering O
Stabilized by solid particles by partial wettability.
Gelling
particle Emulsion in a gel matrix.
Solid ) o o .
microcapsule Dehydration of liquid emulsion with addition of wall material.

From the several types of encapsulation systems, emulsions and emulsion-based
solid microcapsules are widely used in the food industry. Apart from their capacity to
entrap, protect and release labile ingredients, emulsions also can*:
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e  Enhance the appearance of the product by keeping from phase separation.

e  Improve organoleptic characteristics of food such as taste, colour, odour and mouthfeel.

e  Reduce the fat content by replacing oil-in-water (O/W) emulsions with water-in-oil-in-
water (W1/O/W>) without affecting the physical characteristics of the product.

In the case of emulsion-based solid microcapsules, their convenience for dossing the
entrapped active agent in industrial formulations and their high storage stability compared
to emulsions have spread their applications.

In other fields, such as in biomedical applications, it is an effective form of drug
delivery, cell therapy, anticancer treatment, and tissue engineering”®, and in the
cosmetics industry, it has been tested for skin hydration and protection®'".

To select and design each of those systems, basic knowledge on the mechanisms
controlling structure formation, the consequent processes responsible for the
physicochemical properties (e.g., optical, rheological), and stability of the encapsulation
system have to be considered in order to meet the needs of each particular application.
The following sections will focus on the main properties of emulsions and emulsion-
based solid microcapsules for food applications.

1.1.1 Emulsions

Emulsion, in a traditional sense, is a two immiscible liquid-phase system of one
dispersed as droplets (dispersed phase) in the other one (continuous phase). The simplest
example is oil dispersed within water, called oil-in-water (O/W) emulsion where oil is the
dispersed phase and water is the continuous phase. Salad dressings, mayonnaise, and milk,
etc. are the most common emulsion-based foods that can be found in daily life. When
swapping the two phases, water-in-oil (W/O) emulsion is formed, examples of this are,
margarine and low-fat spread.

According to the number and sequence of immiscible phases, multiple emulsions
can be formulated such as double emulsions (water-in-oil-in-water, W1/O/W>, and oil-in-
water-in-oil, O;/W/O,, water-in-water-in-water, W1/W2/W3'?) and four-phase emulsion
(01/02/03/W)'3. Minerals (e.g., iron and magnesium) and some water-soluble vitamins
(e.g., vitamin C and Bi2) can be encapsulated in the inner water phase of W/O/W;
emulsions, and vitamin E can be loaded in the oil phase of W1/O/W emulsions to enhance
the nutritional properties of foods'*!”. Phenolic compounds and probiotics (e.g.,
Lactobacillus acidophilus) can be encapsulated in W1/O/W, emulsions for functional
foods’*?!. Reduced-fat cheese and yogurt are also elaborated by using W/O/W,
emulsions’>”*. Double emulsions are attracting the interests of research and industry due
to their unique morphology, making them multifunctional carriers that are able to co-
encapsulate both hydrophilic and lipophilic active molecules in the same particle.

Based on droplet size, emulsions are categorized as macroemulsions, nanoemulsions,
and microemulsions (Table 1.2)®.
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Macroemulsions are the most common form of emulsions used in food industry that
can be found in a variety of products, including milk, beverages, mayonnaise dips, sauces,
and desserts**. The stability of thermodynamically unstable emulsions can be improved
by reducing the density difference between the phases, decreasing the average droplet
size or increasing the viscosity of the continuous phase”’. Comparing with nanoemulsions,
producing macroemulsions requires relatively lower shear, lower energy and results in
higher productivity under the same type of techniques. The lower dosage of emulsifier in
macroemulsions also reduces the toxicity level of the product. The term, emulsions, is
used to refer to macroemulsions hereinafter.

Emulsions do not form spontaneously, hence an energy has to be supplied and it is
necessary to incorporate a surface active agent to decrease the interfacial tension and
prevent droplet coalescence. Conventional technologies to produce emulsions include
rotor stator mixers, colloid mills, high-pressure homogenizers and ultrasonic
homogenizers. The energy applied generates droplets of the dispersed phase within the
continuous phase. The surface active agent, that is dissolved in the continuous phase, can
adsorb onto the newly created interfaces and reduce the interfacial tension. In addition, a
functional stabilizer can be integrated together in order to stabilize the produced
emulsions against destabilizing factors including gravitational separation, flocculation,
coalescence, Ostwald ripening, and phase separation’® during the storage. Different
destabilization effects are depicted in Figure 1.1.

Metastable O/W emulsion

Coalescence or
. Ostwald ripening
Creaming Oiling off

Flocculation U
Gravitational separation Phase separation

Figure 1.1 Schematic diagram of the physical destabilization mechanisms of emulsions.

Gravitational separation is driven by the difference of density between the two
phases. Creaming (as shown in Figure 1.1) takes place when the density of dispersed
phase is lower than that of the continuous phase, and vice versa, sedimentation occurs
when the density of dispersed phase is higher than that of the continuous phase. The
colloidal interaction between the droplets determines two types of droplet accumulation
named coalescence and flocculation. Flocculation is related to the droplets attaching
together to form flocs, and coalescence is the union of several droplets to build larger
ones. Coalescence and flocculation are the result of several attractive forces between
droplets and between the interfacial layers, being the main factors van der Waals forces,
hydrophobic interaction, covalent interaction, and Ostwald ripening. Ostwald ripening is
due to the solubility of smaller droplets (large curvature) is higher than larger droplets

6
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(small curvature), hence small droplets diffuse and merge with larger droplets leading to
the growth of large droplets®’

1.1.2 Stabilization of emulsions
Surfactants, emulsifiers and stabilizers are the three mostly used names referring to
the surface active agents used for emulsion stabilization. Sometimes they are used as

synonyms because they have the same function, but differences among them should be
highlighted.

Surfactants are relatively small molecules with a hydrophilic “head” or polar group
and a lipophilic “tail” or non-polar group. The head group can be anionic, cationic,
zwitterionic or nonionic. Take O/W emulsion as an example, surfactant can adsorb onto
the oil-water interface with the lipophilic end located in the oil phase and the hydrophilic
end in the water phase (as illustrated in the Figure 1.2). In this way, interfacial tension
between oil-water interface is decreased and the formed droplets can be stabilized from
repulsive forces (electrostatic repulsion and steric hinderance), but also influenced by
colloidal interaction forces between the droplets.

hydrophilichead: @~ { lipophilictail

[ Anionic
@,ﬂ. s g
ﬁ?ﬁ!ﬁ Cationic
oil =2
“;3&.%@ @~ Nonionic
S @~~~ Zwitterionic
O/W type emulsion
- m ,J i s i
SN N\ /f . E‘;H o:tr\/u/\/\:,nl/.\m\/\ E
i 5 Pl . B AN AN
H /\\/\m\‘/\ A L [+ 0
™ el 0—6/VV\MYW\
i /!\// HE oc/\/\/\/\—/\/\/\/\ 1
: i i 8 o :
hydroph|l|c5urfactant Iipophilicsurfactam
e.g. Polysorbate (Tween 20) e.g. Polyglycerol polyricinoleate (PGPR)

Figure 1.2. Schematic representation of different types of surfactants and how they
stabilize a droplet. Chemical structures were given for a hydrophilic surfactant Tween 20
and a lipophilic surfactant PGPR.

Emulsifiers are usually defined as any surface active agent, from low molecular
weight surfactants to biopolymers with amphiphilic nature, such as proteins, certain
polysaccharides, and protein-polysaccharide complexes. Emulsifiers and stabilizers are
defined in the article of European parliament and council directive No. 95/2/EC as:

¢  Emulsifiers—substances which make it possible to form or maintain a homogenous mixture
of two or more immiscible phases such as oil and water in a foodstuft.
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e Stabilizers — substances which make it possible to maintain the physico-chemical state of a
foodstuff including substances which enable the maintenance of a homogenous dispersion
of two or more immiscible substances in a foodstuff as well as which stabilize, retain or

intensify an existing colour of a foodstuff.

Therefore, stabilizers include emulsifying agents as well as thickeners (e.g.,
carboxymethylcellulose), gelling agents (e.g., gelatin, agar, carrageenan, pectin), and
weighting agents (e.g., sucrose acetate isobutyrate) (Figure 1.3).

emulsifier
surfactant

stabilizer
thickener
gelling agent

weighting agent

Figure 1.3. Classification of surfactant, emulsifier and stabilizer.

As for the selection of surfactants, in 1954, Griffin®® laid down a method to classify
them based on the relative proportions of the hydrophilic and lipophilic groups, named as
the hydrophilie-lipophilie balance (HLB). The HLB values are set in a scale from 0 to 20
(Table 1.3) and are used to predict the functionality of a compound. Consequently, when
multiple emulsions, such as Wi/O/W; are produced, two surfactants are required, one
with a low HLB value is needed to stabilize the W1/O interphase, and one with a high

HLB value for the O/W> interphase.

Table 1.3. List of HLB values with different functions and some examples of small

molecular surfactants®.

Category and examples HLB
Antifoaming 2-3
Lipophilic emulsifier (stabilizing W/O emulsion) 3-6
e.g. Glycerol mono stearate 2.8
Sorbitan mono stearate 4.7
Wetting agent 7-9
Hydrophilic emulsifier (stabilizing O/W emulsion) 8-16
e.g. Sorbitan mono laurate 8.6
Poly(oxyethylene) sorbitan mono oleate 16
Detergent 13-15
Solubilizing agent 15-18
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Surface active agents that have a hydrophilic and a lipophilic part often tend to
aggregate in the form of micelles in solution. These aggregates have spherical shape with
the lipophilic and the hydrophilic parts oriented depending on the polarity of the solvent.
The critical micelle concentration (cmc) can be defined as the concentration of surfactants
above which micelles are spontaneously formed. Upon reaching cmc, any further addition
of surfactants will only increase the number of micelles and interfacial tension will not
be reduced further on. Micelle formation can also enhance the solubility/transport of polar
or non-polar components that are incorporated into their interior.

1.1.3 Emulsion-based solid microcapsules

The production of solid microcapsules from emulsions includes two steps which are
the preparation of emulsions followed by water or continuous phase removal. To enhance
the protection of the target component and build the solid microcapsules, a wall building
material is often integrated. The selection of the wall material is of paramount importance
for the success of the encapsulation, and it has to consider the nature of the core
ingredients, the drying technique applied, the concentration of the wall material required,
and the release mechanism. The most commonly used wall materials are maltodextrin,
Arabic gum, chitosan, alginate and proteins***!. The final shape of the microcapsules is
influenced by the drying process and by the core and wall materials used. Several main
structures of emulsion-based solid microcapsules are shown in Figure 1.4. For instance,
solid microcapsules produced by spray drying have a typical sphere shape with multi core
structure, which is discussed in detail in section 1.3.3.

Wall

. Monocore Multicore

o _ Irregular
Multi-wall "

Figure 1.4 Schematic representation of emulsion-based solid microcapsules structures.

1.2 Proteins as emulsifier

Many proteins are surface active molecules that can be used as emulsifiers because
of their ability to adsorb on to the oil-water interfacial layer and to form viscoelastic films
to stabilize O/W type emulsions. As an example, HLB value of sodium caseinate is
estimated at 14 due to high water solubility, which is suitable to stabilise O/W emulsions?’.
The protein functionality is attributed to its structure built up by chained amino acids.
Amino acids are the basic building blocks that consist of an amino group, a carboxyl
group, a hydrogen atom and a side chain group connected to the same carbon atom.
Amino acids are linked into peptide chains by dehydration. Peptide chains go through
four structure levels (primary, secondary, tertiary and quaternary) to configure the spatial
structure driven by non-covalent interactions (such as hydrogen bonds, ionic bonds, van
der Waals forces, and hydrophobic interactions) and covalent disulfide bonds. There are
20 amino acids (Figure 1.5) excluding selenocysteine and pyrolysine (found only in a few
bacteria).
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The differences in polarities and charges of the amino acids make the protein
molecule to have amphiphilic and zwitterionic natures. Proteins adsorb onto the surfaces
of newly formed oil droplets created by homogenization of oil-water—protein mixtures,
where they facilitate further droplet disruption by lowering the interfacial tension and
retard droplet coalescence by forming protective membranes around the droplets. Proteins
adsorb to the interface in three phases. First, the protein is transported to attach at the
oil/water interface. In the second stage, the unfolding of the molecular chain is promoted
by protein denaturation, and thus hydrophobic sites inherent in the core of the molecule
are exposed and adsorbed on the surface of the oil droplet. Finally, adsorbed proteins
produce a viscoelastic film around dispersed droplets for emulsion stabilization®*3*,
Electrostatic repulsion or steric hindrance are the main repulsive interactions between oil
droplets, moreover the formation of an interfacial membrane that is resistant to rupture
plays an important role in stabilizing the droplets against flocculation and coalescence
during long-term storage.

OH OH SH

H H
/[ Charged amino acids
HzN™ "COOH HaN™ "COOH HyN~ TCOOH HaN™ "COOH

Glycine (Gly, G) Serina (Ser, 5) Threonine (Thr, T} Cystsina (Gys, G}
H

Aspartic Ackd {Asp, ) Glutamic Acid (Glu, B}

0, Ol
O
O
@ Oy i fj\
i
S HzN COOH HzN COOH
" F é)@ ; -
£ 3 =

HzN™ “COoH Hah™ T cooH

Polar (hydrophilic) amina acids

HaNT C00H
Asparagine (Asn. N Glutamine (Gin, G Tryptophan (Trp, W)

Negatively charged amino acids

HaN__NH,*

w T oo ek

HNT TCOO0H HN" "COOH HN~ TCOOH HN ‘-\\NI i
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(]
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B TeeoH ynooom HoN" ~COOH
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Figure 1.5. Classification of the 20 common amino acids.

Hydrolysis is one of the promising methods to break down protein molecules into
short chain peptides. The hydrolysates obtained from controlled protein hydrolysis have
enhanced techno-functional properties and/or become bioactive peptides. Enzymatic
hydrolysis, under mild conditions, is mostly applied using proteases derived from plants
and microorganisms such as the commercial enzymes Alcalase, Flavourzyme, and
Protamex. The use of commercial enzymes allows to control the hydrolysis, to obtain a
specific peptide bond cleavage, and ultimately results in improved nutritional and
functional properties. Appearance, solubility, flavour, and biochemical safety of the
hydrolysates vary with hydrolysis methods and the degree of hydrolysis. Protein
hydrolysates are reported to have improved techno-functional properties including
solubility, emulsifying, foaming and thermal stability, and the mineral binding. Moreover,
it has been described that the resulting peptides have pain relieving, antihypertensive,
antimicrobial, anti-inflammatory, antidiabetic, and anticancer properties. Therefore, it is
a promising method to produce functional and nutritious foods.*>*

10
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In food applications, proteins are widely employed to stabilise emulsion-based
products, being the dairy ones the most commonly used. In recent years, the need of more
sustainable ingredients has arisen interest in new sources of food grade proteins with
emulsifying capacity. In the following sections, the properties as emulsifiers of dairy,
plant and insect proteins will be reviewed.

1.2.1 Dairy proteins

Whey protein and casein are currently the most widely used dairy proteins in the
food industry as stabilisers. They are hydrophilic emulsifiers suitable for the stabilization
of O/W type emulsions. Whey protein, obtained from the liquid residue of cheese and
casein production, is widely used for dairy products due to its unique functionality and
nutritional properties. Whey proteins consist of f-lactoglobulin (50-55%), a-lactalbumin
(20-25%), and with small amount of bovine serum albumin (BSA), glycomacropeptide,
and immunoglobulins. B-lactoglobulin (molecular weight of 18.4 kDa) is a globular
protein having a spherical structure induced by tertiary structure, in which hydrophobic
(lipophilic) sites are buried inward, and hydrophilic sites are located outward for dipole-
dipole interactions with solvents. a-lactalbumin (molecular weight of 14.2 kDa) has a
bilobal structure established by intramolecular disulfide bonds, which can unfold and
refold by itself depending on environmental circumstances***”4.

Casein is a mixture of phosphoproteins constituting 80% of the total protein content
in bovine milk existing in the form of large aggregates/micelles. Casein aggregates
consisting of four subunits: asi-casein (23.6 kDa, 38%), as2-casein (25.2 kDa, 10%), -
casein (24.0 kDa, 36%), and k-casein (19.1 kDa, 12%). asi- and osy-caseins are naturally
unfolded proteins with extended coil-like conformation, while - and k-caseins have
molten globule-like proteins, which have a compact structure with a high degree of
hydration and side-chain flexibility. Caseinate, the salt form of casein obtained by
alkaline addition, is extensively used as emulsifier’**. Casein is a more heat-resistant
protein than whey protein, with a reported denaturation temperature above 80 °C, while
whey protein starts to denature at 65 °C**4!.

Unstructured proteins, such as casein, are flexible which can go through rapid
conformational changes and realignment once adsorbed at the oil-water interface. In the
casein stabilized emulsion, with the prolonged storage, Available B-casein can replace
other casein fractions at the oil-water interface due to its greater hydrophobicity. As for
globular proteins, whey protein, B-lactoglobulin and a-lactalbumin can stabilize at the oil-
water interface rapidly by partially unfolding and tightly packing to form a rigid
interfacial film**. Besides, O/W emulsions stabilized by lactoferrin (pI~8, separated from
bovine milk) at near neutral pH (5~7) with the surface positively charged droplets that
are stable against oil oxidation, that the droplets could repulse charged transition metal
ions to catalyse oxidation*> .

Emulsifying properties of dairy proteins have been tuned by producing protein-
polysaccharide complexes and coacervates. Carboxymethylcellulose (CMC), Arabic gum,
guar gum, xanthan gum, carrageenan, chitosan, alginate, and pectin are some of the
polysaccharides used to form complexes with whey protein (including B-lactoglobulin

11
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and o-lactalbumin) and casein through electrostatic interactions®**°. The emulsion

droplets stabilized by protein-polysaccharide complexes have a denser and more
viscoelastic film layer that can enhance the emulsion stability by increasing the steric
effect.

1.2.2 Plant proteins

Most plant-based proteins are complex storage globular proteins with molecular
weight ranging from 10-400 kDa. Soy proteins mainly consist of B-conglycinin and
glycinin, and pea proteins are composed mainly of vicilin and legumin. Various plant
proteins have been assessed for their emulsifying properties, however, legume proteins
such as soy and pea protein are extensively studied compared to cereal proteins (e.g.,
wheat and rice), and oilseed proteins (e.g., rapeseed/canola, sesame, hemp, sunflower
seed and flaxseed)**. Cereal proteins including wheat, barley, and oat displayed relatively
weaker emulsifying ability when compared to legume proteins*’.

Due to their high molecular weight and solid protein structure, plant derived proteins
have attracted attention to formulate Pickering emulsions. It is mentioned in several
articles that the O/W emulsions prepared at acidic conditions (pH~3) with soy protein
isolate (SPI) and pea protein isolate (PPI) presented a great stability against creaming due
to the formation of a gel-like network or nano/submicron-size particles which acted as a
Pickering stabilizer**=", Nevertheless, more recent studies with PPI at pH 3 reported that

protein molecules were the primary stabilizer for O/W instead of submicron-size particles
51

After a thermal treatment (90 °C for 10 min), legume protein (soy and pea proteins),
excluding lupin, showed comparable results to B-lactoglobulin and the commercial
emulsifier polysorbate 20 (Tween 20) as all of them could stabilize O/W emulsions with
a similar droplet size (~0.4 um)°?. Besides, not only enzymatic hydrolysation****, but also
oxidation of PPI for 24h was reported to result in fragmentation and chemical changes
that led to rapid formation of a thin and mobile interfacial film>*.

The use of blended plant and dairy proteins to stabilise emulsions has been reported
to have synergistic and antagonistic effects depending on the emulsion formulation®> 7.
For instance, a 10 wt% vegetable oil emulsion stabilised with 1 wt% protein blend of PPI
and sodium caseinate (SC) at a ratio of 1:1, it was found to have a synergistic stabilization
effect during 14 days of storage, compared to emulsions stabilized with either PPI or SC°.
Conversely, another study using 0.5-0.7 wt% protein blends of SC and soy protein isolate
(SPI) or PPI at a ratio of 1:1 to stabilized 10 wt% lycopene dissolved oil phase
demonstrated antagonistic stabilizing effect with flocculation and coalescence after 14
days of storage®’. The interfacial protein composition, the interfacial tension of the system,
and the interfacial rheology properties were investigated to understand these results>>->¢,
In all, plant proteins are likely to replace partially WPI as emulsifier in blends having the
same stabilizing effect than WPI alone’®. Moreover, plant protein-polysaccharide
complexes can be also used as emulsifiers to enhance emulsion stability by increasing the
steric effect, also a pea protein-proanthocyanidin (polyphenol) complex used as an

58,59

“antioxidative” emulsifier, improved emulsion long-term storage stability”

12
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1.2.3 Insect proteins

Even though insects are a novel source of proteins from which research is still
needed, there is a general agreement regarding their potential as a food ingredient because
of the presented information about some of their properties, and their evident advantages
in terms of sustainability. However, insect proteins have not been thoroughly studied, it
still remains challenges to the researchers especially in the field of food science and
technology.

In recent years, an increasing number of publications have reported the techno-
functional and physico-chemical properties of insect proteins such as solubility, water
and oil binding capacity, surface charge, rheology, gelling, coagulating, foaming and
emulsifying properties, interfacial tension, surface hydrophobicity or antioxidant activity.
Other characteristics/aspects, including in vitro digestibility and antibacterial activity
have been initially investigated. The most widely studied insect species for feed and food
applications are yellow mealworm (7. molitor), black soldier fly (H. illucens)®*2, lesser
mealworm (4. diaperinus)®>**, two species of crickets (G. sigillatus and A.
domesticus)*>*°7 and edible grasshopper (S. gregaria)®>°%.

Regarding protein extraction/isolation from the whole insect, several strategics are
still being developed®">. The most widely used method for extracting insect proteins is
defatting followed by a selective precipitation with an alkaline extraction step and a
subsequent acid precipitation. On that basis, additional treatments such as salting-in,
salting-out and ultrasonication assisted extraction can improve the functionality of the
protein obtained’*”>. Moreover, the hydrolysate obtained by enzymatic hydrolysis, as
mentioned previously, has shown improved solubility, emulsifying and foaming
characteristics by several studies, making them suitable for a variety of food and feed
applications?>-¢>-76,

The emulsifying properties reported for some of the most promising insect species
for industrial scale production of food and feed are summarised in Table 1.5. Before
discussing the results on Table 1.5, it is important to mention that the emulsifying
properties were measured using different methodologies depending on the reference,
which impedes a direct comparison amongst all the results. Specifically, The methods to
determine the emulsifying properties are emulsifying activity (EA in %, equation 1.4),
emulsifying activity index (EAI in m?/g, equation 1.5), and emulsifying capacity (EC in
mL/mg or %, equation 1.6 and equation 1.7, respectively) (Table 1.4).

13
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Table 1.4. List of the methods to evaluate emulsifying property.

Property Unit Equation

Emulsifying % EA[%] = Z— x 100 eq (1.4)

activity t

(EA) Ratio of the height of emulsified layer (H,) and total height
(He). 7

Emulsifying ~ m?%g EAI [m?/g] = 22303X4D eq (1.5)

activity index toc

(EAI) Turbidity of produced emulsions (with sodium dodecyl
sulfate dilution) at 500 nm. A is absorbance, D is dilution
factor, [ is path length of light, ¢ is oil fraction in volume
percentage, and C is concentration of protein. 7

Emulsifying  mL/mg  EC[mL/mg] = —o— eq (1.6)

capacity (EC) Mprotein
Ratio of oil volume (V,;;) added until the phase separation
to the mass of protein powder used (My;o¢ein) to prepare
protein solution. 7’

Emulsifying % EC[%] = 2 x 100 eq (1.7)

capacity (EC) Vi

Ratio of the volume of emulsified layer (1) after holding
for 10 min to the initial volume (V;). ¢’

As can be seen from Table 1.5, emulsifying activity (EA, calculated as eq 1.4) values
vary in a wide range (0.3-73%) depending on the protein source and the concentration. In
theory, EA above 50% indicates complete emulsification of all the oil introduced.
Therefore, most of the insect proteins shown in Table 1.4 are suitable as emulsifiers at
certain operation conditions. EA of several species of insect powders and enriched protein
fractions are in the same range than those reported for plant sourced flours and their
protein isolates such as corn gluten meal, chickpea, lentil, soy, kidney beans and peanut®*.
Furthermore, it is reported that EA of L. migratoria protein concentrate is similar to EA
of egg white protein concentrate’” when pH and salt concentration were adjusted (pH 5
and 3M NaCl). When comparing with dairy proteins, S. gregaria and A. domesticus
protein extracts obtained from aqueous extraction at alkaline conditions or ultrasound
assisted extraction displayed the same high emulsifying activity index (EAI, calculated
as eq 1.5) as whey protein isolate (WPI)°". Whereas, emulsifying capacity (EC[m?/g],
calculated as eq 1.6) reported from 7. molitor protein isolate”’, G. sigillatus protein
hydrolysates® and protein extracts from P. succincta and C. roseapbrunner *° are
significantly lower than BSA (295 m%/g)*’.

Gould and Wolf*” focused on the emulsion stability of 20 wt% sunflower O/W
emulsions stabilized with 7. molitor protein extract, which was assessed under various

14
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environmental stresses including temperature (-20 °C, 60-90 °C), pH (3-8) and salt
concentration (NaCl 80-330 mM), and compared them to the emulsions stabilized by WPI.
The emulsions stabilized with 7. molitor protein extract had a droplet size slightly smaller
than those stabilized with WPI (12 um versus 14 pum), that was in agreement with the
interfacial tension values at equilibrium of sunflower oil with T. molitor protein solution
(11 mN/m) and sunflower oil with WPI solution (13 mN/m). T. molitor protein extract
was also able to maintain the emulsion stability (without significant droplet coalescence)
for a period of at least 2 months. The emulsions were also stable at NaCl concentration
smaller than 330 mM as well as frozen (-20 °C) or heated up to 80 °C, while droplet
flocculation was observed at pH (~4) close to the isoelectric point of protein. These results
demonstrate the potential of insect proteins to replace whey protein in encapsulation and
delivery system applications.
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Table 1.5. Literature review on the emulsifying properties of insect proteins.

Insect species Protein Protein solubility
Scientific name concentration (w/v) in water (~pH7)
Yellow mealworm 1% 5-97% (30%)
Tenebrio molitor 1% 30-95% (35-60%)
1% N/A®
0.02-0.1% 20-55%
Tropical banded cricket 1% 5-96% (30%)
Gryllodes Sigillatus 0.5% 5-92% (10-90%)
1% 35-50%
House cricket o e
Acheta domesticus 1% N/A
Large African cricket o o
Gryllidae sp 7% 13-29% (29%)
Edible grasshopper 1% 0-70% (12-42%)
Schistocerca gregaria 1% 10-90% (25%)
Grasshopper 0.5% 45-90% (85%)
Patanga succincta
Migratory locust 3.350r 5% 10-55% (17-55%)
Locusta Migratoria
Locust 0.5% 75-90% (85%)
Chondracris roseapbrunner
Sudanese tree locust 7% (23-27%)
Anacridium melanorhodon
Honeybee 1% 5-100% (10-30%)
Apis mellifera
Japanese rhinoceros beetle 1% N/A®
Allomyrina dichotoma
White-spotted flower chafer beetle 1% N/A®
Protaetia brevitarsis
Scorpion 5% 5-80% (10-25%)
Buthus martensii Karsch
Silkworm 7% N/A®

Bombyx mori

aEA; " EAL ¢ EC [mL/mg]; ¢ EC [%]; ¢ N/A not applicable.
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PRODUCTION WITH

Oil Emulsifying property Ref.
Vegetable oil 67% @ 65
Corn oil 22-56 m?/g® 74
Olive oil 70-80% ¢ 83,84
Rapeseed oil 0.64-2.35 mL/mg © 85
Vegetable oil 62-73%, 2 65
Canola 011 7_32 mz/g b 66
Soybean oil 444-558 mL/g © 86
Corn ol 26.8-41.7% o7
Soybean oil 46.8% .
Canola oil 39-100% ¢ 68
Vegetable oil 69% @ 05
Soybean oil 29 mg .
Sunflower oil 0.3-62.6% 2 s
Soybean oil 37 m/g .
Groundnut oil 46.6-55.5%* %8
1.4-2.7mL/g®
Canola oil 21-100% ¢ o
Olive oil 20-80% ¢ s
Olive oil 0-100% ¢ -
Corn oil 40-46% 2 s
Soybean oil 23.25% o “
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1.2.4 Others

Fungi, microalgae and bacteria are also protein-rich sources with a protein content
up to 92% as reported in literature®-?°. They can be grouped as microbial protein source,
which is the designation of protein derived from wunicellular or multicellular
microorganisms. It is not a novel concept to include microbial protein to supplement
human and animal diets, since yeasts were already employed to supply protein

requirements of human diets and animal feeding in the World War I'°.

In general, the use of microbial proteins as an alternative emulsifier for food
applications has been relatively more investigated than insect proteins. Proteins extracted
from bacteria (deribacillus pallidus)’® and yeasts (Sccharomyces cerevisiae)’*** showed
comparable emulsifying activity and capacity to soy protein. For instance, the cell-free
culture broth of filamentous fungus (Curvularia lunata IM 2901) showed a superior
emulsifying ability to stabilize various oils, hydrocarbons, and organic solvents’.
Recently, there is an increasing interest in microalgae as a novel source of food
ingredients. The amount of several microalgae protein isolates required to produce stable
O/W emulsions is found to be in the range of other protein sources such as dairy, egg,
and legumes’®. Other studies show that emulsions stabilized with protein hydrolysates
from Chlorella protothecoides are prone to flocculate, however, they are stable against
coalescence at protein concentration above 3% (w/w)’®. Moreover, emulsions stbilized
with proteins extracted from Chlorella sorokiniana and Phaeodactylum tricornutum
reamined stable at high salt concentration (up to 500 mM NaCl) and in addition to that
the one stabilized with Chlorella sorokiniana showed high stability at pH>5 77,

1.2.5 Sustainability of insect proteins

According to the United Nations, the world population is rapidly increasing and is
estimated to reach around 9.8 billion by 2050, while the food demand is expected to
double””?¥, This will inevitably lead to agricultural expansion and productivity growth,
which in turn will over-pressure natural resources with increasing deforestation,
greenhouse gas (GHG) emissions, and water consumption. Thus, alternative solutions to
conventional livestock and feed sources are essential to cover the rise in protein and
caloric food demands. Hence, it is necessary to pursue more sustainable production
technologies for the conventional proteins and to start rebalancing the contributions
between animal and plant proteins (or other alternatives), thus backing the sustainability
of food systems, biodiversity, and eventually, a more efficient distribution of high-quality
proteins for the entire world population.

Using edible insects as food has drawn great attention in the last decade. The Food
and Agriculture Organization (FAO) department from the United Nation has claimed that
edible insects are a good source of protein for dietary”®. Likewise, other organizations
such as the International Platform of Insects for Food and Feed (IPIFF), Insect Protein
Association of Australia (IPAA), Asian Food and Feed Insect Association (AFFIA), and
African Association of Insect Scientists (AAIS) are promoting the use of insects as food,
feed and in other applications. However, insects are probably one of the most
controversial alternatives to animal protein sources because it conflicts with cultural
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habits in some populations. Most European and north American countries without
entomophagy (habit of eating insects) tradition, are highly reluctant to consume edible
insects as a result of distaste and disgust about their nature and appearance”'°'.
Conversely, it is reported that more than 2 billion of people worldwide are consuming
edible insects, and entomophagy is a tradition in some countries in Africa (e.g., Cameroon,
Congo, Kenya), southeast Asia (e.g., China, Thailand, Philippine) and Latin America (e.g.,
Mexico, Peru, Ecuador)’®. It was suggested that incorporating insects in a masked way
could enhance the consumer’s acceptance'"”~'"*, which encouraged the application of
edible insects in forms of milled powder and paste. Their use in pastas, tortilla chips,
rusks, and breads were assessed in terms of nutritional value and structural and sensory
features'"'", and several modern cookbooks with recipes using insects are also
available''"~''2, The optimistic prospect of edible insects as a sustainable alternative lies
on their values and contributions in nutritional, environmental, and economic aspects.

Nutritional aspects

Chen et al.''® summarized the chemical composition of nearly 100 insect species,
they contain 20-70% of protein, 10-59% of lipids of which 26-82% are unsaturated fatty
acids, and 2-10% of carbohydrate in dry matter weight. Among the reported values,
insects from Orthoptera order such as cricket (Gryllodes sigillatus) and grasshopper
(Schistocerca gregaria) contain relatively high protein fraction (55-76%)°-°7'1* that is
higher than wheat (11%), quinoa (12-18%), peas and beans (17-35%), soybean (52%),
and it is comparable to those of beef and pork (40-75%), poultry (69%), and fish (71%)
(Figure 1.6)''*11 Apart from macronutrients, insects are also a rich source of
micronutrients such as minerals (iron, magnesium, calcium, and zinc) and vitamins
(vitamin A, B, and C)''*!7,
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insects orthoptera cereals peas and beef, pork,
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fish
Figure 1.6. Protein content of insects (in general and from orthoptera order), compared to
plants (cereals, peas and beans), and animal sources (beef, pork, poultry, and
ﬁSh)QO'I 13,114,116
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Environmental aspects

As depicted in Figure 1.7, insect rearing has significant advantages over traditional
livestock farming approaches in terms of the amount of land use, feed requirements, and
water consumption. The reason why insects need less resources is because of their great
feed conversion factor. The rapid growth rate and short closed life cycle make them to
reproduce fast. In addition, it is not necessary to offer many land areas for their activities,
and they can be easily reared in a vertically developed space. Therefore, insects have less
impact on deforestation and soil fertility reduction, which may partially replace
agriculture to alleviate the burden on ecosystem. The relatively less water footprint can
help reducing water pollution.

Grasshopper "

0 10 20 30 40 50 60
¥ Land (10 nv) Feed (kg) ™ Water (t)

Figure 1.7. Required amount of land, feed and water for producing 1 kg of live animal
weight!'”, The presented percentages are the corresponding edible portion.

Cutting back GHG emissions and reduce energy consumption are the fast
approaches towards slowing down global warming. As can be seen from Figure 1.8,
mealworm rearing has significantly less global warming potential than conventional
animal husbandry as well the milk production'?’. In addition, it has been reported that
ammonia and methane emissions were also much lower for insects than for breeding cows,
pork, and poultry”!''>, By contrast, on account of the poikilothermic nature of insects, a
moderate amount of energy consumption is demanded for temperature control to optimize
insects rearing''>1%0,
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Figure 1.8. Global warming potential (GHG emission in CO; equivalence) (a), and energy
used for producing one kg of edible protein (b)'?’. Orange and yellow bar indicates

maximum and minimum values respectively.
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Economic aspects

The above-mentioned advantages of insect rearing associated to nutrition and
environmental impact are reinforced by the economic aspects. On account of the high
feed conversion factor exhibited by insects, a cost-effective and ecologic way of rearing
insects is to transform organic waste into insect body mass. Using waste streams (e.g.,
kitchen waste, agricultural waste, agri-food by-products) as feed, insects can convert them
into valuable macronutrients (e.g., proteins, unsaturated fatty acids, fibres) and
micronutrients (e.g., minerals and vitamins). Hence, insect rearing is completely aligned
with circular economy, as depicted in Figure 1.9.

4
human food - h
bio-waste
by-| prodk
-~ \ insects \ plant farming
_— fertilizer
frass
livestock ]

Figure 1.9. Circular economy involving insects rearing.

However, insect economy has not broaden up as expected due to the concerns in
food safety. In the Codex Alimentarius, which represents international food standards,
insects are only referred to as “impurities” at this stage. Regulations strongly differ from
country to country and most western countries do not even specifically address insects.
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This non-standardized legal status across the world represents the biggest hurdle for the
edible insect industry since it hinders or slows the growth of a global edible insect
market'?'. The microbiological contamination, toxicological hazards and allergenic
reactions are supposed to be strictly revised in advance of introducing the legislation’!-' >
In Europe-wide, the novel food regulation came into effect since 2018 based on European
Food Safety Authority (EFSA) which opened door for edible insects to be used in food
applications, and the safety assessment on the dried yellow mealworm, frozen, dried and
ground house cricket and migratory locust was reported in 2021 stating that there are no
concerns on their stability and toxicity issue '2>%4,

1.3 Emulsion-based encapsulation technologies

1.3.1 Membrane/microporous emulsification technologies

Conventional manufacturing processes to produce emulsions encompass high-
pressure homogenizers, rotor-stator systems and colloid mills'?. These techniques rely
on high shear/inertia stress and/or cavitation to deform an interface and to generate
droplets. Even though they can produce droplets with small particle size, they may have
relatively wide droplet size distribution'?°. The drawbacks of conventional emulsification
processes are the high energy consumption, damage of shear sensitive molecules, and
decomposition of thermo labile ingredients. With the aim of producing emulsions with a
narrow droplet size distribution applying a low energy input compared to that required by
conventional technologies, membrane emulsification (ME) was firstly introduced in the
early 1990s by Nakashima and coworkers'”’. In the late 1990s, Suzuki et al.'*® used
premix ME to obtain higher production rates, while Nakashima and co-workers
developed microchannel emulsification as an alternative to ME technology to better
control droplet formation and, in turn, produce monodisperse emulsions'”’. Techniques
for membrane emulsification may be classified into two groups (Figure 1.10): direct (or
cross-flow) ME, in which a dispersed phase is injected through the membrane into the
continuous phase where the formed droplets are collected, and premix ME, in which a
coarse emulsion is pressed through the membrane to reduce the droplet size. In both
systems, the membrane is the microporous structure responsible for droplet formation or
further breakup. Importantly, the membrane has to be wetted by the continuous phase,
hence to produce O/W emulsions a hydrophilic membrane it is required'?®!30-132,

Premix coarse emulsion

1
|
[
@ ®)

Figure 1.10. Schematic examples of (a) direct ME and (b) premix ME.

22



UNIVERSITAT

EMULSION-BAS
PREMIX MICRO
Junjing Wang

ROVIRA I VIRGILI
ED ENCAPSULATION SYSTEMS STABILIZED WITH INSECT PROTEINS: PRODUCTION WITH
POROUS EMULSIFICATION

Membranes used for emulsification can be made of (i) glass materials, such as
borosilicate, shirasu porous glass (SPG), microporous glass (MPG), and ceramic; (ii)
polymers, such as polycarbonate, polyethersulfone (PES), cellulose mixed esters (MCE),
cellulose acetate (CA), and nylon; (iii) metal, such as nickel sieve and stainless steel mesh;
(iv) syringe filters composed of borosilicate glass fibres, polyethersulfone, nylon,
cellulose acetate and cellulose ester'?'.

Direct ME is carried out by pushing the dispersed phase through membrane pores at
a controlled injection rate. To detach the droplets which are formed at the membrane
surface, some shear stress is applied. Usually, a flow of the continuous phase over the
membrane surface provides a tangential shear that induces droplet snap-off. Droplet size
can be controlled according to the characteristics of membrane, the cross-flow velocity,
and the transmembrane pressure.

Premix ME is an emulsification process to refine coarse emulsions that are usually
prepared by mechanical means and have a big droplet size and a wide size distribution.
After the coarse emulsion is produced, refinement takes place by passing through the
membrane by applying pressure. Usually 3-5 passes (cycles) are carried out in order to
yield small droplet size and narrow size distribution. The process is widely used for high-
throughput production of sized-controlled emulsion droplets and microparticles using low
energy inputs'’'. Parameters such as membrane wettability, mean size of the membrane
pores, oil-in-water interfacial tension, disperse phase viscosity, and hydraulic membrane
resistance determine the transmembrane pressure required to successfully breakup
droplets.

Both ME methods are low-energy compared to conventional methods, resulting in
uniform droplet size using less surfactant, and they can be considered for scaling-up.
Direct ME is limited by the relatively low flux of the dispersed phase, which might need
to be recirculated to attain a high fraction of the dispersed phase in the emulsion. It also
requires a large membrane area to increase the efficiency, which makes it relatively
expensive to scale-up. Premix ME, in turn, can produce emulsions with higher disperse
phase fraction and throughput than direct ME. However, membrane fouling can be of
concern depending on the interaction between the emulsion components and the
membrane, and membrane cleaning has to be considered.

1.3.2 Premix emulsification with dynamic membranes of tunable pore size

(DMTS)

As an alternative to overcome membrane fouling and to increase productivity during
premix ME, dynamic membranes of tunable pore size (DMTS), consisting of a layer or
bed of micron-size silica beads supported by a nickel microsieve (Figure 1.11), was firstly
developed by van der Zwan et al.'*. It is called ‘dynamic membrane” since it can be taken
apart, easily cleaned and reused. Besides, this system can adjust the pore size of the
membrane by placing silica microbeads of different sizes. Nazir and coworkers'** stated
that the layer of micron-size silica beads consists of interconnected interstitial voids that
can be seen as organized asymmetric capillaries following an irregular path through the
silica microbeads bed, which is comparable to conventional membranes pores.
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In premix emulsification with DMTS, a coarse premix emulsion, produced by
mechanical dispersion units, such as a magnetic stirrer and/or Ultra-Turrax, is
subsequently transferred into the DMTS vessel and pressurized to pass through the
dynamic membrane in the module. The droplets are disrupted while being pushed through
the micro-channels within the bed. In this process, emulsion droplets are refined, and the
new formed interfaces are stabilized by the emulsifiers present.

The main operating parameters to be controlled in premix emulsification with
DMTS are microbead size and bed height (which determine the interstitial void diameter
and the channel tortuosity), microbeads wettability, transmembrane pressure, and number
of refining cycles. Besides, other properties related to the emulsion, such as viscosity ratio
of the two emulsion phases or dynamic interfacial tension strongly affect the system
performance.

The most commonly used silica microbead size in DMTS emulsification systems
varies between 30 um and 99 um'3>13¢, According to the microbead size and its porosity,
the resulting interstitial void diameter is in the range of 13 um and 58 pum. In addition, a
dynamic membrane made of multilayers having different interstitial void diameters can
be assembled by sequentially placing silica microbeads of different sizes. This
arrangement, referred as ‘layering’ (Figure 1.11), was investigated for the first time by
Kaade and coworkers'*. The emulsions refined by the ‘layering’ setup take benefits from
both sizes of microbeads, which leads to smaller droplet size with a narrower distribution.

Single emulsions (O/W) and double emulsions (W/O/W) with aqueous solution as
continuous phase can be successfully refined using premix emulsification with DMTS,
owing to the hydrophilic nature of the silica microbeads. However, it is also possible to
prepare W/O emulsions once the microbeads are modified to have a hydrophobic surface
by undergoing a hydrophobization process with organo-silane (mostly silane of C; to Cao)
coatings'?’.
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(pressurized coarse emulsion)

Glass microbeads layer
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Outlet Nickel metal sieve
(refined emulsion) (rectangular pores)

Figure 1.11. Schematic representation of the DMTS setup with the different microporous
layers.

In addition to the advantages of disintegration and easy cleaning, the DMTS system
is also capable to produce emulsions with controlled droplet size distribution with high
productivity, enabling straightforward scaling up.

Droplet size and droplet size distribution are controlled by various operation
parameters such as microbead size, height of bed layer, transmembrane pressure, number
of emulsification cycles, and emulsion formulation. In general, when applying a low
pressure (e.g., 200 kPa) in a thin bed layer (e.g., 2-2.5 mm), smaller droplet size is
obtained from smaller beads due to a narrower interstitial void'**!%>. While when the
applied pressure increases to 450 kPa, bigger beads are more efficient in breaking up
droplets compared to smaller beads on account of higher shear stress, even though a
narrower droplet size distribution is achieved with smaller beads'*®. By combining the
benefits of using two different bead sizes (‘layering’), the emulsion can be refined to have
the target droplet size and a narrow size distribution'*°. As for the impact of the height of
bed layer, it is more acute to tune the final droplet size distribution. In general, at a certain
applied pressure and bead size, increasing the height of bed layer reduces the droplet size
distribution, while there is an optimal height beyond which no more improvement is
seen'33134 since droplet coalescence might happen when the refined droplets are passing
through a long channel (thicker bed), increasing droplet size distribution'?>!3°, In premix
ME in general and in DMTS systems in particular, transmembrane pressure is partially
dedicated to droplet breakup and the other part to overcome the resistance from the bed
layer of tortuous microchannels. Therefore, in a certain DMTS system, the higher
pressure applied, the smaller droplet size is obtained attributed to the increased shear
stress. In the most cases, 3-5 emulsification cycles are chosen, due to the main droplet
breakup takes place during the first emulsification cycle, after which droplet size and
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distribution are decreased limitedly, moreover, the further increase in the number of
emulsification cycle may lead to droplet coalescence in the channel and a bigger span'**.
Besides, an enhanced processing temperature may result in a smaller droplet size due to

the enhanced flow rate'%.

The three major droplet breakup mechanisms observed by van der Zwan et al.'*’
using direct visual observation are (Figure 1.12):

¢  Snap-off due to localized shear forces. It mainly occurs at pore inlets, pore outlets and
pore junctions where large droplets breakup into small droplets by the shear of the
continuous phase flow.

¢ Breakup due to interfacial tension effects such as Laplace and Rayleigh instabilities.
Elongated and deformed droplets in a constriction or a channel are in a destabilized state at
the interface due to Laplace and Rayleigh instabilities, which induce droplets breakup
accompanied with the shear flow.

¢  Breakup due to steric hindrance between droplets. The accumulated droplets before the
membrane or inside the channels can affect each other and induce droplet breakup.

Flow continuous phase
direction
» »
=
—>

—p *
\ dispersed phase

-
(a) (b) (©)

Figure 1.12. Schematic diagram of three main droplet breakup mechanism in premix

emulsification. (a) Snap-off due to localized shear forces, (b) Breakup due to interfacial

tension effects, and (c¢) Breakup due to steric hindrance between droplets.

One or several types of droplet breakup can take place simultaneously in the DMTS
system. Due to a great variety of porous media (e.g., straight-through pores, tortuous
interconnected pores and length of the channel) and the operating conditions (e.g.,
pressure and viscosity of emulsions). To model and characterise the process, several
dimensionless numbers have been used to describe flow behaviour and droplet breakup
as listed in table 1.6'°'. These parameters are also applied in the scaling relations of the
system.
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Table 1.6. List of dimensionless numbers used to describe flow and droplet breakup.

Dimensionless Expression
number

Description

Reynolds Re = P<4dp
number e
Weber We = Pcida
number o
Capillary Caq = 1%

a
number

Ohnesorge Oh VWwe
number Re

Pressure ratio  p — 4Pda

A ratio of inertial to viscous forces in pores.
Characterization of flow properties.

A ratio of inertial to interfacial forces acting on
a droplet. Identifying stable and unstable or
disrupting droplet regime

A ratio of viscous to interfacial forces. Relating
the viscous forces to deform droplets with the
Laplace pressure that resist the deformation.

Ohnesorge number relates all the major forces
(i.e., inertial, viscous, interfacial) involved in
droplet disruption.

A ratio of transmembrane pressure to the droplet

Laplace pressure. Relating the applied energy to
the minimum amount of energy needed to
deform the droplet.

Where p. is the density of continuous (or emulsion) phase; u is the pore villosity:
d, is the particle size; dg is the pore diameter; 7, is the viscosity of continuous

(emulsion) phase; 1,4 is the viscosity of dispersed phase, and ¢ is interfacial tension.

Empirical scaling relations were developed by some researchers to predict the final
droplet size based on the operational parameters (eq 1.8). The models are all based on the
relationship established by taking into consideration of the effects of the bead size, the
height of bed layer, and the energy density. It was demonstrated a good fit between
experimental and estimated values'**!3*1%% which shows the potential to tune the DMTS
parameters in order to obtain a desired droplet size.

dsz = aby N (250 eq (1.8)
14

d3 is the Sauter mean diameter predicted from the equation; E,, is the energy density,

calculated from the ratio of power input to volumetric flow rate of emulsion; N is number

of passes through the membrane; H is the height of bed layer; d,, is the particle size of

the silica microbeads; «, 5, y, and § are fitting parameters that depend on the type of

premix ME system.
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Table 1.7. Summary of DMTS emulsification results reported in the literature.

Emulsion type Emulsifier QOil Pressure (kPa)
Oo/W Tween 20 Hexadecane 5% 50-500
Oo/W Tween 20

Hexadecane 5%
SDS 300
(paraffin dissolved)
CTAB
Oo/W Precirol 6.5% with
Tween 20 50-500
vitamin E 0.5%
Oo/W Polylactide Decane 100-400
Oo/W Tween 20 Lemon oil 20-40% 450
Oo/W Pea protein
chickpea protein
Sunflower oil 10% 300
lentil protein
WPI
G/W? WPI Nitrogen 100-500
W,/O/W, PGPR"
Sunflower oil 5.6% 200-600
Tween 20
W,/O/W, PGPR®
Sunflower oil 32% 200-500
WPI

gas-in-water (foam).

PGPR was used as lipophilic surfactant for stabilizing W /O primary emulsion.
computed values from reported data of ds and d..

values were displayed as mass flow rate.

0o o W
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Bead size Height of bed Ratio Flux Encapsulation Ref
(um) layer (mm)  (ds./dy) (m’m?h?) efficiency ’
55-90 1-20 0.2-0.6 30-768 133,134

55 2.5 0.05-0.35 0-500 140
30-90 1-5 0.05-1.15¢  3.1-32.2 g/s ¢ 138
30-90 2-20 0.1-0.3 50-1000 135
42-99 2-9 0.03-0.1 200-1200 136

71 2 100 142

65 2.5 10-70 143
30-65 2-40 0.2-0.8 200-800 91-99% of NaCl ~ '#

71 2 1-65 75-100% of beet ~ *!

root juice
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The productivity of the emulsification process can be evaluated from the
transmembrane flux, which depends on the operation conditions of the DMTS system
(bead size, height of bed layer, transmembrane pressure, and emulsion formulation). In
general, smaller beads and thicker bed layer lead to lower transmembrane flux due to
more resistance produced by a narrower interstitial void and longer tortuous
microchannels. Therefore, with a higher pressure, a higher flux is obtained on account of
more energy invested in flowing the emulsions through the system. Apart from the
dynamic membrane resistance, the formulation of the emulsion highly affects the
transmembrane flux'4’. The more viscous the emulsion, the stronger resistance against
deforming, which leads to a lower flux. Anionic and nonionic surfactants were suggested
for DMTS systems to decrease the interaction between the negatively charged silica
microbeads and the surfactant'*’. Tunning the operating conditions (2.2 mm height, 99
um beads, pressure of 450 kPa) a transmembrane flux of 1200 m>m~2h"! was reported
during the production of 20 wt% lemon oil-in-water emulsions stabilized with Tween
20"%%. However, membrane fouling is a critical issue reducing the productivity of the
system. It is considered that the use of high molecular weight emulsifiers, such as proteins,
would tend to foul the membrane/microporous system. A decrease in transmembrane flux
was observed during the emulsification of single and double emulsions stabilized with
proteins as the number of emulsification cycles increased'*!'*’. Even though fouling
cannot be pointed out as the sole cause of flux reduction, since the physical properties of
emulsion also change during refinement'*>. The DMTS system has been also used in a
wide range of applications such as the formulation of solid lipid particles'*,
encapsulation of colorant'*! and even to produce nitrogen foams (gas-in-water
emulsion)'*,

Based on the above mentioned, the DMTS system has proven the robustness and
versatility for producing emulsions with controlled droplet size distribution and high
productivity, as well as it is a promising technique to scale up for industrial applications.
In the lab-scale production, Laouini et al.'*” increased the production amount to 800 g of
emulsions (O/W stabilized with 1.8 wt% Tween 80), successfully refining the emulsion
and with no fouling during the process. Therefore, the scaling up of DMTS system can
be achieved relatively easily compared to other conventional membranes (e.g. ceramic
membranes) for which manufacturing bigger membranes with larger surface area is
required. For the DMTS, scale-up can be operated by increasing the input emulsion
volume and/or increase the membrane area by easily increasing the amount of silica
microbeads and the diameter of the module. Table 1.7 summarizes the result from the
reported literature employing premix ME with DMTS system to refine emulsions.

1.3.3 Production of emulsion-based solid microcapsules

Solid microcapsules can be produced from single and multiple emulsions by
removing the water fraction. Since emulsions are thermodynamically unstable systems,
preserving encapsulates in a solid matrix is a way to immobilize the encapsulates, to
prolong the shelf-life, and to simplify the transportation, moreover, emulsions can be
reconstituted easily after rehydration. Spray drying and freeze drying are the most
common techniques applied for food and feed applications.
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Spray drying

Spray drying is the oldest and the most widely used technique to obtain emulsion-
based microcapsules in food applications. The drying process is based on the atomization
of a liquid feed that contacts with a hot drying air steam. The technique comprises of three
steps: (i) atomization of the feed (ii) drying of the feed solution by a hot gas carrier to
achieve the evaporation of the solvent, (iii) collection of dry particles by cyclones or a
filter (Figure 1.13). In detail, the feed liquid is injected into the drying vessel through a
nozzle or an atomizer in order to obtain small droplets followed by the evaporation of the
solvent, then, these dried particles are separated from the drying gas by a cyclone or
ﬁlterl45,l4(y'

Air/gas Peristaltic pump
0
L ﬁ-ﬁ
Atomizer ‘ ‘
Drying chamber 5
Exhausted air/gas
Cyclone

Reservoir

Figure 1.13. Schematic illustration of spray drying process.

As for the processing conditions, several critical parameters determine the quality of
produced solid microcapsules and the production yield, they are inlet and outlet
temperature, atomization pressure, feed flow rate, drying air flow rate and aspirator rate.
The overall processing parameters depends on the composition, concentration and
viscosity of the feed. The outlet temperature is tuned through the adjustment of other
parameters. As for the inlet and outlet temperature, if it was too low, the water would not
be evaporated completely in short time resulting in wet powders and low yield, if it was
too high, the cracking of the microcapsules would occur'*®. Due to the presence of many
variables, spray drying an emulsion-based system should be optimized in order to produce
desired solid microcapsules with high quality and production yield.
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Table 1.8. Summary of the microcapsules produced by spray drying from single or
multiple emulsions reported in literature.

Emulsion Encapsulated Oil phase

type compound

Oo/W Carotenoids, Phenolics Corn oil, Sunflower oil, Safflower oil
o/W [-carotene Sunflower oil, Monoglyceride
Oo/W B-carotene Vegetable oil

Oo/W Citral Citral

Oo/W Fish oil Fish oil

Oo/W Fish oil Fish oil

Oo/W Rapeseed oil Rapeseed oil

Oo/W Annatto seed oil Annatto seed oil

Oo/W Drumstick oil Drumstick oil

Oo/W Corn oil Corn oil

Oo/W Krill oil Krill oil

W1/0/W; Procianidin Sunflower oil

Wi/O/W, Anthocyanin extract Rice bran oil

Wi/O/W, Phenolic extract Soybean oil

W1/0/W; Phenolic extract Sunflower oil

Wi/O/W, Phenolic extract Canola oil

Wi/O/W, Folic acid Canola oil

W1/0O/W; Saffron Sunflower oil

W1/0/W; Carotenoids Sunflower oil, Canolo cartamin oils
O1/W1/O2/W>  Orange oil (O1) Vegetable oil (O2)
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Wall material Emulsification Temperature Ref.
method (inlet/outlet, °C)
GA, MD Rotor-stator 160/70 154
WPI, MD, Konjac glucomannan ~ Homogenizer 185/85 :
Casein, MD Microfluidizer 100-120/60 155
Sucrose, Trehalose, Blender 175/83 150
MD, Modified starch
SPI Rotor-stator 180/90 153
Homogenizer
MD Premix nylon and  190/90 151,152
MCE membrane
PPI, Pea protein hydrolysate Homogenizer 180/70 33
Glucose syrup
GA Ultrasound 170/-- 157
MD, GA, WPC Homogenizer 180/85 158
Brea gum, GA, Inulin Ultrasound 150/60 159
WPC, MD, GA Microfluidizer 130/71-75 160
WPI, MD, CMC, GA, Chitosan  Premix SPG 170/80-90 149
membrane
Limed bone gelatin, CMC, MD Rotor-stator 180/80-90 161
Acacia hum, Chitosan
GA, MD, Alginate Homogenizer 180/90 162
WPI, MD Microfluidizer 175/90 163
WPI Rotor-stator 160-180/70-80  15¢
Pectin, WPC, MD Homogenizer 180/90 164
WPC, MD, Pectin Homogenizer 140/90 165
GA, MD, Mesquite gum Homogenizer 170/80 166
Lactose monohydrate Rotor-stator 180/79-80 17

Sodium caseinate

33



UNIVERSITAT

EMULSION-BAS
PREMIX MICRO
Junjing Wang

ROVIRA I VIRGILI
ED ENCAPSULATION SYSTEMS STABILIZED WITH INSECT PROTEINS: PRODUCTION WITH
POROUS EMULSIFICATION

In general, the solid microcapsules fabricated via spray drying have a spherical shape
with a smooth surface and a hollow structure. Vacuole formation originates from a
shrinking process that occurs after the hardening of the outer surface is followed by
expansion of air bubbles trapped inside the droplet'*°. Encapsulated compounds are
incorporated inside of the shell matrix formed by wall materials or on the surface (inner
and outer) of the particle. In other cases, the microcapsules may have irregular shape,
dented surface or porous structure depending on the materials used and the processing
parameters.

Emulsions can be reconstituted after dispersing the solid microcapsules in aqueous
medium. In this way, the solid microcapsules fabricated by spray drying can not only
protect the active compounds and extend the shelf-life, but also maintain the structure
after rehydration which still keeps the role as an emulsion-based delivery carrier.
However, the reconstituted emulsions were reported to have a bigger droplet size
distribution compared to the original emulsions due to the heat during the spray drying
process might rupture the interfacial layer, which led to some extent of droplet
coalescence when redispersing them®'47-14%, Hence, the impact of such a change in the
reconstituted emulsions on the digestion and bioavailability of bioactive nutrients is worth
evaluating based on individual formulation and application.

Table 1.8 listed some emulsion-based microcapsules produced by spray drying. As
can be seen from Table 1.8, solid microcapsules were produced from single and multiple
emulsions, including the encapsulation of essential oils such as citral'*’ and fish oil'>'=!%3,
and nutritional compounds such as B-carotene®'°*!>°> were in O/W emulsions, and the
encapsulation of water soluble bioactive compounds such as polyphenols in the inner
water phase (W) of double emulsions (W1/O/W>). It worth highlighting that some studies
also combined the premix membrane emulsification (premix ME) methods using nylon,
mixed cellulose ester (MCE)'""'*?> and SPG membranes'*’ for the production of
emulsions. As shown in Table 1.8, commonly used wall materials are polysaccharides
such as maltodextrin (MD) with different dextrose equivalent values, Arabic gum (GA),
and carboxyl methylcellulose (CMC). In some cases, the additional wall materials may
be not required such as using high protein concentration, e.g., 10% whey protein isolate
(WPI) was used as emulsifier as well as wall mateiral'*°.
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Freeze drying

Freeze drying is also known as lyophilization which is a multi-stage process that
consists of: (i) freezing, (iii) primary drying and (iii) secondary drying'®. As a first step,
the sample is frozen at a sufficient low temperature which can be achieved using liquid
nitrogen, in a separate freezer or in the freeze-dryer itself. Next, as depicted in Figure
1.14, the primary drying begins when the pressure is lowered to values below the vapor
pressure of ice and the temperature of the plate increases in order to supply the latent heat
removed by ice sublimation Thereafter, an open network of pores is formed due to the
sublimation of the ice crystals, which provide a pathway for desorption of water from the
sample during the secondary drying, when the shelf temperature is increased and the
chamber pressure is reduced in order to remove liquid water.

@

w |
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&
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Figure 1.14 Schematic illustration of freeze drying process.

As listed in Table 1.9, essential oils such as cardamon 0il'*” and limonene!”’, and
nutritious vitamins such as B-carotene®'>>!”! and a-tocopherol'’? were encapsulated in
the O/W emulsions and polyphenols'®'”* were protected in W1/O/W> emulsions. The
most applied emulsification methods paired with freeze drying are high pressure
homogenization and ultrasound homogenization. As for freeze drying, not only wall
materials are important for building the matrix, but also the use of cryoprotectant. As can
be seen in Table 1.9, sucrose, trehalose, maltodextrin and gam arabic were mostly used
as cryoprotectants to improve freeze-thaw stability of food emulsions. The presence of
sugars can decrease the freezing temperature of water and increase the amount of
unfrozen water available to disperse the oil droplets, as well as they can be a spacing
matter between droplets which behaves as barrier to inhibit droplet merging. In
concentrated sugar solutions, the emulsion droplets do not come into close contact with
each other in the unfrozen glassy solution between ice crystals'’.
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Table 1.9. Summary of the microcapsules produced by freeze drying from single or
multiple emulsions reported in literature.

Emulsion type Encapsulated compound QOil phase

Oo/W a-tocopherol Canola oil, Coconut oil

Oo/W [-carotene Sunflower oil

Oo/W [-carotene Soybean oil

Oo/W [-carotene Vegetable oil

Oo/W Capsaicinoids Capsaicinoids

o/W Limonene Limonene

Oo/W Cardamon essential oil Cardamon essential oil

Oo/W Curcumin Olive oil

o/W Krill oil Krill oil

Oo/wW Flaxseed oil Flaxseed oil

o/wW Annatto seed oil Annatto seed oil

o/W ID93 protein Squalene

o/wW Calcein, 5-fluorouracil, Phopholipids
Flurbiprofen Cyclohexane

W1/O/W, Anthocyanin extracts Rice bran oil

Wi/O/W, Anthocyanins Soybean oil

Wi/O/W, Black chokeberry pomace extract Rapeseed oil

Wi1/O/W, Topotecan Cyclohexane, Chloroform

W1/O/W, Xylitol Corn oil, Menthol

W1/O/W; not mentioned Not mentioned
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Wall material/Cryoprotectant

Emulsification method

Ref.

WPI, Ora-pro-nobis mucilage
WPI, MD, Konjac glucomannan
Sodium caseinate, MD, GA
MD, Casein

Modified starch

GA, Gelatin, sucrose

WPI, Guar gum, carrageen
Sodium alginate, WPI

WPC, MD, GA

WPI, MD, Sodium alginate
GA

Trehalose

Sucrose, Lactose, MD

Limed bone gelatin, Acacia gum,
Chitosan, CMC, MD

Gelatin, GA
Milk protein concentrate
Sucrose

Gelatin, GA

Glucose, Trehalose, k-carrageenan,

hydroxyethyl starch

Homogenizer
Homogenizer
Microfluidizer
Microfluidizer
Ultrasound
Homogenizer
Ultrasound
Ultrasound
Microfluidizer
Sonication
Ultrasound
Microfluidizer
Sonication
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Coacervation

Rotor-stator, Coacervation
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Ultrasound

Rotor-stator
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An acceptable freeze dried product should possess the same physical and chemical
properties as the system before being submitted to the process, acceptable humidity, long-
term stability and an elegant cake appearance'®®. Powders can be obtained after grinding.
The freeze dried powder has a flake-like shape with smooth or folded surfaces depending
on different formulas. Due to the sublimation of ice crystals, irregular and spongy porous
microstructures can be observed. The encapsulates are immobilized in the matrix or
exposed in the porous structure. Similar to the solid microcapsules fabricated by spray
drying, freeze dried capsules can be rehydrated to reconstitute emulsions. The droplet size
distribution may depend on the oil content, wall materials, and cryoprotectants used in
the formulation. Smaller droplet size was observed in the reconstituted O/W emulsion
encapsulating B-carotene’, which may be the result of the break-down of some large oil
droplets during freezing as the formation of ice crystals. Whereas, the increase of droplet
size distribution was reported in the reconstituted W;/O/W, emulsions encapsulating
black chokeberry pomace extract stabilized by 14% milk protein in the absence of wall
material, which was ascribed to the coalescence of oil droplets'®’. Unlike spray drying,
using dairy protein alone as the wall building material is not sufficient to build a matrix
for immobilizing large oil droplets. The same result was also observed by No et al.'”!. In
their work, they found a larger droplet size distribution in the reconstituted O/W
emulsions encapsulating [-carotene stabilized only by sodium caseinate without
additional wall material. While when MD and GA were added in the system, droplet size
distribution was improved.

Based on the above description, spray drying is a rapid, continuous, simple,
economic, reproducible, and easy to scale up in comparison with other drying processes.
However, the production yield is lower compared to freeze drying due to the residues of
non-sufficiently dried particles remaining in the drying chamber. Besides, relatively high
drying temperatures will damage thermal sensitive compounds such as polyphenols,
vitamin C, colours, and flavours. Some limitations of wall materials such as
polysaccharides has low water solubility, and sugar rich materials have low glass
transition temperature lead to stickiness behaviour'*>'**, Freeze drying can reach very
high (almost 100%) production yield without any loss during the drying process. The
most significant advantage of freeze drying is that it is a simple process carried out at low
temperature in the absence of air, resulting in prolonged and superior quality of products
by preventing deterioration from oxidation or chemical modification. Freeze drying is the
most suitable technique for dehydration of almost all heat sensitive active compounds as
previously mentioned. However, freeze drying still has some drawbacks such as porous
structure of freeze dried powders due to the ice sublimation'*:'*%!%4 and long process
time (more than 20 h), besides, the high invest and operating costs in comparison to other
techniques.
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1.4 Objectives

The purpose of this work is to assess the use of both sustainable materials and
technologies to produce emulsions and emulsion-based solid microcapsules as a means
of encapsulation of ingredients for food applications. A low-energy high-throughput
microporous emulsification system was aimed for the production of single and multiple
emulsions, and the ability of proteins extracted from edible insects as an alternative
emulsifier to whey protein is studied. These general goals can be achieved by
accomplishing the following specific objectives:

= To assess the use of membrane-based processes to concentrate and encapsulate a carob
polyphenol extract as a case study of pairing sustainable technologies for valorisation of
food by-products.

= To design and implement extraction and characterization methodologies able to provide
enriched protein fractions from edible insects, such as black soldier fly (Hermetia illucens)
and lesser mealworm (Alphitobius diaperinus), with enhanced techno-functional properties.

= To assess the techno-functional properties of insect protein extracts, including solubility,
isoelectric point (pl), water and oil binding capacity, foaming ability, emulsifying ability,
and interfacial tension.

= To evaluate the emulsifying ability of insect protein extracts to stabilise food grade O/W
emulsions produced by premix emulsification with dynamic membranes of tunable pore
size and compare with dairy proteins.

= Toanalyse the potential of insect protein extracts to stabilise W1/O/W» emulsions, produced
by premix emulsification with dynamic membranes of tunable pore size, to withstand
various environmental stress (temperature, pH, and osmotic pressure unbalance) similarly
to whey protein and pea protein.

= To investigate the effect of green solvents for insect meal defatting in the fatty acid profile
of the lipid fraction and on the emulsifying ability of the resulting protein fraction.

= Toexplore the feasibility of producing emulsion-based solid microcapsules from O/W and
W1/O/W, emulsions by spray drying and freeze drying stabilised with insect proteins as a
means to increase the stability of the target compounds.
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Chapter 2
Low-energy Membrane-based Processes to Concentrate
and Encapsulate Polyphenols from Carob Pulp

Abstract:

Forward osmosis (FO) and emulsification with dynamic membranes of tunable pore
size (DMTS) were assessed to concentrate and encapsulate polyphenol extracts from
carob pulp. In the FO step, a feed solution temperature of 40 °C resulted in the fastest
concentration and the highest polyphenol yield. Moreover, FO at 35 °C enabled to
concentrate up to about 20 times in three hours using a pilot scale unit of 0.5 m? of
membrane area. Phenolic compounds were subsequently encapsulated in the inner water
phase (W1) of water-in-oil-in-water (W1/O/W) emulsions produced with DMTS, which
enabled to obtain emulsions with a monomodal droplet size distribution (span<1, ds»
<20pm), and polyphenol encapsulation efficiencies ranging between 87.0 + 0.2 % and
774 £ 04 %. To extend the shelf-life of the encapsulated polyphenols, solid
microcapsules were produced by spray drying. After rehydrating the solid microcapsules,
the structure of the W1/O/W; emulsion was partially recovered.

This chapter has been published as:
Wang, J., Martinez-Hernandez, A., de Lamo-Castellvi, S., Romero, M. P., Kaade, W.,

Ferrando, M., & Giiell, C. (2020). Low-energy membrane-based processes to concentrate
and encapsulate polyphenols from carob pulp. Journal of Food Engineering, 281, 109996.
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2.1. Introduction

The increasing attention towards sustainability in the food sector has led to
progressive implementation of valorization strategies to yield value-added compounds,
such as antioxidants, colorants, flavors and dietary fibers from agri-food wastes. This is
the case of carob (Ceratonia siliqua L.) fruits grown in Mediterranean countries, which
are pods consisting of seeds and pulp. The commercial value of the carob fruit comes
from its seeds that contain a widely used food additive, locust bean gum (E-410). After
removing the seeds, about 90% of the total weight of the fruit is the pulp, which is mainly
used for animal feed and a few food preparations'®>'%¢. However, the carob pulp contains
different valuable components such as sugars, dietary fibers, and a great diversity of
polyphenols and other minor components'®’. Goulas et al.'*” have reviewed the health
benefits of fibers and polyphenols from carob, reporting anti-proliferative and apoptotic
activity against cancer cells, anti-diabetic effects, anti-diarrheal effects and anti-
hyperlipidemia effects. The presence of fibers and polyphenols makes the carob pulp an
attractive raw material to obtain extracts that can be used in gluten-free bakery products,
fortified durum wheat pasta, carob spread, low lactose yoghurt, marmalades, cookies and
candies'®*"'2, A process strategy to recover the polyphenol fraction from carob pod
should consist of extraction, concentration, and stabilization of the biomolecules of
interest. To do so, environmentally friendly technologies have evolved to increase
product quality while reducing energy consumption or thermal detrimental effects.

In the conventional solid-liquid extraction process of polyphenols, a prior removal
of the sugars by water extraction at room temperature is followed by several steps of
polyphenols solubilization'”*. As for the remaining polyphenol fraction in the low-sugar-
content carob pulp, it can be extracted using hot water, resulting in a water-soluble
polyphenol fraction. The solid-liquid extraction process can produce high volumes of a
diluted aqueous polyphenol extract that needs to be concentrated to reduce handling,
storage and transportation costs and to obtain a suitable polyphenol content for its further
uses. Concentration can be performed by several methods, such as evaporation, reverse
osmosis and forward (or direct) osmosis. Forward osmosis (FO) is a low-energy
membrane-based separation technology based on osmotic pressure difference between
two solutions'**!%, A draw solution (DS) with very high osmotic pressure circulates on
one side of a water permeable membrane and on the other side of the membrane circulates
a feed solution (FS) that has lower osmotic pressure. Under this configuration, water is
driven from the FS to the DS because of osmotic pressure difference. This method
prevents from applying high pressure to the solutions, since pressure is only required to
circulate the draw and feed solutions, and it can be operated at mild temperatures'”.
Therefore, FO is a non-thermal concentration technology very promising for the food
industry since it has a minimal impact on nutritional and organoleptic quality of the
products. FO can concentrate to higher soluble solids values than reverse osmosis, which
is usually limited to 22-23 °Brix'?” and it has a low irreversible fouling which decreases
the costs of membrane cleaning and replacement. Food applications of FO range from
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water desalination, fruit and vegetable juices concentration, including the enrichment of
natural antioxidants and colorants to protein concentration in fish by-products,
dewatering of whey in cheese manufacturing, concentration of acid whey from Greek
yoghurt and concentration of artificial sugar solutions'?%20",

To preserve the chemical stability of polyphenols in the concentrated extract, they
should be further stabilized by encapsulation in liquid or solid systems. Encapsulation in
water-in-oil-in-water (W1/O/W>) emulsions, where the water-continuous system (W»)
contains oil droplets that have smaller water droplets (W) dispersed within, has been
described as a successful system to protect and encapsulate sensitive hydrophilic
compounds, such as polyphenols'®292-24 W ,/O/W, emulsions involve the production of
a W1/O single emulsion and dispersion of the single emulsion in a W5 continuous phase.
Several emulsification techniques, such as high-pressure homogenization, rotor-stator
homogenization, ultrasonication, or membrane emulsification, are used to produce the
inner W1/O emulsion, although the secondary homogenization step is usually carried out
using lower energy intensity than the in the primary step so as not to break the initial
W1/0O emulsion?’’. Membrane emulsification, which uses low-shear stresses, has received
increasing attention for producing multiple emulsions.

Membrane/microporous emulsification is carried out by pressing the dispersed phase
into a continuous phase through the pores of a membrane or refining a coarse pre-
emulsion by pushing through the membrane pores®’. It is benefited by its low energy
input and the possibility to obtain narrow droplet size distribution compared to other
conventional process’’°. Dynamic membranes of tunable pore size (DMTS) (Figure 2.1),
consisting of a bed of silica beads supported by a nickel microporous membrane, exhibit
higher productivity than other membrane emulsification processes”’’, whilst maintaining
its other advantages, such as a reduction of the mechanical stress and low energy
consumption. Sodium chloride'** and beet root juice'*' were successfully encapsulated in
W1/O/W; emulsions produced with the DMTS system. The operation mode consists of
producing a coarse W{/O/W, emulsion which is forced to pass through the micro-
structured bed several times, decreasing the droplet size of the emulsion'*. During
emulsion refinement, release of the entrapped compound is unavoidable as a result of
droplet break-up. Therefore, operation conditions such as applied pressure, bed height,
interstitial void diameter and number of cycles must be adjusted to retain the entrapped
compound while reducing the droplet size distribution. Moreover, the imbalance of
osmotic pressure between inner and outer water phase in W1/O/W; emulsions is a primary
source of instability during storage”®.
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Even though W,/O/W; emulsions can protect the bioactive compounds, they have
poor stability during storage, and dosage of liquid systems is more difficult to control in
the production lines. Therefore, spray drying of the emulsions is a common strategy used
by the food industry to produce solid microcapsules. The spray drying process requires
the addition of wall-building materials, such as polysaccharides (e.g., maltodextrin),
proteins (e.g., whey protein), and gums (e.g., Arabic gum), that are water soluble. Several
authors have reported encapsulation of bioactive compounds by spray drying of W 1/O/W,

emulsions 149,163,165,1 ()(v‘

The objective of the study was to assess the use of membrane-based processes to
concentrate and encapsulate a carob polyphenol extract. Starting from a polyphenol
diluted solution from carob pulp obtained by water extraction, concentration was
performed using forward osmosis (FO) in a commercial pilot unit. The effect of
temperature on water flux and polyphenol concentration was studied. Moreover, to
increase the stability of the extracted polyphenols, encapsulation in liquid systems
(W1/O/W, emulsions) and solid microcapsules was assessed. W1/O/W; emulsions were
produced by DMTS, while solid microcapsules were obtained by spray drying the
Wi/O/W; emulsions. This study combines for the first-time concentration and
encapsulation of a polyphenol extract by membrane-based processes, showing the
potential of membrane technology to be implemented in bio-refinery of agri-food wastes.

2.2. Materials and Methods

2.2.1. Materials
Carob polyphenol extract, kindly provided by Unio Corporacio Alimentaria (Reus,
Spain), had a total polyphenol content (TPC) of 1.13 g GAE L' and 4.5 °Brix with sucrose,

glucose and fructose as main soluble solids'®7-20%-210

. The draw solution (DS) used during
FO was composed of potassium lactate 60 °Brix supplied by Ederna SAS (Toulouse,
France). P3-ultrasil 112 (ECOLAB, Finland) and acetic acid (96%, Panreac, Spain) were
used for cleaning and regeneration of FO membrane. As for preparation of emulsions,
sunflower oil (bought at local supermarket) with 4 wt% polyglycerol polyricinoleate
(PGPR, ref-4120 Palsgaard, Denmark) was the oil phase. Whey protein isolate (WPI)
with a reported protein content of 98.1% on dry basis (BiPRO, lot no. JE 034-7-440-6,
Davisco Foods International. Inc., Le Sueur, MN) was used as a hydrophilic emulsifier
in W phase at a concentration of 1 wt%. In order to balance the osmotic pressure of two
aqueous phases (W and W), either NaCl (Panreac, Spain) or trehalose (Sosa Ingredients
S.L., Spain) was added in the W> phase as bulk agent. Sodium azide 0.02% (w/w) (Sigma-
Aldrich, USA) was added to prevent bacterial growth. Food grade maltodextrin (lot no.
219425, MD, Pral, Barcelona) with a dextrose equivalent of 16.5-19.5 was added to the
W1/O/W> emulsions as wall-building material for the microcapsules produced by spray
drying. Sodium carbonate (Panreac, Spain), gallic acid monohydrate (Panreac, Spain) and
Folin-Ciocalteau’s reagent (Panreac, Spain) were used for total polyphenol content (TPC)
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quantification. Sodium hydroxide, (Fisher Scientific, UK) and ethanol (96%, Scharlab
S.L., Spain) were used to clean the DMTS system, that consists of a bed of silica beads
(Unicorn Industrial Cleaning Solutions, the Netherlands) supported by a nickel micro-
sieve (Stork Verco, Erbeek, the Netherlands).

2.2.2. Forward osmosis concentration

Concentration of carob polyphenol extract (PE) was carried out with FO pilot unit
(EvapEOs® - Micro pilot unit) provided by Ederna SAS (Toulouse, France). The unit
(Figure 2.1) was equipped with a cellulose triacetate membrane module that contains a
spiral wound membrane of 0.5 m?, a feed solution (FS) reservoir, a draw solution (DS)
reservoir and pumps for both solutions. The pressure inside the membrane module was
controlled below 0.7 bar. A water bath was connected aside in order to control the
temperature of the feed solution under 40 °C (maximum operating temperature of the
membrane). For all experiments, 1 L of DS (osmotic agent) was placed initially and the
transmembrane water flux (Jro) was measured every 30 min by measuring the time
consumed to filtrate a fixed amount of FS and calculated with equation (2.1),

m

= —PfAm o eq (2.1)

Jro
where the m is the mass of FS added in kg; py is the density of FS in kg L'!; A,,, is the
surface area of membrane in m?; At is the time duration of the process.

When the flux dropped below 4 Lm2h!, 1 L fresh osmotic agent replaced the diluted
osmotic agent to continue the process. PE was firstly concentrated to obtain polyphenol
concentrate (PC) at different feed temperatures (25, 35 and 40 °C); several batches of PC
were collected to continue the concentration process at 35°C to obtain a polyphenol re-
concentrate (PR). The process parameters and initial and final polyphenol and sugar
content during FO experiments are summarized in Table 2.1. The FO yield was obtained
using equation (2.2).

Yieldry [%] = =222EE€ %100 eq (2.2)

MpolyPE

Where My, pc i the amount of polyphenols in the concentrated extract and
Mpoiypg 18 the amount of polyphenol in the initial extract.

47



UNIVERSITAT ROVIRA I VIRGILI

PRODUCTION WITH

EMULSION-BASED ENCAPSULATION SYSTEMS STABILIZED WITH INSECT PROTEINS:

PREMIX MICROPOROUS EMULSIFICATION

Junjing Wang

ST 811 L' 1Fh°81 1'0FC’8 1'0F6°0 8T ¢ Ad od UONJBIIUIU0I-Y
8°0FC'S ot

811 Sy v IT6'8 ['0FI'1 T0F6'0 $0F¥86  SE Od ad UOIJBIIUadU0))
9'1FC'9 ST

(reuy)  (fentur)

Xug,  Xugo ; 3 i 3 .

G m__m<w ) G m_,wé ) (D (D (Do) Jonpoig -

U 1 R q 1 fenut A fenut A L

JU9IUOD 1e3Ng

"UOIIBIIUSOUOD-2] PUE UONBNUIU0I O, Sulmp uonisodwod [euly pue [elIul pue suonIpuod suneiadQ 1°Z 9[qel

48



UNIVERSITAT

EMULSION-BAS
PREMIX MICRO
Junjing Wang

ROVIRA I VIRGILI
ED ENCAPSULATION SYSTEMS STABILIZED WITH INSECT PROTEINS: PRODUCTION WITH
POROUS EMULSIFICATION

Experiments were run at least in duplicate. Cleaning of the membrane was carried
out after each FO concentration process following the manufacturer’s indications with
4%(v/v) ultrasil (pH 14) and acetic acid solution (pH 2). The water flux was measured
after cleaning to ensure a minimum water flux value of 10 Lm~2h! before reusing the
membrane.

2.2.3 Production of W1/0O/W, emulsions using DMTS
Production of coarse W1/O/W; emulsions

Composition of double emulsions is presented in Table 2.2. Initially, W1/O emulsion
consisting of 15 g of Wy, carob polyphenol re-concentrate (PR), and 35 g sunflower oil
with 1.4 g PGPR dissolved (4 wt%) (O) were homogenized (Ultraturrax, IKA® T18
Digital, Germany) at 11000 rpm for 5 min (Figure 2.1). Then, 40 g of W/O was added
to 160 g of W, and mixed with a magnetic stirrer at 1600 rpm for 5 min. The high
osmolality of Wy, resulting from the high sugar and polyphenol concentration in PR, was
balanced by adding NaCl (3.15 wt%) or trehalose (28.2 wt%) as bulk agent in W3 to
prevent emulsion instability’'!. Additionally, W, contained 1 wt% of whey protein isolate
(WPI) as hydrophilic emulsifier. Osmolality of the carob polyphenol re-concentrate
solution and the W, aqueous phase having different compositions (Table 2.2) was
measured using vapor pressure osmometer (K-7000, KNAUER, Germany) at 39 °C.
Calibration of the equipment was done with NaCl solution of 400 mOsmol kg™'.

Table 2.2. Composition of W1/O/W; emulsions and osmolality of the two aqueous phases.

Osmolality
Fraction = Phase = Composition Bulk agent
(mOsmol/L)
6 wt % Wi PR - 120042
4wt% O 4 wt% PGPR -- --
1) none 40
80 wt% W2 1wt% WPI ii) 3.15 wt% NaCl 1055+1
iii) 28.2 wt% trehalose 1107+1

Refinement of W1/O/W; emulsions by DMTS

The setup of DMTS system is shown in Figure 2.1. Freshly prepared coarse emulsion
was placed into the vessel of DMTS system, and it was forced to pass through the dynamic
membrane consisting of a layer (4.35 mm height) of silica microbeads (101 um diameter
and 0.66 span) supported by a nickel microsieve of rectangular pores 300 um x 25 pm
(Iength x width) to refine the emulsions at 200 kPa by applying nitrogen gas (named as
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emulsification cycle 1). A digital balance coupled with a laptop was placed under the
recipient in order to record the collected mass during the emulsification. The emulsion
was further refined by passing through the DMTS system the second time (cycle 2). The
interstitial void diameter (d,) of the channels formed by the dynamic membrane made of
silica microbeads was 59.3 um, calculated according to the equation (2.3),

4¢
d, = T eq (2.3)

where dy, is the bead diameter (101pm) and € is the bed porosity (0.47), which can be
calculated by equation (2.4),

e=1-12 eq (2.4)
Pp
where pj, and p,, are the densities of silica beads measured in the bulk (1301 kg m~) and
in the air (2446 kg m™) respectively.

Transmembrane flux, /s, during each emulsification cycle in the DMTS system
can be calculated using equation (2.5),

¢
Jomrs = oA eq (2.5)

where ¢ is the mass flow rate acquired by data recorded with the electronic balance, p,
is the emulsion density, A is the effective surface area of the DMTS.

The nickel sieve and silica beads were reused once they were cleaned and dried. The
cleaning protocol for the nickel sieve was as described by Kaade et al.”'>. Briefly, the
sieve was sonicated in the 4M NaOH solution bath for 5 min followed by rinsing under
sonication in deionized water for 5 min with one replication. Silica beads were cleaned
using soap and ethanol to remove the oil and dried in the oven at 100 °C.

In order to measure the polyphenol encapsulation efficiency in the emulsions, they
were centrifuged for 10 min at 3000 rpm. Then, the W phase was collected and analyzed
as described in section 2.2.5 for total polyphenol content. The mass of polyphenols that
remained encapsulated in W was expressed as polyphenols encapsulation efficiency (EE)

202

using equation (2.6)*"%,

0 n 0 0
Moty ~Cootyyy. (M, +miy,)
Lt CV,ZZ ——= %100 eq (2.6)

polyw, "MW1

EE[%] =

0 _
Mpolyw,
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where m? is the initial polyphenol mass in the inner water phase (W1), Cp, is

polyw, olyw, !

the concentration of polyphenols in the outer water phase (W>), m9V1 is the initial mass of

the inner water phase, and ml(,)l,2 is the initial mass of the outer water phase.

2.2.4 Production of solid microcapsules by spray drying

Solid microcapsules from the W1/O/W refined emulsions were obtained by spray
drying. Freshly prepared W/O/W, emulsions (cycle 1) were mixed with MD by adjusting
oil to solids ratio (WPI, trehalose and MD) to 1:3 (w/w), followed by spray drying using
a Biichi Mini Spray dryer B-290 (Flawil Switzerland) setting the inlet temperature at 170
°C, the outlet temperature was controlled at 100 °C, nozzle pressure of 4.5 bar, the feed
flow rate of 4 mLmin' and aspiration rate of 100% (35 m>h™!). Spray drying yield was
calculated using equation (2.7),

Yieldsy[%)] = ——<apsules 5100 eq (2.7)

Minlet solids

where M qpsyies 18 the amount of spray dried powders obtained, and My et sorias 15 the
amount of solid compounds (trehalose, whey protein and maltodextrin) at the inlet of
spray dryer.

2.2.5 Methods of analysis and characterization
Polyphenol assay

The polyphenol concentration in the initial extracts, in samples taken during forward
osmosis concentration, and in the final products (PC and PR) was analyzed based on
Folin-Ciocalteau colorimetric method?'?. Briefly, 100 uL of diluted sample and 100 uL
of Folin reagent were mixed with 2 mL of sodium carbonate solution (75 gL!) and 2.8
mL of deionized water. After 1 h of incubation at room temperature in the dark,
absorbance was measured at 750 nm by a UV-Vis spectrophotometer (Hach Lange
DR5000, Hach Lange SLU, Spain). Calibration curve was made by taking gallic acid as
standard, and the results were expressed as gram gallic acid equivalent per liter (¢GAE
LY.

Measurement of sugar content

The sugar content in PE, PC and PR were measured by refractometry (WAY-1S,
Zuzi, Auxilab S.L., Spain). The results were given as Brix degrees (°Brix). Each sample
was measured in triplicate.

Droplet size and distribution
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Droplet size distribution of W{/O/W, emulsions was measured after every
emulsification cycle by laser diffraction using Mastersizer 2000 (Malvern Instruments).
Sodium chloride solution (3.15 wt%), was used as the continuous phase in Mastersizer
Hydro 2000G accessory in order to disperse the emulsion in a solution with similar
osmotic pressure. Mean droplet size and droplet size distribution can be calculated, which
were expressed as Sauter mean diameter ds» (equation 2.8) and the relative span factor
(equation 2.9), respectively.

n;D}
dig =58 eq (2.8)

Where n; is the number of droplets, and D; is the diameter of the i droplet.

§ = 2010 eq (2.9)
dso

d, is the droplet diameter corresponding to x% volume on a cumulative droplet size
distribution curve.

Morphology of solid microcapsules

Outer and inner morphology of the capsules was observed through FEI Quanta 600
Environmental scanning electron microscope (ESEM). Accelerating voltage was set to
20 kV. Rehydrated emulsion capsules in 3.15 wt% NaCl solution was observed under the
optical microscope (Leica DM 2500) at 1000x.

Moisture content of solid microcapsules

Moisture content of solid capsules was measured by titration method using Karl
Ficsher (TitroMatic 1S, Crison Intruments S.A., Spain) using solvent and titrant for Karl
Fischer (Aquametric, Panreac Spain). Calibration was done using a water standard
(HydranalO- Water Standard 10.0, Fluka) and the results were expressed as mass per 100
g of powder (wet basis). Measurements were done in triplicate.

2.3. Results and discussion

2.3.1. Forward osmosis concentration: effect of temperature on water flux
and concentration

Forward osmosis experiments were carried out using a carob polyphenol extract and
a food grade osmotic agent as feed solution (FS) and draw solution (DS), respectively.
The effect of feed temperature, 25 °C, 35 °C and 40 °C, on the transmembrane flux (Jro)
and polyphenol concentration is shown in Figure 2.2.
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Regardless the initial concentration of the carob polyphenol extract (PE) (Table 2.1),
a high reproducibility and the same trend on transmembrane flux reduction can be
observed from the seven experiments conducted at 35 °C (Figure 2.2-a). For clarity
purposes, from this point on the results of FO will be shown as average values without
the error bars. Figure 2.2-b shows that the overall processing time required for
concentrating decreased by increasing the FS temperature. This was mainly attributed to
the decrease of FS viscosity as temperature increases, which enhanced the mass transfer
coefficient and, in turn, the water flux through the membrane”!4->!°
during the concentration at 25 °C (at around 130 min) in Figure 2.2-b (point A) was due
to the replacement of the diluted DS by new osmotic agent to recover the flux which had
dropped below 4 Lmh!. Despite the replacement of the DS in the FO system, there was
only a slight increase in the water flux on account of (1) the fouling of the membrane,
since the FO system had been running for more than 2 h, and (2) by the increase in the

. The rise of water flux

polyphenol/sugar concentration of the FS. When the replacement of the DS was
accompanied by the use of a clean membrane, as can be seen for the FO concentration at
35 °C (Figure 2.2-b, point B), water flux reached the same value as the one obtained after
the initial 40 minutes of concentration. This is a clear indication that both membrane
fouling and water activity gradient between FS and DS are key parameters controlling
water flux.
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Figure 2. Effect of feed solution temperature on FO performance: (a) progress of water
flux at 35 °C for 7 runs; (b) normalized flux (Jpo_¢/Jro, =o) to obtain PC at 25 °C, 35 °C
and 40 °C; (c) normalized TPC (C/Cy) in the feed solution. Arrow A is pointing the
replacement of DS during FO, and arrow B indicates both the use of a clean membrane
and new DS to continue concentration process.
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The increase rate of polyphenol content (Figure 2.2-¢) in PC showed no difference
within the first hour at different FS temperature. From this point on, the increase rate was
directly related to temperature. This is in agreement with higher water fluxes across the
membrane obtained when the temperature of the FS increased, being an effective way in
FO to accelerate the concentration process. As for obtaining the PR (FO of several PC
batches) at 35 °C, the use of a clean membrane and new DS resulted in high water fluxes
and consequently a fast increase in the polyphenol content. Significant loss of
polyphenols during FO experiments was observed from the calculated yields (Figure 2.2-
¢). This loss could be caused either by polyphenols retention in the membrane or by their
pass from the FS to the DS. The noticeable color change in DS was a clear indication that
some phenolic compounds had diffused through the membrane. The higher yield of FO
at 40 °C could be linked to a shorter operation time. In this study, 18-fold increase of
carob polyphenol content (1.1 gL' to 18.4 gL') was achieved by 3.3h of FO
concentration at 35 °C. It has shown a higher efficiency compared to studies concentrating
anthocyanins from red radish’'’, red cabbage”'® and grape”'’ extracts. In these studies,
they reported 6.8 to 14-fold increase in anthocyanin contents (from 0.22 gL' to 8.19 gL-
1 during 11 to 24 hours of FO concentration at temperatures ranging from 25 °C to 60 °C.
Moreover, Nayak and Rastogi’!” achieved 54-fold increase in anthocyanin content (0.05
gL to 2.69 gL' concentrating a kokum extract during 18 hours at 25 °C. In the present
case, the concentration process was fast at mild temperature conditions also because of
the large membrane area (0.5 m?) of the pilot FO unit.

On the other hand, the fouling of the FO membrane must be considered. Even though
high temperatures may trigger the increase of total polyphenol content by structural
changes such as disruption, polymerization and re-synthesis of phenolic compounds?'?,
studies on reverse osmosis have shown that there was no difference in polyphenol
concentration and antioxidant properties at temperatures between 20 °C and 40 °C**,
Moreover, Kim et al.??! pointed out that FO membrane was less fouled with increasing
the FS temperature due to the enhanced back diffusion of organic compounds from
membrane surface, what would explain the higher polyphenol yield obtained at 40 °C.
Despite these results, experiments to obtain PR extracts were run at 35 °C, because the
maximum operating temperature of the membrane is 40 °C being not advisable for long-
running processes.

2.3.2. Encapsulation of polyphenols in W1/0O/W, double emulsions

For producing Wi/O/W, emulsions able to entrap the carob polyphenol re-
concentrate in W, the formulation of the several phases had to be set up. In this kind of
systems, the internal (W; in O) and external interfaces (Wi/O in W) require to be
stabilized by surface active compounds. In this case, PGPR and WPI were used as
lipophilic and hydrophilic emulsifiers, respectively'#!'44202.211 - Another important factor
to maintain W1/O/W, emulsions stable is to prevent any significant imbalance of the

osmotic pressure between W1 and W5, that could induce any mass transport between the
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two water phases. This phenomenon, facilitated by the inverse micelles formed by the
lipophilic emulsifier, can end up in the transformation of W1/O/W> in a single emulsion
or, further on, in phase separation.

In the current scenario, W phase, consisting of carob re-concentrate, exhibited an
osmolality of 1200 mOsmol kg*! which can be explained by its high solid soluble content
which were mainly sugars (24.5 °Brix). The water extraction process produced a
polyphenol extract containing sugars (4.5 °Brix) that was also concentrated during FO
and possibly as well as low amount of soluble fibers such as pectin'®’?*’, On account of
the huge difference (1160 mOsmol kg') of the osmolalities between the W, and W»
phases (no bulk agent added) (Table 2.2), water from W, phase can diffuse quickly to W,
phase which leads to the swelling of the inner water droplets (W) and eventually they
burst and release the compounds to W» phase. This phenomenon was observed in the pre-
trial of W1/O/W> emulsions formulated without bulk agent in W» phase, which resulted
in a polyphenol EE of 35% and 30% after first and second emulsification cycle,
respectively in the DMTS system.

211

As reviewed by Muschiolik and Dickinson®'', salt and sugars are most commonly
used bulk agents added in the external aqueous phase in order to counter with the
imbalance of osmotic pressure difference between two aqueous phases. Therefore, to
balance the osmotic pressure of W;, NaCl and trehalose were added to W» to attain a
concentration of 3.15 wt% and 28.2 wt%, respectively, leading to the osmolalities
reported in Table 2.2, balancing the osmotic gradient. Osmolality in W, phase was
adjusted a little less than W, phase referring to the study by Pawlik et al.’*’, whom
observed lowest release of Wi fraction when the W, phase was less than required for
equilibrating the osmotic pressures.

The droplet size distribution of the coarse and refined emulsions (cycle 1 and 2) were
measured right after emulsification. Figure 2.3 shows ds» evolution during DMTS
emulsification which sustains the feasibility of using this emulsification system to refine
W1/O/W; emulsions. As expected, a significant droplet reduction occurs during the first
emulsification cycle followed by a minor decrease during the second emulsification cycle.
After the first cycle, the span value was on the range of 0.8 to 0.9 which is an indication
that the emulsions are in narrow size distribution. It is important to note that no significant
effect of W, composition was observed on the droplet size distribution during DMTS
emulsification.
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Figure 3. Results of W1/O/W2 coarse emulsion and refined emulsions formulated by
adding NaCl or trehalose as bulk agent in W2: (a)(b) sauter mean diameter (d3,2) and
span (8) of W1/O/W2 as a function of emulsification cycle with error bars representing
standard deviation (n=18); (c)(d) droplet size distribution of W1/O/W2 as a function of
emulsification cycle; (e)(f) optical microscope images of coarse W1/O/W2 emulsions;
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(g)(h) optical microscope images of W1/0O/W2 emulsions after 2 cycles of emulsification
in DMTS. Lines are guides to the eyes.

Regarding encapsulation efficiency (EE), a reduction with each emulsification cycle
was observed (Table 2.3). Apparently, the release of the inner encapsulate was caused by
droplet breakup during emulsification. Part of the inner aqueous fraction was released to
W2 phase when droplets were broken up in the microchannels of the DMTS system. These
results agree with previous findings encapsulating anthocyanin in W1/O/W, by SPG
membrane’”” and during encapsulation of concentrated beet root juice with a DMTS
system'!. In the present study, the composition of W, seems to influence the EE,
obtaining values of 87.0 = 0.2 % and 77.4 + 0.4 % after two emulsification cycles for
NaCl and trehalose, respectively. Moreover, the W{/O/W, emulsions maintained the EE
above 50% for 14 days, with minor changes in ds» (£1 um) and span (£ 0.1). This
behavior agrees with previous results from Pawlik et al.’>? for the physical stability of
W1/0/W> emulsions over 60 days with minor droplet size increase and 30% reduction of
EE.

Table 2.3. Progress of droplet size, encapsulation efficiency and transmembrane flux of
W1/O/W> emulsions prepared with NaCl and trehalose in W, before and after each
emulsification cycle.

Wa: NaCl Wo: trehalose
Flux Flux
d3,2 (um) (m3m‘2h‘1) EE (%) d3,2 (um) (m3m‘2h‘1) EE (%)
Coarse 54.7t4.4 - 95.2+1.0 40.6£2.3 -- 92.7+6.3

Cyclel 22.4+04 13594249 87.3+0.7 21.3£0.1  148.248.6  79.4+0.1
Cycle2 20.0+0.2 163.8+18.4 87.0+0.2 18.8+0.2 120.4+19.9 77.4+0.4

Considering the implementation of emulsification technology at industrial scale,
both the emulsion properties (droplet size distribution and EE) and productivity are of
importance. The results show that DMTS emulsification allows to produce monomodal
and narrow droplet size distribution W1/O/W; emulsions with high EE (Table 2.3). As the
flux during the process can be the indicator of productivity, results showed that the fluxes
obtained at 250 kPa are well above 100 m*m~h!. These flux values are slightly higher or
similar to the ones reported for W1/O/W, emulsification at lower pressures using SPG
membranes’>*??°. Moreover, they were 30 times higher than the ones reported for a
similar emulsification system to encapsulate concentrated beetroot juice in W1/O/W>
emulsions, which had flux of 5 m*m~h! at second cycle'*, and in the range (100-800
m’m~2h") reported by Sahin et al. '** for the encapsulation of NaCl in W1/O/W; emulsions
at pressure range of 200 kPa to 600 kPa and silica beads size of 30 to 90 pm.

It seems that the composition of the W phase affects the flux progress during
emulsification. For the W/O/W, emulsions produced with trehalose in the W» phase, the
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flux slightly decreases during emulsification, possibly due to the accumulation of droplets
in or before the micro-structured silica bed. However, when NaCl was used to balance
the osmotic pressure in the W1/O/W, emulsions, the flux slightly increased from cycle 1
to cycle 2. This trend has already been reported during the production of O/W emulsions
by membrane emulsification which is attributed to both the lack of fouling and the
endpoint of droplet breakup, that enables to use all the energy (pressure applied) in
flowing the emulsion through the system'**?>’. The difference in viscosity of the W»
phase when it contains NaCl or trehalose is thought to be responsible of the different
behavior in flux progress, even though there was no effect on droplet breakup with a
minor impact in the EE.

2.3.3. Solid microcapsules production by spray drying

Although W/O/W, emulsions are suitable systems to encapsulate and protect the
carob polyphenols, solid microcapsules can extend the shelf-life of the product and
facilitate its dosage for industrial applications. Spray drying has been selected to turn the
emulsions into solid microcapsules, following the methodology described in section 2.2.2.
Refined W1/O/W, emulsions by DMTS after cycle 1 were selected for spray drying since
the main droplet size reduction happened during the first emulsification cycle, as
explained in the section 2.3.2 (Figure 2.3). From the two different formulations, only the
ones with trehalose in the W, phase have been dried. This is mainly because the use of a
3% NaCl solution as outer water phase, even though balances the osmotic pressure and
leads to high fluxes during emulsification, will affect the taste of the product. Besides,
the emulsion with trehalose in W requires addition of lower amounts of wall-building
materials such as maltodextrin.

In the selection process for a sugar to balance the osmotic pressure, due attention
was paid to the glass transition temperature (T;) of several edible sugars. Materials with
high T, are easy to dry, whereas those with low T are impossible to dry since they remain
in the fluid state under normal drying conditions. Trehalose with a Tgof 115°C is a much
more suitable sugar than glucose (T=30 °C) and sucrose (T,=60 °C)***. By adjusting the
inlet and outlet temperatures at 170 and 100 °C, respectively, solid microcapsules were
produced. The yield of the drying process (calculated using equation 8) was 32.7 + 1.3 %
and the moisture content of the microcapsules 3.9 + 0.5 wt %. A freshly prepared
W1/O/W> emulsion was analyzed by an optical microscope at 1000x magnification before
spray drying (Figure 2.4-a). The inner aqueous droplets containing the carob polyphenols
entrapped by big oil droplets can be clearly seen from the figure. Once dried, the
morphology of the solid microcapsules was analyzed by ESEM. As can be seen in Figure
2.5, spray dried capsules are spherical with smooth surface that is related to a rapid drying
velocity. The similar inner surface of the capsules can be noticed by breaking them
(Figure 2.5-c). The structure of W/O/W, emulsions was partially recovered after
rehydration of the solid microcapsules, as can be seen in Figure 2.4-b. This figure shows
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Wi droplets within large oil droplets, as well as small oil droplets, suggesting that some
entrapped polyphenols in the inner water phase were released.
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Figure 2.4. Microscopic images of W1/O/W» emulsions with 28.2 wt% trehalose in the
external aqueous phase after one cycle of emulsification in DMTS: (a) freshly prepared
and (b) rehydration of W1/O/W, spray dried capsules.
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Figure 2.5. ESEM images of spray dried W1/O/W2 emulsion capsules: (a) at
magnification of 1000x; (b) at magnification of 5000x and (c) after mechanical break.

2.4. Conclusions

Forward osmosis is a suitable method to concentrate bioactive compounds such as
polyphenols extracted from carob pulp. The highest feed solution temperature was more
effective in terms of process time and polyphenol yield due to the increase in mass transfer
coefficient. To protect the polyphenols obtained after FO, encapsulation in W{/O/W;
emulsions was proven feasible using a low energy-high throughput emulsification system
(DMTS), based on a microporous bed of silica beads. Regardless of the bulk agent (NaCl
or trehalose) used to balance the osmotic pressure, encapsulation efficiency was between
77 and 87%, and emulsions showed a narrow droplet size distribution. In terms of
productivity, the fluxes were significantly higher than the ones reported for different
applications using DMTS. To extend the shelf-life of the encapsulated polyphenols, solid
microcapsules were successfully produced by spray dying W;/O/W> emulsions
containing a mixture of trehalose and maltodextrin as a wall material. After rehydrating
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the solid microcapsules, the structure of the W/O/W> emulsion was partially recovered.
The results of this study show the potential of combining membrane-based processes to
concentrate and encapsulate bioactive compounds as a strategy to valorize agri-food by-
products under mild process conditions.
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Chapter 3

Black Soldier Fly (Hermetia illucens) Protein Concentrates
as a Sustainable Source to Stabilize O/W Emulsions
Produced by a Low-Energy High-Throughput
Emulsification Technology

Abstract

There is a pressing need to extend the knowledge on the properties of insect protein
fractions to boost their use in the food industry. In this study several techno-functional
properties of a black soldier fly (Hermetia illucens) protein concentrate (BSFPC)
obtained by solubilization and precipitation at pH 4.0-4.3 were investigated and
compared with whey protein isolate (WPI), a conventional dairy protein used to stabilize
food emulsions. The extraction method applied resulted in a BSFPC with a protein
content of 62.44% (Kp factor 5.36) that exhibited comparable or higher values of
emulsifying activity and foamability than WPI for the same concentrations, hence,
showing the potential for emulsion and foam stabilization. As for the emulsifying
properties, the BSFPC (1% and 2%) showed the capacity to stabilize sunflower and lemon
oil-in-water emulsions (20%, 30%, and 40% oil fraction) produced by dynamic
membranes of tunable pore size (DMTYS). It was proved that BSFPC stabilizes sunflower
oil-in-water emulsions similarly to WPIL, but with a slightly wider droplet size distribution.
As for time stability of the sunflower oil emulsions at 25 °C, it was seen that droplet size
distribution was maintained for 1% WPI and 2% BSFPC, while for 1% BSFPC there was
a slight increase. For lemon oil emulsions, BSFPC showed better emulsifying
performance than WPI, which required to be prepared with a pH 7 buffer for lemon oil
fractions of 40%, to balance the decrease in the pH caused by the lemon oil water soluble
components. The stability of the emulsions was improved when maintained under
refrigeration (4 °C) for both BSFPC and WPI. The results of this work point out the
feasibility of using BSFPC to stabilize O/W emulsions using a low energy system.

This chapter has been published as:

Wang, J., Jousse, M., Jayakumar, J., Fernandez-Arteaga, A., de Lamo-Castellvi, S.,
Ferrando, M., & Giiell, C. (2021). Black Soldier Fly (Hermetia illucens) Protein
Concentrates as a Sustainable Source to Stabilize O/W Emulsions Produced by a Low-
Energy High-Throughput Emulsification Technology. Foods, 10(5), 1048.
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3.1 Introduction

The Food and Agriculture Organization (FAO) of the United Nations reports that the
global population is likely to grow up to nine billion by 2050°7*?” inducing a dramatic
increase of food demand. There is a general agreement that the conventional protein
sources will not be able to provide the approximately 260 million tons of proteins required
by 2050, hence, there is a need to explore alternative protein sources that are both
sustainable and possess high nutritional value. Beans and legumes containing high protein
content (e.g., beans 23.5%, lentils 36.7%, and soybean 41.1% in dry matter) involved in
the human diet since ancient times can be a good alternative, and soy is nowadays the
most valuable protein source for feed; however, to rely solely on plant proteins to fill the
expected protein gap puts huge pressure on the already pressured agricultural fields and
raises serious environmental concerns’®!!7:230-233,

Among the alternative protein sources, edible insects have drawn great attention in
recent decades and FAO has claimed that edible insects are a good source of protein for
dietary purposes”. Even though entomophagy, eating insects as foods, is being practiced
by more than two billion people worldwide, most western developed countries have
serious objections to consuming edible insects as a result of distaste and disgust about
their nature and appearance”'9%2**, Some studies showed that insect consumption was
more acceptable in a masked way or when it was invisible in the food'%>!°*!1%5| which
encouraged the integration of edible insects as milled powders and/or pastes in food
products, as well as using their different functional fractions such as proteins, fatty acids,
and chitin®®8285.235 Moreover, in January 2021, the EFSA Panel on nutrition has adopted
a scientific opinion on the safety of yellow mealworm as a novel food pursuant to
Regulation (EU) 2015/2283.

There are several applications of insect functional fractions, from a recent study on
the production of nano-emulsions from insect oils with potential application as
drug/bioactive delivery systems>® to other studies that explore the antimicrobial activity
of peptides purified from insect proteins !. There are several studies testing protocols for
extracting/purifying the protein fraction from crude insect meal for black soldier fly
(Hermetia illucens), mealworm (Tenebrio militor), grasshopper (Schistocerca gregaria),
honey bee (d4pis mellifera), locust (Locusta migratoria), and cricket (Gryllodes
sigillatus)®>-%7680.8285 " Their procedures were based on the solubilization of protein in
aqueous solution by adjusting pH values. Most of the studies on protein
extraction/purification explore the potential functionality of the protein fractions. Gould
and Wolf*?> used T. molitor protein as an emulsifier to stabilize sunflower oil-in-water
emulsions produced by mechanical stirring; they obtained stable emulsions with droplet
size smaller than emulsions stabilized with whey protein. Mishyna et al.®® concluded that
both S. gregaria and A. mellifera protein extracts have an emulsifying capacity
comparable to whey protein; however, the insect source leads to some differences in the
stability of the emulsions. Insect protein fractions have also been investigated with
promising results as an ingredient in food formulations to replace meat in sausages”’’ and
meat batters”*®, Therefore, insect proteins, besides being used as a protein source, have
the potential to be used in food and feed formulations to replace conventional proteins
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(such as dairy proteins) as gelling and emulsifying agents. This potential and the
variations in the properties depending on the insect species and the development stage
deserve more research studies to better understand their techno-functional properties,
which will be highly relevant for food/feed industry regarding the preparation, processing,
and storage of their edible insect food products.

Black soldier fly (Hermetia illucens) is a true fly belonging to the family
Stratiomyidae, whose larvae contain 42% crude protein and 29% fat on average in the dry
matter>*’. Although the protein content in black soldier fly (BSF) larvae is lower than in
insects from the orthoptera species such as adult locusts, grasshoppers, and crickets which
were reported to have up to 77% protein content in the dry matter’*’, the advantage of
BSF is the survival rate and the efficiency of converting organic materials into their own
biomass®*!>*?. Promising data on techno-functional properties of BSF protein fractions
has been reported by BuBler et al.*>, while Caligliani et al.”*> presented a systematic
approach for BSF meal fractionation, and suggested the use of enzymatic treatment to
tailor the properties of the protein fractions. Even though the data regarding the
emulsifying activity of BSF protein extracts is scarce, its potential to replace conventional
dairy proteins, such as whey protein, in food/feed formulations is worthy to study.

As for the emulsification process, membrane emulsification is a widely used
technique with advantages such as reduced mechanical stress, low energy consumption,
and uniform droplet formation'*’. One of the reported drawbacks of membrane
emulsification is the low productivity, which can prevent widespread application in the
industry. Dynamic membranes of tunable pore size (DMTS) have been applied to produce
lemon oil emulsions'*® and double emulsions encapsulating pigments'#! in premix mode,
that is, producing a coarse emulsion which is then refined by passing through the
microstructured system. The DMTS system consists of a layer of glass microbeads
supported by a nickel microsieve placed on the bottom of the membrane module. Because
of this configuration, the DMTS system is easy to clean and re-use, and most importantly,
requires low-energy input and yields high fluxes, showing its potential as a sustainable
emulsification technology for industrial applications. This emulsification system has
already been proved successful to produce sunflower oil-in-water emulsions stabilized
with legume proteins'*?, but it has never been tested for insect proteins.

This research aimed to assess the potential of black soldier protein extracts to
stabilize O/W emulsions produced by a low-energy high-throughput emulsification
technology. To achieve this goal, first, a protocol for protein extraction was implemented
to obtain BSF protein concentrate (BSFPC), second, relevant techno-functional properties
(solubility, foaming capacity and foam stability, emulsifying activity, water/oil binding
capacity, and interfacial tension) of BSFPC were obtained and compared to whey protein
isolate, and third, sunflower and lemon oil emulsions were produced by the DMTS system
and compared with whey protein. This study provides relevant data towards the use of
more sustainable protein sources and technologies in food production.
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3.2. Materials and Methods

3.2.1. Materials

Partially defatted black soldier fly powder (BSF powder) was kindly provided by
Hexafly (County Meath, Ireland). Sodium hydroxide pellets (NaOH, Chem-Lab NV,
Zedelgem, Belgium) and hydrochloric acid (37-38% HCI, J.T. Baker, Griesheim,
Germany) were used for BSF protein extraction. Hexane (>99%, Sigma-Aldrich, Poznan,
Poland) was used for removing lipid fraction. The BCA (bicinchoninic acid) assay kit
(Pierce Biotechnology, Thermo Scientific, Rockford, IL, USA) was used for protein
quantification giving the results in bovine serum albumin (BSA) equivalent value. Note
that BSF concentrations that are BSA eq % are given hereinafter as % for simplicity.
Phosphate buffer (pH 7) was prepared using sodium phosphate dibasic heptahydrate
(HNa,O4P7H20, ACROS, Barcelona, Spain) and sodium phosphate monobasic
monohydrate (H,NaO4PH20, ACROS, Barcelona, Spain). Acetic buffers (pH 3 and 5)
were prepared with sodium acetate (Sigma-Aldrich, USA) and acetic acid (96%, Panreac,
Barcelona, Spain). Buffers for pH 9 and 11 were prepared by sodium hydroxide (Chem-
lab, Zedelgem, Belgium) and sodium tetraborate (ACROS, Spain). Whey protein isolate
(WPI) was purchased from Davisco Foods International, Inc. (97.6%, Lot.JE151-4-420,
Eden Prairie, MN, USA). Sunflower oil used as the oil phase for the O/W emulsions was
purchased from a local supermarket (Borges S.A., Tarragona, Spain) and lemon oil
(24L120 Limén Aroma) was ordered from Dallant S.A., Barcelona, Spain.

3.2.2. Protein Extraction

The protein extraction process was based on Zhao et al.”* with some modifications.
A total of 30 g of BSF powder was mixed with 150 mL of 0.25 M NaOH solution and the
mixture was heated to 40 °C for one hour with constant agitation at 400 rpm on a magnetic
stirrer (RCT ST, IKA, Staufen, Germany). The mixture was centrifuged (Meditronic
7000599, J.P. SELECTA, Barcelona, Spain) at 4490 rpm for 15 min and the lipid fraction
on the top was carefully separated by pipets. The pellet was reserved for further extraction
(twice more), while the pH of the supernatant was adjusted to 4.0-4.3 by adding 37%
HCIl and 1N HCI successively, followed by centrifugation (3750 rpm, 15 min) to obtain
the precipitated proteins. After the centrifugation, the precipitated proteins were collected
in plastic petri dishes and were kept at =60 °C until freeze drying. The precipitated
proteins were freeze-dried (LYOQUEST-85 PLUS, Telstar, Barcelona, Spain) for 24 h at
0.2 mbar with the plates heated to 20 °C. Freeze-dried samples were combined, ground,
and defatted. Defatting was carried out by stirring 50 g of freeze-dried powder and 250
mL of hexane for one hour, after which powders were settled down and the hexane layer
was decanted. This procedure was repeated until no color was observed in the hexane
layer. The remaining hexane in the powders was evaporated in the fume hood for 2 days.
Next, samples were collected and were kept in a desiccator at 4 °C until being used.

The yield of the extraction process and the yield of the protein extraction in this
study were defined as equations (3.1) and (3.2), respectively.

gram of BSFPC output
gram of BSF powder input

%Extraction yield = X 100 eq (3.1)

67



UNIVERSITAT

EMULSION-BAS
PREMIX MICRO
Junjing Wang

ROVIRA I VIRGILI
ED ENCAPSULATION SYSTEMS STABILIZED WITH INSECT PROTEINS: PRODUCTION WITH
POROUS EMULSIFICATION

ram of protein in BSFPC output
g fp p % 100

%Protein yield = eq (3.2)

gram of protein in BSF powder input

3.2.3. Characterization of the BSF Powder and the BSFPC
Amino Acid Composition, Total Nitrogen, and Protein Content

Total nitrogen and amino acid contents were analyzed by AGROLAB Ibérica S.L.U
(Tarragona, Spain) based on Kjeldahl and the European Union Commission Regulation
REG(UE) 152/2009, III, F: 2009-02 methods, respectively. Nitrogen to protein
conversion factor, Kp, was calculated from the ratio of the sum of amino acid residue
weights to nitrogen content 2!, The calculated Kp factor was used to estimate the protein
content in the samples.

Fourier Transform Mid Infrared Spectroscopy (FTIR)

The BSF powder and the BSFPC obtained after freeze drying and defatting were
analyzed by following the protocol of Mellado-Carretero et al.”*’ to qualitatively
determine the efficiency of the defatting process. For the acquisition of the spectral
profiles, 4 mg of each sample was taken randomly and placed onto the sample stage of a
portable spectrometer Cary 630 (Agilent Technologies Spain SL, Madrid, Spain),
equipped with a single bounce ATR diamond crystal accessory and a deuterated triglycine
sulfate (DTGS) detector. A pressure clamp was used to ensure optimal contact between
samples and the diamond crystal. A background scan was extracted from every sample
scan to prevent the effect of environmental changes. Spectra were acquired from 4000 to
800 cm! with 8 cm! of resolution using MicroLab PC software (Agilent Technologies
SL, Madrid, Spain).

3.2.4. Techno-Functional Properties of the BSFPC
Protein Solubility

Protein solubility was examined with the similar method as described in the
literature®®. As it is pH, temperature, and ionic strength dependent, the measurements
were performed at room temperature and different pH buffers with the same molarity. A
sample of BSFPC (0.2 g of powder) was dispersed into 10 mL of 0.2 M buffer (pH 3, 5,
7,9, and 11) and stirred for 2 h. The mixtures were centrifuged (Biocen 22R, Orto Alresa,
Madrid, Spain) at 3250 g for 20 min. The protein content in the supernatants was
quantified using BCA assay kit. All the experiments were performed at least in duplicate.
The protein solubility was calculated as equation (3.3).

Soluble protein in the supernatant % 100
Total protein content in the powder

%PS =

eq (3.3)

Isoelectric Point (pI) Determination

pl of soluble protein fraction from BSFPC was determined by zeta potential using
Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK). A total of 0.1% of
BSFPC soluble protein solution was prepared at pH 7, and the pH was subsequently
adjusted to 5.5, 5.0, 4.5, 4.0, and 3.5 by adding 1N HCI and 0.01N HCI gradually. Zeta
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potential of supernatant after centrifugation at 3250 g for 20 min was measured and
plotted against pH. The isoelectric point set to the pH region where the Zeta potential was
close to 0.

Water and Oil Binding Capacity

Water binding capacity (WBC) and oil binding capacity (OBC) were analyzed by
the method as reported in the literature 7°. Briefly, for WBC, 0.5 g of powders were mixed
with 2.5 mL of 0.2 M phosphate buffer (pH 7) and vortexed in a centrifugation tube for
60 s followed by centrifugation at 3250 g for 20 min at room temperature. The supernatant
was decanted and the tube with the residual pellet was placed upside down on a filter
paper for 60 min, to drain the residual non-bound water, before recording the weight. The
WBC is calculated as shown in equation (3.4),

B(C |9water _ M=o o 4 4
w C[gDM] LT x 100 eq (3.4)
where m, is the initial weight of the sample, m, is the weight of residual after 60 min,
and mp,, is the dry matter of the initial sample which can be calculated by measuring the
weight changes of the fresh sample being kept in the oven (UNS5, Memmert,
Biichenbach, Germany) at 105 °C until no difference in weight is observed.

As for OBC, similarly, 0.5 g powders were mixed with 2.5 mL of commercial
sunflower oil and vortexed for 60 s twice with 5 min of pause in between. The rest of the
procedure is identical to WBC analysis using equation (3.5) for the calculation. Both
WBC and OBC analyses were done in triplicate.

0BC [£22] = 22 5 100 eq (3.5)
DM

9dpm

Foaming Capacity (FC) and Foam Stability (FS)

The foaming properties were analyzed following the literature®® with minor
modifications. A sample of 20 mL of 0.1% BSFPC solution prepared with 0.2 M pH 7
buffer was placed in a 50 mL plastic tube and subjected to vigorous rotor-stator
homogenization (Ultra Turrax T18 digital, IKA, Staufen, Germany) at 1200 rpm for 2
min. The height of the foam layer after 10 s and 120 min was recorded. FC and FS (from
experiments run in duplicate) were calculated using equations (3.6) and (3.7),

respectively®®,

%FC =%>< 100 eq (3.6)
0

wFS =120 % 100 3.7

0FS =2 X eq(3.7)

where H, is the initial height of protein solution in the tube, H; is the height of generated
foam after agitation, FC, is the initial FC (after 10 s), and FCy, is the one obtained after
120 min.

Emulsifying Activity (EA)
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EA was evaluated at different protein concentrations (0.1%, 0.5%, and 1.0%) of both
BSFPC and WPI using the method described by Purschke et al.”®. Briefly, in a beaker 10
mL of protein solution and 10 mL of sunflower oil were homogenized using ULTRA
TURRAX at 11,000 rpm for 30 s. An aliquot of 10 mL of the emulsion was transferred
into a 15 mL scaled tube and centrifuged at 3250 g for 20 min at room temperature.
Triplicates were performed for each sample. The height of the emulsified layer was noted,
and the EA was calculated using equation (3.8)7°,

%EA = "2 X 100 eq (3.8)
N

where Hg; is the height of emulsified layer and Hg is the total height of solution in the

tube.

Interfacial Tension Analysis

The pendant drop method was applied to monitor the interfacial tension changes of
the interface of commercial sunflower oil and water phase by the tensiometer (CAM 200,
KSV instrument, Espoo, Finland) coupled with the software CAM 2008. A capillary
syringe filled up with water or protein solution (0.1% w/w) with a plastic cylindric tip
(diameter 0.71 mm) was fitted in the tensiometer. The tip was immersed in the sunflower
oil in a quartz cuvette. A pendant drop was generated by a capillary syringe with a
controlled volume of 15 pL (£2 pL), and the interfacial tension was recorded immediately
and every 5 min for 90 min or until it reached equilibrium. Reflective indices of 1.480
and 1.475 for sunflower oil and lemon oil were used for the calculation. Duplicates were
performed for each water solution.

3.2.5. Premix Membrane Emulsification
Preparation of O/W coarse emulsion

A total of 150 g of O/W emulsion was prepared based on the formulation in Table
3.1. The whey protein solution was prepared by dissolving the desired amount of WPI in
deionized water (or in 0.2 M phosphate buffer pH 7) and stirring for 2 h. The solution
was kept in the fridge overnight for complete hydration. BSFPC solution was prepared
by dissolving BSFPC powder and stirring for 1 h followed by the pH adjustment to 7 by
1 M NaOH. After further stirring for 2 h, the solution was kept overnight in the fridge.
Protein concentration was quantified using the BCA assay kit after centrifugation twice
at 3750 rpm for 15 min, and the required concentration of BSFPC solution was obtained
by dilution with deionized water (or 0.2 M phosphate buffer pH7). The coarse emulsion
was prepared by homogenizing the oil phase and water phase in a beaker using a rotor-
stator homogenizer (Ultra Turrax T18 digital, IKA, Staufen, Germany) at 15,800 rpm for
2 min and at 15,400 rpm for 1 min with 30 s of pause every 1 min to avoid temperature
rising.
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Table 3.1. Composition of O/W emulsions.

Oil Phase Oil Fraction Emulsifier in Water Phase Water Phase Medium
5 —
Sunflower oil 20 wt.%, 30 wt.%,1 OA) WPI Deionized waleror
or lemon oil or 40 wt.% 1% BSFPC 02 M phosphate
e 2% BSFPC buffer pH7 !

10.2M phosphate buffer pH 7 was tested only for 20 and 40 wt.% lemon oil emulsions
stabilized by 1% WPI, 1% BSFPC and 2%BSFPC.

Emulsification with Dynamic Membranes of Tunable Pore Size (DMTS)

In a cylindric module, 2 g of 94.2 um glass microbeads (resulting in a height of 8.3
mm layer) were placed on top of a nickel sieve having a pore size 0of 289 x 13 um (length
x width) with a thickness of 120 um as illustrated on Figure 1. A pressure vessel was
connected to the DMTS module where the coarse emulsions were pressurized by nitrogen
to pass through the micron-sized interstitial voids formed by the glass microbeads layer
to achieve droplet breakup. The emulsions were collected in an Erlenmeyer placed above
an electronic balance to record the mass gain over time. The same procedure was repeated
four times (five emulsification cycles in total) to further refine the emulsions. The
interstitial void diameter (d,) of the channels formed by glass microbeads was 78.4 um,
calculated as equation (3.9),

4
dy, = oo eq (3.9)

where dy, is the microbeads diameter (94.2um) and ¢ is the porosity (0.55), which can be
calculated using the particle (p,) and bulk (p;,) densities of glass microbeads using
equation (3.10).

e=1-2 eq (3.10)
Pp

Transmembrane flux, /s, Was calculated using equation (3.11),

Jomrs == eq (3.11)

PeA

where ¢ is the mass flow rate acquired from the mass/time data recorded with the
electronic balance, p,, is the emulsion density, A is the effective surface area of the DMTS.
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Figure 3.1. Premix emulsification and dynamic membrane of tunable pore size
emulsification setup.

The dynamic membrane was disassembled once the emulsification was completed
(5 cycles) and the nickel sieve and glass microbeads were reused after cleaning based on
the protocol applied by Kaade et al.”'?. Dishwashing detergent and ethanol were used to
clean glass microbeads.

Particle Size and Distribution

The particle size distribution of O/W emulsions was measured after every
emulsification cycle by laser diffraction using Mastersizer 2000 (Malvern Instruments,
Worcestershire, UK). Particle reflective indices were set to 1.480 and 1.475 for sunflower
oil and lemon oil, respectively, and the dispersant reflective index was set to 1.330. Mean
droplet size and droplet size dispersion can be calculated, and expressed as Sauter mean
diameter d3 > (equation 3.12) and the span factor (equation (3.13)), respectively,

LnDf
d3, = zziof eq (3.12)
where n; is the number of droplets, and D; is the diameter of the i droplet,
§ = Lot eq (3.13)

dsg

where d,, is the droplet diameter corresponding to x% volume on a cumulative droplet
size distribution curve.

Zeta Potential

Zeta potential of emulsions was measured using Zetasizer Nano-ZS (Malvern
Instruments, Worcestershire, UK). Samples were diluted 100 times by deionized water.
The same values of reflective indices for the particle (sunflower or lemon oil droplets)
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and dispersant as those used in the measurement of particle size and distribution were
also applied here.

Analysis of Emulsion Stability

Several 10 mL aliquots were collected in tubes for every freshly produced emulsion.
Emulsions were kept at room temperature (25 °C) and in refrigerator (4 °C) for 7 days.
Droplet size distribution, as well as zeta potential were measured after 1, 3, and 7 days.

Statistical Analysis

The data described are mean + standard deviation. Significant differences between
the groups were determined using ANOVA and Tukey test (p < 0.05).

3.3. Results and Discussion

3.3.1. Chemical Composition of BSF Powder and BSFPC
Amino Acids, Total Nitrogen, and Protein Content

The protein content in the BSFPC was determined based on the amino acids and
total nitrogen contents and compared with the BSF powder. Nitrogen-to-protein
conversion factor (Kp) for insects is lower than the conventional value (Kp = 6.25) due
to the existence of non-protein nitrogen compounds such as chitin??. Therefore, it is
necessary to recalculate the Kp from amino acids contents as described in Section 3.2.3.
The Kp values calculated shown in Table 3.2 are slightly lower than the true values as
they were calculated based on only 17 amino acids, which led to slightly lower amount
of protein contents estimated. Most of the amino acid contents measured in BSFPC were
higher than those in the BSF powder resulting in an increase of the Kp value from 4.71
to 5.36. It indicates that the extraction process effectively reduced non-protein nitrogen
compounds 2%, Based on the calculated Kp values and the total nitrogen contents of the
BSF powder and BSFPC, the protein contents were 39.00% and 62.44%, respectively,
which are comparable to those (36.7% and 67.6%) reported by Janssen et al.*** using pH
6 phosphate buffer in protein extraction.

Results showed the essential amino acid contents in BSFPC meet the FAO
recommendation of protein quality. Some amino acids were two (histidine and threonine)
and three times (phenylalanine and tyrosine) higher than the recommended values, except
for undetermined content of tryptophan (Table 3.2). It also showed comparable protein
quality to soybean, a plant sourced agriproduct. However, BSFPC contained slightly
lower amount of leucine and lysine compared to casein protein. The protein extraction
process resulted in a loss of total amount of sulphur amino acids (methionine and
cysteine), which decreased from 35.4 mg/g protein in BSF powder to 28.2 mg/g protein
in BSFPC, which is mainly due to the reduction of cysteine (from 0.43% DM in BSF
powder to 0.36% DM in BSFPC). Even though cysteine is not classified as an essential
amino acid, it is the key amino acid conforming disulphide bonds in high order protein
structure’**. The reduction of cysteine can be attributed to the strengthened protein’s
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tertiary and quaternary structure with multiple disulphide bridges of cysteines, which
245

makes it difficult to extract out=*.

Table 3.2. Amino acid composition, total nitrogen, and calculated Kp (nitrogen to protein
conversion factor) value and protein content for BSF (black soldier fly) powder and
BSFPC (black soldier fly protein concentrate), compared to soybean, casein, and FAO
(Food and Agriculture Organization) recommendation for adults.

BSF oo bor  BSFPC  2013FAOSoybean Cascin
Powder (% DM) (mg/g (mg/g (mg/g (mg/g (mg/g
(% DM) . . Protein) Protein) Protein) ° Protein) °
Protein)

Essential amino acid

His 1.71 2.60 43.8 41.6 16 25 32

Ile 2.12 3.68 54.4 58.9 30 47 54

Leu 3.36 5.80 86.9 92.9 61 85 95

Lys 3.06 5.12 78.5 82.0 48 63 85

Met+Cys 3 1.38 1.76 354 28.2 23 24 35

Phe+Tyr* 5.23 9.43 134.1 151.1 41 97 111

Thr 1.96 3.21 50.3 514 25 38 42

Val 2.71 4.79 69.5 76.7 40 49 63

Trp 1.871! nd 2 nd 2 Nd 2 6.6 11 14

Non-essential amino acid

Asp 4.79 8.07 122.8 129.2

Glu 6.17 8.53 158.2 136.6

Ala 3.08 4.84 80.0 77.5

Arg 2.52 3.92 64.6 62.8

Gly 2.66 3.72 68.2 59.6

Pro 2.74 4.10 70.3 65.7

Ser 1.99 3.16 51.0 50.6

Kp 4.71 5.36

Total

Nitrogen 8.28 11.65

(%) *

Protein

content (%)39.00 62.44

Extraction

yield (%) >

Protein

yield (%) >0

!'value is referenced from Janssen et al.>**; 2 not determined; * sum of sulphur amino acids
(Cys and Met); * sum of aromatic amino acids (Phe and Try); ° values from Young and
Pellet**®,

In this study, a 35.8% of extraction yield and a 59.3% of protein yield were obtained
which was higher than the protein yield reported by Janssen et al.’*? (17.1%) and in the
range (47% to 91%) of which obtained by Caligiani et al.”*> using three different
extraction methods. As for the studies on other insect species, 17% to 30.8% of extraction
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yields and 26.4% to 59.9% of protein yields were reported from T. molitor®5>3-246 7.

morio, A. diaperinus®*’, A. domesticus, B. dubia®, L. migratoria®®, S. gregaria, and A.
mellifera®.

Attenuated total Reflectance Fourier Transform Mid-Infrared Spectroscopy (ATR-
FT-MIR)

Figure 3.2 shows the attenuated total reflectance FTIR raw spectra and Savitzky—
Golay’s second derivatives (11 points) of BSF powder and BSFPC before and after
defatting. Raw spectra and second derivatives of BSF powder and BSFPC before and
after defatting show four important spectral regions: 2930-2850 cm™, 1753 cm™, 1630~
1510 cm™, and 1150-1020 cm™". These spectral regions have also been reported by other
authors that have analyzed different insect species, P. succincta, C. roseapbrunner ', T.
molitor, A. diaperinus, G. sigillatus, A. domesticus, and L. migratoria ***. Strong IR bands
at 2924 cm™!, 2853 ¢m™!, and 1753 cm™' linked to CH» asymmetric stretching, CH>
symmetric stretching, and C=0 stretching of lipids, respectively ?*°, are present in BSF
powder and BSFPC before defatting spectra. In the spectrum of BSFPC after defatting,
the IR band at 1753 cm™! disappeared and the absorbance of the IR bands at 2924 cm™,
2853 cm! significantly decreased.

Lipid / chitin Lipid Protein Carbohydrate
/chitin /chitin

2924
2835

BSF powder

#JW

BSFPC
(before defatting)

Absorbance

162584645
936 122 1047

BSFPC
(after defatting) 2924

3500 3250 3000 2750 1750 1500 1250 1000
Wavenumber (cm-1)

Figure 3.2. Attenuated total reflectance Fourier transform mid infrared spectroscopy

(FTIR) raw spectra (black line) of BSF (black soldier fly) powder and BSFPC (black

soldier fly protein concentrate) before and after defatting and the corresponding

Savitzky—Golay’s second derivatives (grey line).
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3.3.2. Techno-Functional Properties

To determine the techno-functional properties of BSFPC and assess its potential
applications, solubility, WBC and OBC, FC and FS, EA and interfacial tension were
analyzed and summarized in Figures 3.3 and 3.4.

Protein Solubility and Isoelectric Point (pI)

As for the protein application in aqueous media, solubility is of importance. Figure
3a shows that solubility of BSF powder and BSFPC depends largely on pH value, with
the highest solubilities (19.1% and 38.0%) at pH 11, and lowest solubility (10.5 % and
12.4 %) at pH 5. Isoelectric point (pI) of BSFPC was determined to be in the range of pH
4.0 to 4.5 (Figure 3.3-a), which explained the lowest solubility observed at pH 5. This is
in agreement with the range of protein pl (4-5) found in the literature of 7. molitor®®,
S. gregaria®®®, A. domesticus®, A. mellifera °%, and H. illucens ®. Overall, the solubility
values for BSF powder and BSFPC are comparatively lower than the ones reported for 7.
molitor*>**°, and S. gregaria and A. mellifera®®. Nevertheless, the BSFPC presented an
improved protein solubility compared to the BSF powder shown by the two-fold increase
of solubility at pH 7—11. Purschke et al.*’ also observed the synergic effect of ionic
strength (1 % NaCl to 3 % NaCl) between pH 4 and pH 9 on protein solubility for 7.
molitor protein concentrate. Moreover, protein solubility can be improved after enzymatic
hydrolysis of 4. domesticus and L. migratoria powders®®’®. None of these strategies were
used in this study to increase the solubility of the BSFPC but they could be applied when
solubility must be enhanced. Since some techno-functional properties such as foaming
and emulsifying depend on the soluble protein fraction, based on the solubility results
obtained, protein solutions at pH 7 were prepared to conduct foaming and emulsifying
tests in the later sections.
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—@— BSFPC L 4o sWBC OOBC
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2 o—* = o
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e PN Ls 3 5
= C
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o ] 5
109 | \\\\\ L -15 05
0 T —T T T T T — -20
2 3 4 5 6 7 8 9 10 11 12 00 |
pH BSF powder BSFPC

(a) (b)

Figure 3.3. (a) Protein solubility at pH ranging from 3 to 11 and zeta potential at pH
ranging from 3.5 to 7; (b) WBC (water binding capacity) and OBC (oil binding capacity)
of BSF (black soldier fly) powder and BSFPC (black soldier fly protein concentrate).
Different lowercase letters indicate significant differences at the p < 0.05 level.

Water binding capacity (WBC) and oil binding capacity (OBC)
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WBC and OBC are critical features of food ingredients in food processing and
applications. They are related to the ability of taking up and retaining water and oil,
respectively, which directly affect the texture and the flavor of the products, especially in
meat and bakery>’. As for foods with high protein content, protein molecule structure,
amino acid composition, pH, hydrophilicity, and hydrophobicity on protein surface are
determining factors of WBC and OBC®**°, BSFPC had WBC of 2.2 g water/g DM that
is higher than the reported 0.4 g water/g DM and 1.5 g water/g DM for T. molitor protein
extract and enzymatic hydrolysate of L. migratoria protein®"*, respectively, but lower
than hexane defatted 7. molitor powders (2.7 g water/g DM)>! (Figure 3.3-b). As for the
OBC, the value obtained for BSFPC (1.1 g oil/g DM) was higher than the reported one
for T. molitor protein extract®’, in the range of the ones for defatted 7. molitor*', and
lower than the one reported from enzymatic hydrolysate of L. migratoria protein®’. The
relatively higher WBC might be due to the higher protein content in the BSFPC which
contains more hydrophilic groups to bind with water molecules. On the contrary, OBC
can relate to the hydrophobic groups on the surface of protein molecules to bind with oil.
Zielinska et al.®® reported higher values of WBCs (2.18-3.95 gwae/gDM) and OBCs
(1.98-3.33 goi/gDM) of protein extracts from 7. molitor, L. migratoria, and A. domesticus
than the ones found for BSFPC. The WBC and OBC of the BFS powder and BSFPC are
comparable to plant-based flours such as wheat and rice, which were reported to have
WBC from 1.4 to 1.9 gwaer/gDM, and OBC from 1.5 to 1.9 goi/gDM, respectively”>.
Therefore, the BSFPC obtained in this study seems to be suitable in broad food
applications entailing high protein content.

Foaming capacity (FC) and foam stability (FS)

A total of 0.1 wt.% and 2 wt.% whey protein isolate (WPI) solutions and 0.1 wt.%
soluble BSFPC solutions were compared in terms of FC and FS. As it is shown in Figure
3.4a, 0.1% BSFPC displayed higher FC (51%) than 0.1% WPI (21.4 %) and even than 2%
WPI (41.7%). The mechanical agitation by Ultra Turrax introduced not only air bubbles
but also energy into the whole system which can unfold the protein structure and change
the protein conformation favoring the stabilization of air bubbles at the air-water interface.
It is reported that protein extraction and enzymatic hydrolysis resulted in the generation
of small peptides with surface-stabilizing residues which can rapidly diffuse onto the
interface and rearrange the structure to improve FC®-0-%880 ¥i et al.®* and Purschke et
al.’® discussed the impact of pH and ionic strength on foaming and found improved
foaming behavior both at near protein pl and at increased NaCl concentration. Apart from
the protein structure, the positive effect of carbohydrates on foaming was explained by
Zielinska et al.®> which might be also the case in this study due to the BSFPC contained
62.44% of protein and the remaining parts are possibly carbohydrates and soluble fibers.
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Figure 3.4. (a) FC (foaming capacity) and FS (foam stability) among different
concentration of WPI (whey protein isolate) and BSFPC (black soldier fly protein
concentrate); (b) EA (emulsifying activity) compared WPI with BSFPC. Different
lowercase letters indicate significant differences at the p < 0.05 level.

Regardless of the FC, 2% WPI solution showed the highest FS at 120 min after foam
generation (31.1%), followed by 0.1% BSFPC (25.2%) and 0.1% WPI (17.3%). Due to
the higher concentration of protein in the 2% WPI solution, the viscoelastic film formed
at the air-water interface®’° was more durable. Nevertheless, BSFPC is considered to be
suitable for preparing food products based on foams.

Emulsifying activity (EA)

EAs of WPI and BSFPC at concentrations of 0.1%, 0.5%, and 1.0% were assessed
as described at subsection 3.2.4. BSFPC at 0.1% presented higher EA than 0.1% WPI;
however, both were not able to emulsify all oil. A visible top oil layer was observed after
centrifugation, which was more significant for 0.1% WPI. When the protein concentration
was raised to 0.5%, the gap in EA between WPI and BSFPC was reduced (51.7% and
54.2%, respectively) and the EA values were nearly equal (59.2% and 60.0%) at 1.0%
protein concentration. It is worth mentioning that 0.5% BSFPC was able to emulsify all
oil fraction, whereas 0.5% WPI was not competent to do so until further increased to 1%.

The results of EAs showed the same trend as the FC of WPI and BSFPC discussed
in the previous section. As both properties are dependent on the functionality of
hydrophobic groups on the protein surface and its molecular flexibility, it can be assumed
that BSFPC can be used in emulsification as other conventional emulsifiers, such as WPI.
This was also explained by Zielinska et al.®> who reported improved EAs in insect protein
extracts compared to their whole fraction powders, which was due to the increased protein
contents in the protein extracts, especially with the amount of the hydrophobic amino
acids. Purscke et al.”® studied the effect of pH and ionic strength on the EA of L.
migratoria protein concentrates concluding EA increased with the increase of ionic
strength, and the highest EA was reached near the isoelectric point of the protein.
However, regarding the functionality of a protein to be used as an emulsifier, there are
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more factors to be considered, such as the stability of emulsions, droplet size distributions,
and zeta-potential, which are explained in the later sections.

Interfacial Tension

The effect of WPI and BSFPC on sunflower oil-water interfacial tension was
analyzed as described in the subsection 3.2.4. As indicated in Figure 3.5, the interfacial
tension of sunflower oil-water was around 25 mN/m and no significant reduction was
observed due to the absence of surface-active compounds. The addition of WPI or BSFPC
lowered the interfacial tension almost instantaneously to 13.7 and 8.4 mN/m, respectively.
During the next 10 min, the interfacial tension decreased quickly, and from that point on
the decrease was slower, reaching a plateau value of 10.3 mN/m and 3.4 mN/m for WPI
and BSFPC, respectively. The dynamics of the interfacial tension is limited by the
diffusion rate of emulsifiers and, subsequently, the time required to reach and adsorb at
the interface. When analyzing the progress of interfacial tension in similar oil-water
systems stabilized with food grade proteins 4 three different phases have been identified:
(i) a lag-time controlled by the initial migration of protein molecules to the interface, (ii)
a sharp decrease by absorption of protein molecules on interface, and (iii) a slow decrease
to reach pseudo-equilibrium interfacial tension by rearrangement of protein molecules
and multilayer-film formation. Results in Figure 3.5 show a two-phase process with no
significant lag time, and a faster diffusion and adsorption of BSFPC resulted in lower
interfacial values at time 0 than WPI. Differences in the molecular weight, protein
composition, and structure may lead to differences in the performance of BSFPC to
reduce the interfacial tension in the sunflower oil-water®*>*,
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Figure 3.5. Interfacial tension between aqueous solutions of water, 0.1% WPI (whey
protein isolate) and 0.1% BSFPC (black soldier fly protein concentrate), respectively, and
sunflower oil (25 °C).

This finding agrees with the results reported by Gould and Wolf*> who compared
the effects of whey protein and 7. molitor protein on the purified sunflower oil-water
interface, and obtained equilibrium interfacial tensions of 13 mN/m and 12 mN/m for
whey protein and 7. molitor protein extract, respectively.
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3.3.3. Dynamic Membrane of Tunable Pore Size (DMTS) Emulsification

After proving the emulsifying capacity of BSFPC at certain conditions of rotor-stator
homogenization, we assessed their ability to stabilize emulsions produced with a low-
energy membrane emulsification technique. Premix membrane emulsification with
DMTS was used to obtain BSFPC and WPI-stabilized O/W emulsions formulated with
sunflower (SO) or lemon oil (LO).

Droplet Size Distribution

Both oils are widely used in the food industry in the form of an emulsion, although
they show important differences in composition and water solubility. SO, broadly used
as a medium for delivering lipophilic micronutrients such as carotenoids and vitamin E
234 is a complex mixture of fatty acids, totally immiscible in water, while LO, used as a
flavoring and antimicrobial agent, is rich in terpenes and partially water soluble >33-2°,

As can be seen in Figure 3.6, BSFPC was able to stabilize O/W emulsions to a
similar or even to a higher extent than WPI all along the emulsification process. Notice
that all proteins were prepared with no buffering solution. Besides, the different nature of
each oil strongly impacted the progress of droplet size and span, especially at the highest
oil fraction. During DMTS emulsification, droplets break up as they go through the
interstitial voids between the microbeads that make up the dynamic membrane, in this
case with a mean diameter of 78.4 pm. In most cases, droplet size reduction followed an
analogous pattern: a large droplet size reduction took place at the first emulsification
cycle, after which there were only minor reductions with a slight increase in span, which
agrees with the studies using the same set-ups'**'#,
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Figure 3.6. Sauter mean diameter (ds», full symbols) and span (empty symbols) versus
the number of emulsification cycles for emulsions at different oils and oil fractions: (a)
20% SO (sunflower oil); (b) 30% SO; (c) 40% SO; (d) 20% LO (lemon oil); (e) 30% LO;
and (f) 40% LO. (A d3-1% WPI (whey protein isolate); @ ds »-1% BSFPC (black soldier
fly protein concentrate); ll d;»-2% BSFPC; A span-1%WPI; O span-1% BSFPC; [
span-2% BSFPC).

As for SO emulsions, d3» and span reached values of 12.5 £ 1.8 pm and 1.1 £ 0.1,
respectively, after five cycles of DMTS emulsification regardless of the emulsifier and
oil fraction, even though d; of the coarse emulsion (cycle 0) ranged from 28 pm to 40
pm for emulsions with 20% and 40% oil fraction, respectively. Therefore, the surface-
active properties of BSFPC and WPI were able to stabilize even the highest oil-in-water
interface area created during emulsification of 40% oil fraction emulsions.

Compared to SO, LO emulsions showed smaller droplet size of the coarse emulsions
with values ranging from 18 pum to 22 pm because of the lower interfacial tension of the
LO-water system (12.9 + 0.2 mN/m 2%7 and 11.82 mN/m”**) compared to the SO-water
system (25 mN/m, Figure 5). After the refining process with DMTS, ds, decreased to
values between 4 um and 7 um and span ranged from 1 to 2 when oil fraction was kept
below 30% (Figure 6d—f). However, when the oil fraction increased to 40%, WPI
stabilized emulsions could not further get refined in DMTS after three cycles what
resulted in higher values of d3» and span than those obtained with BSFPC stabilized
emulsions, which could be successfully refined over five emulsification cycles (Figure
6f). The poor performance of WPI as an emulsifier in the LO/W system could be linked
to the chemical composition of LO, containing anhydrous acids and phenolic acids from
the peel”>”>%°, able to diffuse in the water phase and reduce pH below the WPI isoelectric
point, in a range of 4.8-5.1. The water phase of LO/W emulsions containing 40% oil
fraction showed a pH of 5.03 that may cause aggregation and precipitation of whey
proteins and, in turn, a reduction of their surface-active capacity. At these conditions, the
slightly lower isoelectric point of BSFPC (pH 4.0—4.5) was more favorable to stabilize
LO/W emulsions with a 40% oil fraction.

To confirm the impact of pH on protein performance to stabilize LO/W emulsions,
a set of experiments was carried out using 0.2 M phosphate buffer pH 7 as water phase.
LO/W emulsions having 20% and 40% oil fraction were formulated with 1% WPI, 1%
BSFPC, or 2% BSFPC. Figure 3.7 shows how, under these pH conditions, whey proteins
were able to successfully stabilize LO/W emulsions during emulsification. After five
emulsification cycles, emulsions with 20% oil fraction showed d3 > of 3.1 um and span of
0.98, while those emulsions with 40% oil fraction had a d3 of 3.6 um and span of 1.15.
Regarding BSFPC, although it also stabilized LO/W emulsions in the five cycles of
DMTS emulsification, it was not able to maintain the span that increased over the process.
The results obtained from WPI emulsified LO emulsions with 20% and 40% oil fractions
were similar to what reported by Kaade et al.'** which had slightly smaller d3 > due to the
smaller-size emulsifier Tween 20 was used.
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Figure 3.7. Sauter mean diameter (ds, full symbols) and span (empty symbols) versus
the number of emulsification cycles for produced LO (lemon oil) emulsions with 0.2 M
phosphate buffer in the water phase at different oil fractions: (a) 20% LO and (b) 40%
LO. (A d32-1 % WPI (whey protein isolate); @ d3»-1 % BSFPC (black soldier fly protein
concentrate); ll d;>-2 % BSFPC; A span-1%WPI; O span-1% BSFPC; [ span-2%
BSFPC).

Productivity

The productivity of the emulsification process, measured as flux during
emulsification, is a key parameter for process scale-up. Fluxes obtained during the fifth
emulsification cycle of SO emulsions ranged from 206 m*m—h"! to 481 m*m2h"" and the
ones of LO emulsions were between 231 m*m2h™!and 617 m?>mh"!, depending on the
oil fraction (Figure 8). The higher values obtained for LO emulsions can be attributed to
the lower viscosity of this oil (1.41 mPa-s at 25 °C)>’ compared to the one of SO (48.8
mPa-s at 26 °C)’°! since as in any membrane system, flux is inversely proportional to the
viscosity. Consequently, the lowest flux values always correspond to the emulsions with
the highest oil fraction. As for the effect of the protein type and concentration, Figure 8
shows that regardless of the emulsion formulation, refining emulsions stabilized with
WPI resulted in higher fluxes than the ones stabilized with BSFPC. Given that BSFPC
had a protein content of 62.4% and the impurities can be carbohydrates and soluble fibers,
it is thought that they contributed to increase the viscosity of the continuous phase. The
effect of the viscosity of the continuous phase on the flux for the DMTS system has been
previously seen by Kaade et al.'?°, who reported higher fluxes during the emulsification
of LO emulsions stabilized with 2 wt.% Tween 20 than the ones obtained using 1% WPI.
Moreover, proteins and other compounds in BSFPC stabilized emulsions can also result
in fouling of the DMTS system, compared to emulsions stabilized with WPI as already
observed during premix emulsification with several microstructured systems'?3136:262.263,
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Figure 3.8. Transmembrane fluxes obtained at cycle 1, 3, and 5 during DMTS (dynamic
membrane of tunable pore size) emulsifications of (a) SO (sunflower oil) emulsions and
(b) LO (Iemon oil) emulsions with different formulations.

Stability of the Emulsions

SO emulsions stabilized with WPI (1%) and BSFPC (1 and 2%) with oil fractions
of 20%, 30%, and 40% were kept at room temperature (25 °C) for seven days. Samples
were measured on days 1, 3, and 7 of storage to follow changes in the droplet size
distribution. Although all the emulsions had creaming after one day of storage, it can be
seen from the droplet size distribution measurements (Figure 3.9) that SO emulsions, in
general, can maintain its d; » and span during seven days of storage at 25 °C with a minor
increase in d3» (<2 pm) and span (<0.5). There was a moderate increase in span for the
emulsions stabilized with 1% BSFPC with 20% SO at day 7 which can be the aggregation
of oil droplets due to the protein-protein interaction’**. In agreement with droplet size
distribution evolution in time, zeta potential of 1% BSFPC SO emulsions kept at 25 °C
was below =30 mV (Figure 3.10), the reference value for sufficient electrostatic repulsion
to prevent droplet coalescence. SO emulsions stabilized by WPI showed a stronger
surface repulsive effect (zeta potentials between —45 mV and —40 mV) than the ones
stabilized by BSFPC (=40 mV to =35 mV).
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Figure 3.10. Zeta potential versus storage time at room temperature (25 °C) for produced
emulsions (no buffer added) at different oils and oil fractions: (a) 20% SO (sunflower oil);
(b) 30% SO; (c) 40% SO; (d) 20% LO (lemon oil); (e) 30 % LO; and (f) 40 % LO. (O 1%
WPI (whey protein isolate); [11% BSFPC (black soldier fly protein concentrate); and [l
2% BSFPC).

As for LO emulsions, the ones prepared with unbuffered proteins were kept at room
temperature (Figure 3.9), while the emulsions prepared with buffered proteins were kept
at both room temperature and refrigeration (Figure 3.11). The emulsions without buffer
showed a significant increase in ds» and span after seven days of storage at 25 °C,
regardless of the protein used. These changes agree with the zeta potential values (—28.4
mV to—17.3 mV, Figure 3.10d—f) of WPI stabilized emulsions, which indicate a tendency
to droplet coalescence. In LO emulsions the pH decreases to values close to the pl of WPI,
affecting the protein conformation and hence emulsion stability. Since the Ip of BSFPC
used in this study is slightly lower than the one of WPI, the decrease of pH has a lower
impact on the protein conformation. The emulsions showed a lower increase of d3» and
span after seven days of storage at 25 °C than emulsions stabilized with WPI. For BSFPC
the zeta potential values were maintained in the range of —35.9 mV to —30.3 mV for all
the emulsions. As for the LO emulsions prepared with phosphate buffer, the ones with
WPI showed a slight increase of ds» and span after seven days of storage at 25 °C and
almost no changes when stored at 4 °C. The stability of these emulsions correlates well
with their zeta potential values, =70 mV to —50 mV (Figure 3.12). However, when using
a phosphate buffer to produce emulsions with BSFPC, ds, and span increased more than
for the unbuffered emulsions at 25 °C. Decreasing the storage temperature had a positive
effect on the emulsion stability, mainly for the lowest oil fraction. From these results, it
seems that the BSFPC obtained in this work could be a better option for encapsulating
lemon oil without the need of buffering the pH of the continuous phase.
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Figure 3.11. Particle size distribution of LO (lemon oil) emulsions stabilized by buffered
1% WPI (whey protein isolate), buffered 1% BSFPC (black soldier fly protein
concentrate), and buffered 2% BSFPC after day 0 fresh emulsion, day 1, day 3, and day
7 of storage at room temperature (25 °C) and in fridge (4 °C). The color transparency
scale indicates the length of storage time: from darkest to lightest refer fresh emulsion

(day 0), day 1, day 3, and day 7.
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Figure 3.12. Zeta potential of LO emulsions (0.2 M phosphate buffer pH 7) versus storage
time: (a) at room temperature (25 °C); (b) in fridge (4 °C). (O 20%LO-1% WPI; [
20%LO-1% BSFPC; M 20%L0O-2% BSFPC; O 40%LO-1% WPIL; [ 40%LO-1%
BSFPC and [l 40%L0-2% BSFPC;).

3.4. Conclusions

This study presents a holistic approach to the use of black soldier fly protein to
stabilize food emulsions. The extraction process enabled enrichment of the protein
content from 39% (original powder) to almost 63% thereby resulting in a protein
concentrate (BSFPC). The essential amino acid profile of BSFPC is similar to soybean
and casein and meets the FAO recommendation. As for the techno-functional properties
of the BSFPC compared to WPL, it has been proven that BSFPC has higher FC and FS
than WPI at low protein concentration (0.1%). Moreover, it was found that BSFPC has
higher values of EA for low protein concentration (0.1%) than WPI and comparable
values to WPI for 2% concentration. These results show the potential of BSFPC to be
used in food formulations to replace totally or partially WPI. Moreover, the ability of
BSFCP to lower the interfacial tension in the sunflower oil/water system as well as the
values for WBC and OBC, point out the high potential of this protein to stabilize food
emulsions. This has been proved using BSFCPC to stabilize emulsions with two oils
frequently used in the food industry, such as sunflower oil and lemon oil. The emulsions
have been produced using a low-energy high-throughput system previously tested with
conventional food emulsifiers. Droplet size distribution and fluxes obtained for sunflower
oil emulsions stabilized with BSFPC are comparable to the ones obtained with emulsions
stabilized with WPI. For lemon oil emulsions, however, BSFPC successfully reduced
droplet size distribution of emulsions with 20% to 40% oil fraction, while the ones
produced with WPI for 40% oil fraction showed an increase in the droplet size distribution
from the third emulsification cycle onwards. It has been seen that since lemon oil is
partially soluble in water when the emulsions have more than 30% oil fraction, there is a
decrease in the pH of the emulsion. For WPI this pH decrease leads to a value close to pl
of the protein, and therefore lowering its ability to stabilize the oil-water interface. Since
the BSFPC has a lower pl, this phenomenon is not that important. As for the storage
stability of the emulsions, the results point out that BSFPC has comparable results to WPI
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for sunflower oil at 4 °C. For lemon oil, or at higher temperatures (25 °C) WPI can better
maintain the droplet distribution if the pH can be controlled. Even though further research
is required to improve the protein extraction process to improve its solubility, the results
of this study show the potential of BSFPC to become a sustainable protein for the food
industry.
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Chapter 4

Green solvents for lesser mealworm (Alphitobius
diaperinus) powder defatting: effect on the lipidic profile
and on the emulsifying properties of the resulting protein
concentrates

Abstract

In view of the expected industrial bio-fractionation of insects, it is important to
assess the impact of extraction methods and materials used on the techno-functional
properties of specific fractions such as lipids and proteins. In this study, several kinds of
organic solvents such as hexane, isopropanol, ethanol and 2-methyltetrahydrofuran (2-
MeTHF) were selected for lipid extraction from lesser mealworm (A/phitobius
diaperinus), and their effects were assessed on the extraction efficiency and the
composition of extracted lipids. In addition, the lesser mealworm protein concentrate
(LMPC) was produced from protein extraction of defatted powders by different solvents,
and their emulsifying property was evaluated. The oil-in-water (O/W) emulsions were
produced via premix emulsification coupled with a low-energy high-throughput dynamic
membrane of tunable pore size (DMTS). Among the solvents used, the 2-MeTHF
presented much higher extraction and recovery efficiency and with a second higher lipid
yield. LMPC obtained from defatted powders by different solvents showed similar
emulsifying properties and capacity to stabilize O/W emulsions over time, irrespective to
the solvents used in the defatting step. Solid microcapsules were successfully produced
from O/W emulsions stabilized with LMPC in the presence of maltodextrin, and the liquid
emulsions could be reconstituted after rehydration.
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4.1 Introduction

The use of protein fractions obtained from edible insects has drawn increasing
attention in the recent decades to fill the gap of the expected protein demand by
205093658299 However, there are still a small number of applications in the food and feed
products, that are expected to increase after the EFSA favorable opinion about the safety
of yellow mealworm (7. molitor) larvae'??, migratory locust (L. migratoria)'** and house
cricket (4. domesticus)'>. Insect powders have a variable lipid content between 10% and
30% on a wet weight basis’’, and up to 75% based on dry weight basis’*>*%, depending
on the species and the metamorphic stage. Lipids are a source of energy, and dietary fats
are important macronutrients. In the lipid profile of edible insects, essential fatty acids
including linoleic (18:2w6) and linolenic (18:3w3) and their respective derivatives are
found, with the ratio of polyunsaturated to saturated fatty acids in the range of 0.22-1.75,
and the ratio of ®-6 to ®-3 ranging from 0.33-204.15, which are highly dependent on
species, feed, environmental conditions, and the stage of life?*7->00-26%,

Aqueous extraction, three-phase partitioning, Soxhlet, Folch, and supercritical CO»
are previously implied in lab scale for the study of defatting efficiency of insect powders
and the lipid profile’’-*’. Different polarity of the solvent may result in slightly different
lipid profile: for example, the several insect lipids extracted by Soxhlet method with
petroleum ether as solvent and Folch methods using dichloromethane and methanol as
solvent contained free fatty acids and glycerides, which are absent from the one extracted
with demineralized water, which contained a higher amount of ®-3 with a low ratio of -
6 to -3 and less polar lipids®®’. Besides the lipid extraction yield is highly dependent on
the extraction methods: for instance, the lipid extraction yield on A.domesticus using
Soxhlet method with ethanol as a solvent was 22.7% w/w while it was reduced to 11.9%
w/w when using supercritical CO,**’. However, a regular Soxhlet extraction normally
requires a long processing time (~8h) with heating (40-70°C)*®”, which is energy-
consuming and unsuitable for heat-sensitive compounds. Therefore, in most of the lab-
scale research focused on the fractionation of proteins from insect powders, the pre-
defatting step is carried out by solvent mixing and decantation process. Adamkova et al.
examined lipid profile on three different mealworm species, Z. morio (giant mealworm),
T. molitor, and A. diaperinus (lesser mealworm/buffalo worm), among which Z. morio
showed the highest lipid total amount of 390+4 g.kg! in DM, while T. molitor contained
higher concentration of polyunsaturated lipids compared to saturated lipids (ratio in
weight>1)"7.

In the commercial edible oil processing, such as oil extraction from oilseeds,
hydraulic pressing, expeller pressing and solvent extraction using hexane are implied.
Even though hexane is a widely used solvent in food extraction processes because of its
excellent solubilizing ability on lipophilic compounds, easy oil recovery and narrow
boiling point, it is known to be an air pollutant due to its toxicity and harmfulness®’". 2-
methyltetrahydrofuran (2-MeTHF), a biomass-derived eco-friendly solvent, has been
introduced as an alternative sustainable solvent to replace hexane for green extraction of
natural products®’?’?. Some researchers compared the hexane and 2-MeTHF in the lipid
extraction of black soldier fly (H. illucens, BSF) larvae’*®?”>, showing a better lipid
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recovery and an enhanced bioactivity in BSF oils extracted with 2-MeTHF. Regarding
the protein fraction, a relatively higher protein dispersibility and solubility in 0.2% KOH
solution were observed in the insect powder defatted by 2-MeTHF compared to the one
defatted by hexane’*®. Hence, 2-MeTHF is an effective and promising alternative solvent
for extraction of lipids. Besides, C2-C4 alcohols are also organic solvents with good
performances and wide applications, such as ethanol and isopropanol. There are several
ways to produce C2-C4 alcohols, while the vast majority of ethanol is produced by
microbial fermentation from sugars and starches, which is considered sustainable as
renewable feedstocks are used®’’. Ethanol is used as a solvent for perfumes and paints,
and also a key component in wine, spirits, and beer, while the abundant use is as
automobile fuel either alone or as an additive to gasoline to increase the octane number.
Isopropanol is directly used as solvents and chemicals which is produced mainly by the
hydration of propylene with sulfuric acid’’’. While propylene is a by-product of
petroleum refining, which requires high energy consumption and results in adverse
environmental impact’’*,

As for the impact of defatting/lipid extraction using conventional solvents on the
protein functionality in defatted powders and protein extracts, reported results don’t show
a clear trend. Akpossan et al.?” studied the functionality of caterpillar (I.oyemens) protein
extracts obtained from full-fat powders and defatted (by hexane) powders, which
displayed higher water solubility index, water and oil absorption capacity, foam capacity
and stability while lower emulsion capacity and the stability of the protein extract from
the defatted powder than from the full-fat powder. Similar studies with 7. molitor larvae
and silkworm pupae (B. mori) powder showed no big impact on the protein functionality
as a result of the solvent defatting step®*’. On a study about the techno-functional
properties of defatted cricket (G. bimaculatus) powders obtained with three different
solvents (ethanol, hexane or acetone), water/oil binding capacity, foaming property,
emulsifying capacity and gel formation ability were all affected to a different but
significant extent (p<0.05) depending on the solvent used®®. In a different work of T.
molitor larvae powder, a defatting by hexane in combination with a protein extraction in
alkaline aqueous solution led to a partial or complete proteolysis of the higher molecular
weight proteins into smaller ones™.

Among various techno-functional properties of proteins, their capacities to decrease
the interfacial tension and stabilize oil-in-water interfaces enhance their use as
amphiphilic emulsifiers in a large range of emulsion-based food products and in
encapsulation technology. Dairy proteins are conventionally used in the formulation of
emulsions, while in recent years, in line with the need of new sustainable sources of food
ingredients, the potential of insect proteins as emulsifiers is gaining interest®’. In this
context, the production of protein extracts from insects has to meet the standards of
sustainable good practices. Accordingly, the use of green solvents, such as 2-MeTHF,
should be prioritized and assessed in terms of lipid extraction, but also with respect to the
functionality of the protein fraction obtained after the defatting step.

The aim of this study is to evaluate impact of a greener solvent 2-MeTHF on
defatting 4. diaperinus larvae powders and on its lipid profile, and on the emulsifying
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property of the protein concentrate extracted from defatted powders. The evaluation was
conducted by comparing with commonly used organic solvents including hexane, iso-
propanol, and ethanol. Defatted powders were subjected to protein extraction. The protein
concentrates obtained were evaluated on the amino acid and protein content, water/oil
binding capacity, foaming capacity, emulsifying activity, and surface hydrophobicity.
Then, the protein concentrates were used as emulsifiers for stabilizing oil-in-water
emulsions. The potential of producing solid microcapsules using the emulsions stabilized
by insect protein was assessed in the end for extending the possibility of insect protein
applications.

4.2 Materials and methods

4.2.1 Materials

Lesser mealworm powder (LMP) was purchased from Kreca (the Netherlands), with
a composition (provided by the manufacturer) of 28.7% fat, 59.6% protein, 2.7%
carbohydrates and 3.7% fiber on a wet weight basis. 95.6% of dry matter (DM) was
obtained by gravimetric analysis, keeping 0.1-0.5 g samples in the 105 °C oven (UNS5S5,
Memmert, Germany) until no weight change. Organic solvents used for defatting were
hexane (>99%, pesticide grade, Chem-Lab NV, Belgium), isopropanol (>99.8%, Chem-
Lab, Belgium), ethanol (absolute, Scharlau, Spain) and 2- methyltetrahydrofuran (2-
MeTHF, EMPLURA, USA). n-Hexane (>95%, HPLC grade, PanReac, Germany),
methanol dry (PanReac, Germany), sulfuric acid (H2SO4, 99.999%, Sigma-Aldrich,
USA), sodium chloride (NaCl, pharma grade, PanReac, Germany), sodium bicarbonate
(NaHCOs, >99.7%, Sigma-Aldrich, USA) and FAME standard (Supelco® 37 component
FAME mix, 10mg/mL in methylene chloride (varied), Sigma-Aldrich, USA) was used in
lipid analysis. As for protein extraction, sodium hydroxide pellet (NaOH, Chem-Lab NV,
Belgium) and hydrochloric acid (37-38% HCL, J. T. Baker, Germany) were used. BCA
(bicinchoninic acid) assay kit (Pierce Biotechnology, Thermo Scientific, USA) was used
for protein quantification, which was expressed as bovine serum albumin equivalent value
(BSAE). For the simplicity, protein concentration was shown as % instead of BSAE%.
Whey protein isolate (WPI) is purchased from Davisco Foods International with protein
content of 98.1% on dry basis (BiPRO, lot no. JE 034-7-440-6, Davisco Foods
International. Inc., Le Sueur, MN). Sunflower oil used for formulating O/W emulsions
was purchased from a local supermarket, and it was used without further purification.
Food grade maltodextrin (lot no. 219425, Pral, Spain) with a dextrose equivalent of 16.5—
19.5 was used as wall material for solid microcapsules produced by spray drying.

Table 4.1 Some physical parameters of the solvents, values are adapted from the
literature?0%-27,

Boilin, Vapor pressure at  Energy required to evaporate Toxicit
Solvent Point (g°C) 20 l:C (EPa) per t(%r}ll of ;lolvent (kW.h)p log P* index*z
Hexane 68 17 120.1 3.9 6
Iso-propanol  82.5 4.4 225.8 0.2 5
Ethanol 78.37 5.8 268.6 -0.2 5
2-MeTHF 80.2 13.6 126.1 1.8 4
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* The log P value for a compound is the logarithm (base 10) of the partition coefficient (P), which is
defined as the concentration ratio of the compound between organic phase (octanol) and aqueous phase
(water) at equilibrium.

** Index was acquired from ACD lab software, taking into account AMES test, genotoxicity hazards,
hERG inhibitors, LD50, toxicity category, aquatic toxicity, endocrine disruption, health effects and
MRDD.

4.2.2 Lipid extraction

Lipid extraction was carried out by mixing 50 g (on a wet basis) of LMP with 250
mL of organic solvent. Four different solvents (hexane, isopropanol, ethanol and 2-
MeTHF) were assessed separately. The mixture was stirred at 400 rpm over a magnetic
stirrer for 1 h and then was left to settle until complete phase separation. The solvent layer
that contains the dissolved lipids was collected by decantation and reserved, while the
remaining precipitate was mixed with 250 mL of clean solvent to continue with the lipid
extraction (Figure 4.1). The process was repeated until no significant lipid bands (at
wavelength 1700-1800 and 2800-3000 cm™') demonstrated in FTIR analysis as described
in section 4.2.3. The final solid precipitate was dried in the fume hood to remove
remaining solvent and stored in a desiccator until protein extraction.

The solvents collected during the extraction process were rotary evaporated
(LABOROTA 4000-efficient, Heidolph, Germany) at the conditions listed in the figure
4.1. The lipid fraction remaining in the round-bottom flask was kept in the fume hood to
remove trace solvents left in the samples, and the amount of lipids was measured
gravimetrically until there was no more mass reduction. The lipid fraction obtained with
each solvent was collected in a glass tube with cap and kept in fridge (4 °C) with an
aluminum foil coverage until further analysis. The lipid yield/content extracted was
calculated as equation (4.1),

Yield;;pia[% DM] = % x 100 eq (4.1)
where m; is the mass of LMP input in DM, m; is the mass of lipids.

4.2.3 Fourier transform infrared spectroscopy (FTIR) analysis

Solid powders after settling and solvent removal were maintained in the hood until
it could be ascertained that they were solvent-free. The powders after each defatting cycle
was analyzed by FTIR following the protocol of Mellado-Carretero et al.’*>. For the
acquisition of the spectral profiles, 4 mg of powder sample was taken randomly after
mixing and placed onto the sample stage of a portable spectrometer Cary 630 (Agilent
Technologies Spain SL, Madrid, Spain), equipped with a single bounce ATR diamond
crystal accessory and a deuterated triglycine sulfate (DTGS) detector. A pressure clamp
was used to ensure optimal contact between samples and the diamond crystal. A
background scan was extracted from every sample scan to prevent the effect of
environmental changes. Spectra were acquired from 4000 to 800 cm™ with 8 cm! of
resolution using MicroLab PC software (Agilent Technologies SL, Madrid, Spain).
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4.2.4 Characterization of fatty acid methyl esters (FAMEs) by gas

chromatography

Extracted lipids were converted to FAMEs through acid catalysis esterification
according to the method reported in the literature®’®. In a 20 mL screw cap glass tube, 20-
50 mg of lipid sample was added with 1 mL n-hexane and 2 mL of 1% H>SO4 in methanol.
The reaction was carried out overnight (12 h) in a dry bath (FB15101, Fisher Scientific,
UK) set at 50 °C, then, 5 mL of 5% NacCl solution was added. The extraction of FAMEs
was conducted by adding 5 mL hexane and vortex (Fisherbrand, Germany) at 3000 rpm
vigorously. The tube was left to stand until complete phase separation, after which the
hexane layer was removed completely using a glass Pasteur pipette (Fisherbrand,
Germany) and transferred into a new tube. The extraction and separation processes were
repeated by adding another 5 mL of hexane in the original tube. 4 mL of 2% NaHCOs
solution was mixed with separated hexane and vortexed vigorously to wash out impurities.
After settling down, hexane layer with the dissolved FAMEs was transferred to an HPLC
vail for further analysis by gas chromatography (GC).

The FAMESs were analyzed by gas chromatography with a flame ionization detector
(GC-FID) (6890N, Agilent Technologies, USA) coupled with an automatic injector (7683
series, Agilent Technologies), and a HP-INNOWax column (19091N-133) with helium
as a carrier gas. For the calibration of the method, a 37 component FAME standard
mixture was used. The injection volume of the sample was 1.5 uLL with a split ratio 20:1.
The oven temperature program began at 150 °C, holding for 1 min and increased by 2.9
°C min"!' to 230 °C, and then holding for 1 min. The detector and injector temperature
were set at 260 °C for the duration of the analysis.

4.2.5 Protein extraction

Defatted LMP from each solvent was subsequently used for protein extraction
following a method based on Zhao et al.”> with some modifications. 30 g of defatted
powder was mixed with 150 mL of 0.25 M NaOH solution (a ratio of 1:5 (w/v)) and the
mixture was heated to 40 °C for one hour with constant agitation at 400 rpm on a magnetic
stirrer. The mixture was centrifuged (Meditronic 7000599, J.P. SELECTA, Spain) at 4490
rpm for 15 min. Two more NaOH extraction was repeated on the pellet and the
supernatant was combined. The pH (Accumet AE150, Fisher Scientific, Singapore) of the
supernatant was adjusted to reach the value between 4.0-4.3 by adding 37% HCI and 1IN
HCI successively followed by a centrifugation at 3750 rpm for 15 min. After
centrifugation, pellets were collected in plastic petri dishes and were kept at -60 °C until
freeze drying. Freeze drying (LYOQUEST-85 PLUS, Telstar, Spain) was carried out for
24 h at 0.2 mbar with the plates heated to 20 °C. Freeze-dried samples were ground,
collected separately according to different defatting solvent used, and stored in a
desiccator at room temperature. The yield of protein extraction was expressed as equation
4.2),

Yieldprorem[% DM] = 252 % 100 eq (4.2)

m;XCj
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where m,, is the mass of freeze-dried protein concentrate powder in DM, C,, is the protein
content (%) in the protein concentrate powder, C; is the protein content (%) in the lesser
meal worm powder (untreated) in DM. Protein content (%) is calculated from the nitrogen
content and nitrogen (N) to protein conversion factor (Kp).

The lesser mealworm protein concentrate (LMPC) obtained from defatting by 4
different solvents followed by protein extraction was expressed as LMPC HEX (defatted
by hexane), LMPC IPOH (defatted by iso-propanol), LMPC ETOH (defatted by ethanol)
and LMPC_METHF (defatted by 2-MeTHF).

4.2.6 Characterization of LMP and LMPC

Amino acid and nitrogen contents of LMP and LMPC from the defatted powders by
4 solvents were analysed by AGROLAB Ibérica S.L.U (Tarragona, Spain) based on
Kjeldahl and the European Union Commission Regulation REG(UE) 152/2009, III, F:
2009-02 methods, respectively. The protein content (%) on a wet matter basis can be
expressed as eq (4.3),

Protein content [%, on a wet weight basis] = N X Kp eq (4.3)

where N is nitrogen content in %, and Kp is nitrogen to protein conversion factor, which
is calculated from the ratio of the sum of amino acid residue weights to nitrogen content”*,

On account of the high protein content in the LMPC obtained from the defatted LMP by
ethanol, techno-functional properties such as solubility, isoelectric point, water and oil
binding capacity, foaming properties, emulsifying activity and surface hydrophobicity
were analysed using LMPC _ETOH and compared them with black soldier fly protein
concentrate (BSFPC) obtained using the same protein extraction method and post defatted
by hexane.

Isoelectric point (pI) determination

pl of soluble protein fraction from LMPC ETOH and BSFPC was determined by
zeta potential using Zetasizer Nano-ZS (Malvern Instruments, U.K.). 0.1% of soluble
protein solution was prepared at pH 7, and the pH was subsequently adjusted to 5.5, 5.0,
4.5, 4.0, and 3.5 by adding IN HCIl and 0.01N HCI gradually. Zeta potential of
supernatant after centrifugation at 3250 g for 20 min was measured and plotted against
pH. The isoelectric point set to the pH region where the Zeta potential was close to 0.

Water and oil binding capacity

Water binding capacity (WBC) and oil binding capacity (OBC) were analyzed by
method as reported in the literature’®. Briefly, for WBC, 0.5 g of LMPV_ETOH or
BSFPC powders were mixed with 2.5 mL of 0.2 M phosphate buffer (pH 7) and vortexed
in a centrifugation tube for 60 s followed by centrifugation at 3250 g for 20 min at room
temperature. The supernatant was decanted and the tube with the residual pellet was
placed upside down on a filter paper for 60 min, to drain the residual non-bound water,
before recording the weight. The WBC is calculated as shown in equation 4.4,
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WBC |fxater| — T170 5 100 4.4
[ 9om ] Mpm °q (4.4)
where m,, is the initial weight of the sample, m; is the weight of residual after 60 min,
and mp, is the dry matter of the initial sample.

As for OBC, similarly, 0.5 g powders were mixed with 2.5 mL of commercial
sunflower oil and vortexed for 60 s twice with 5 min of pause in between. The rest of the
procedure is identical to WBC analysis using equation 4.5 for the calculation. Both WBC
and OBC analyses were done in triplicate.

OBC [£2L] = 2= x 100 eq (4.5)

dom Mmpm

Foaming capacity and foam stability

The foaming properties were analyzed following the literature®with minor

modifications. A sample of 20 mL of 0.1% LMPC _ETOH, BSFPC or whey protein
isolate (WPI) solution prepared with 0.2 M pH 7 buffer was placed in a 50 mL plastic
tube and subjected to vigorous rotor-stator homogenization (Ultra Turrax T18 digital,
IKA, Germany) at 1200 rpm for 2 min. The height of the foam layer after 10 s and 120
min was recorded. Foaming capacity (FC) and foam stability (FS) (from experiments run

in duplicate) were calculated using equations 4.6 and 4.7, respectively®,

FC [%] =X 100 eq (4.6)
0
_ FClZO
FS [%] = Fe. x 100 eq (4.7)
0

where Hj is the initial height of protein solution in the tube, H,is the height of generated
foam after agitation, FCyis the initial foaming capacity (after 10 s) and FC;qis the one
obtained after 120 min.

Emulsifying activity (EA)

EA was evaluated at different protein concentrations (0.1%, 0.5%, and 1.0%) of
LMPC_ETOH, BSFPC and WPI using the method described by Purschke et al.”. Briefly,
in a beaker 10 mL of protein solution and 10 mL of sunflower oil were homogenized
using ULTRA TURRAX at 11000 rpm for 30 s. An aliquot of 10 mL of the emulsion was
transferred into a 15 mL scaled tube and centrifuged at 3250 g for 20 min at room
temperature. Triplicates were performed for each sample. The height of the emulsified
layer was noted, and the emulsifying activity was calculated using equation 4.8,

EA[%] = HH—ESL x 100 eq (4.8)

where H is the height of emulsified layer and Hy is the total height of solution in
the tube.

99



UNIVERSITAT

EMULSION-BAS
PREMIX MICRO
Junjing Wang

ROVIRA I VIRGILI
ED ENCAPSULATION SYSTEMS STABILIZED WITH INSECT PROTEINS: PRODUCTION WITH
POROUS EMULSIFICATION

Surface hydrophobicity (H,)

According to the method described by Nakai*’”’, H, was evaluated based on probe
spectrofluorometry. In brief, LMPC _ETOH, BSFPC or WPI solution prepared in 0.02M
phosphate buffer pH 7 was diluted to following concentrations: 0, 0.0005, 0.0025, 0.005
and 0.01%. An aliquot of 4mL and 20puL of 8mM ANS (8-anilino-1-naphthalenesulfoate)
were mixed with vortex and kept in the dark (with aluminum foil) for 15min. The
fluorescence intensity was measured at an excitation wavelength of 390nm, emission
wavelength of 470nm and with both excitation and emission slip width of 5 nm. The
buffer with ANS was used as protein concentration of 0%. H, is expressed as the slope
of the linear regression of relative fluorescence intensity plotted versus protein
concentration (%).

4.2.7 Production of oil-in-water (O/W) emulsions by DMTS

Sunflower O/W emulsions (120 g) were prepared in a premix mode with DMTS.
LMPC obtained from different defatting solvents were assessed. The aqueous phase was
prepared firstly starting from a stock insect protein solution that was prepared by
dissolving 13 g of LMPC in 250 mL of deionized water, stirring at 400 rpm over a
magnetic stirrer, and measuring the pH of the mixture every 30 min, adjusting to 7 with
1M NaOH. After 2 h of stirring, the mixture was kept in fridge overnight for a complete
hydration. The pH of the solution was adjusted to 7 again the day after, and the protein
concentration was quantified by the BCA assay kit on the supernatant obtained after two
consecutive centrifugations at 3750 rpm for 15 min. A 1% LMPC solution was prepared
by dilution of this stock LMPC solution. To prepare 20% sunflower O/W emulsions, 24
g of sunflower oil was added into 96 g of 1% LMPC solution. Premix coarse emulsion
was produced by rotor-stator homogenization (Ultra Turrax T18 digital, IKA, Germany)
at 15600 rpm for 3 min with a 30 s break every min.

The coarse emulsion was then refined by forcing the emulsion through a
microporous DMTS system consisting of 2 g of 94 um glass microbeads (leading to a
height of 4.3 mm of the glass microbeads layer with interstitial void diameter of 78.4 um)
supported by a nickel microsieve having rectangular pores of 300 um x 30 um (length x
width) at 450 kPa. Refined emulsions were collected in a flask placed above an electronic
balance to record the mass flow rate during the emulsification. In this study the emulsion
passed 5 times (cycles) through the DMTS systems.

Transmembrane flux during each emulsification cycle was calculated based on
equation (4.9),

¢

A eq (4.9)

Jomrs =

where ¢ is the mass flow rate acquired from the mass/time data recorded with the
electronic balance, p, is the emulsion density which is 1.092 kg m=, A is the effective
surface area.
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4.2.8 Characterization of emulsion
Droplet size distribution

The particle size distribution of O/W emulsions was measured after every
emulsification cycle by laser diffraction using Mastersizer 2000 (Malvern Instruments,
U.K.). Particle reflective indices were set to 1.480 and the dispersant reflective index was
set to 1.330. Mean droplet size and droplet size dispersion can be calculated, and
expressed as Sauter mean diameter ds > (equation 4.10) and the span factor (equation 4.11),

respectively,

dsy = gzg eq (4.10)
where n; is the number of droplets, and D; is the diameter of the i droplet.

§ = Lozt eq (4.11)

dso

where d,, is the droplet diameter corresponding to x% volume on a cumulative droplet
size distribution curve.

Zeta potential

Zeta potential of emulsions was measured using Zetasizer Nano-ZS (Malvern
Instruments, U.K.). Samples were diluted 100 times by deionized water. The same values
of reflective indices for the particle and dispersant as those used in for droplet size
analysis were also applied here.

Stability

Emulsion aliquots (10 mL) were collected in tubes for every freshly produced
emulsion. Emulsions were kept at room temperature (25 °C) for 7 days. Droplet size
distribution, as well as zeta potential were measured after 1, 3 and 7 days.

4.2.9 Production of solid microcapsules by spray drying

Solid microcapsules were produced by spray drying of 100 g O/W emulsions
stabilized by LMPC. As the very first trial, only the O/W emulsions stabilized by
LMPC_ETOH was assessed due to its relatively high protein content. Maltodextrin (MD)
was added to the freshly produced emulsion at a ratio MD:0il=3:1 (w/w) and stirred for
two hours. The spray dryer used is a co-current flow atomizer with a two-fluid nozzle
(BUCHI Mini Spray Dryer B-29, Switzerland). The tube used of the peristaltic pump is a
standard silicon tube (inner diameter: 2.0mm). The aspirator rate was always fixed at 100%
and the inlet temperature at 170 °C. The outlet temperature was about 90 °C by setting
the spray flow at 40 mm (666.93 m3/h) and the peristaltic pump at 45%.

Microstructure of the solid microcapsules were observed using environmental
scanning electron microscopy (ESEM, FEI Quanta 600, Thermo Scientific, Austria), and
the images were taken at magnification between 300 and 17000.
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4.2.10 Reconstitution of emulsion

Solid microcapsules were redispersed into water to reconstitute O/W emulsions.
Droplet size distribution was measured as described in the subsection 4.2.8.
Microstructure of reconstituted emulsions was observed by optical microscope (Leica
DM 2500) at x100 magnification lens with immersion oil.

4.2.11 Statistical analysis

The data described are mean + standard errors of duplicate (n=2) or triplicate
(n=3) observations. ANOVA with Tukey test was applied to determine variations
between samples/mean scores at p < 0.05.

4.3 Results and discussion

4.3.1 Influence of solvent type on lipid extraction

In order to determine the efficiency of each solvent on defatting the LMP, after one
decantation, the powder was dried and measured with FTIR to validate the remaining
composition. The extraction and the validation processes were repeated until no clear
lipid bands shown. The results show that after 2 lipid extraction cycles, significant effect
on removing lipid fraction was observed from the samples defatted by hexane,
isopropanol and 2-MeTHF, which is validated from the absence of lipid representative
bands at wavelength 1700-1800 and 2800-3000 cm! (Figure 4.2). Whereas in case of
using ethanol, it is demonstrated that at least 9 repetitions were required for achieving the
same defatting effect (Figure 4.3). Therefore, hexane, isopropanol and 2-MeTHF are
relatively effective in lipid extraction compared to ethanol in terms of the solvent
consumption, processing time, and energy consumption (Table 4.2).

Table 4.2 Summary of solvent consumption for complete defatting and the according
yield of lipid extraction. Different letters denote significant differences (p < 0.05) between
different defatting (n=2).

Solvent Ratio of powder Total number ofExtraction Yieldiipia
to solvent (g:mL) extraction cycle duration (h) (% DM)

I Hexane I 1:5 I 2 I2 I 27.8+0.3* I
Isopropanol  1:5 2 2 33.6 £ 0.5%
Ethanol 1:5 9 9 413 £4.6°
2-MeTHF L:5 2 2 34.2£0.4%
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Figure 4.2 Attenuated total reflectance Fourier transform mid infrared spectroscopy
(FTIR) raw spectra of lesser mealworm powder (LMP) and powders after twice of
defatting using hexane (HEX), isopropanol (IPOH), ethanol (ETOH) and 2-MeTHF

(MTHF), and the corresponding Savitzky—Golay’s second
of window (grey line).
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Figure 4.3 Attenuated total reflectance Fourier transform mid infrared spectroscopy
(FTIR) raw spectra of powders after 5, 7, and 9 times of defatting using ethanol, and the
corresponding Savitzky—Golay’s second derivatives by taking 11 points of window (grey

line).
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The extracted lipid was yielded at a range of 27.8 and 41.3% DM, in which the
highest value was obtained with ethanol and the lowest with hexane (Table 4.2). Except
for hexane, the lipid samples extracted in other solvents were higher than 30.0% DM. The
significant difference was seen only between the lipid yields of using hexane and ethanol
as the solvent. Likewise, the highest lipid extraction yield using ethanol as the solvent
was reported by Soxhlet extraction®” of 4. domesticus (22.7% DM) and T. molitor (28.8%
DM) powders compared to using hexane, petroleum ether, ethyl acetate, and also in the
stirring extraction’? using ethanol to defat 7. molitor (33.1-34.8% DM) powder compared
to using a blend of hexane:isopropanol (3:2, v/v). As ethanol is relatively polar (log P of
-0.2, Table 4.1), it has a better partitioning ability/solubilizing with polar lipids during the
lipid extraction, such as phospholipids**’. Besides, ethanol can extract relatively higher
amount of polysaturated fatty acids that are relatively polar compared to monosaturated
fatty acids and long chain saturated fatty acids, which is elucidated with more information
in the following section. Besides, alcohol solvent such as ethanol and isopropanol are
commonly used for the extraction of phenolics’’® including phenolic acid, flavonoid,
tannins and lignin. Although using ethanol can yield higher amount of lipid, 2-MeTHF is
still considered to be more reasonable and suitable solvent for lipid extraction in present
case, as ethanol extraction required more energy in lipid recovery and solvent recycling
(Table 4.2 and Figure 4.1). The lipid extraction in A. diaperinus has been only reported
for analytical methods at laboratory scale. Using Soxhlet extraction with petroleum ether
or diethyl ether, the lipid content was of 14-29% DM’'>7%27 " which is comparable or
lower than those extracted with alcohol or 2-MeTHF solvent in this study.

4.3.2 FAME analysis

The fatty acids profile of the lipid fraction extracted from the different solvents
(Table 4.3) demonstrated a ratio of unsaturated fatty acids (USFA) to saturated fatty acid
(SFA) between 1.8 and 2.0, in accordance with the profiles found in previous studies?¢”->7%,
Moreover, these values of USFA to SFA ratio are linked to a lipidic profile that is suitable
for dietary intake®®’. Irrespective to the solvents, the three most abundant fatty acids were
palmitic acid (C16:0), oleic acid (C18:1 cis+trans) and linoleic acid (C18:2 trans) which
took up more than 85% of total fatty acids. The amount of stearic acid (C18) and linolenic
acid (C18:3n3) contributed to around 10% and the rest of the fatty acids listed were all in
trace amount (< 1%). The fatty acid profile is also similar to other insect species reported
such as T. molitor, A. domesticus, Z. morio and B.dubia’*’>%%2770 ‘however, H. illucens
presented higher amounts of SFA, especially 42% of lauric acid (C12), than of USFA”%,

In relation to the highest lipid extraction yield obtained with ethanol, one can notice
that ethanol is capable to extract slightly higher amount of relatively polar fatty acids that
are PUFA such as C18:2 and C18:3, while slightly lower amount of relatively non-polar
fatty acids that MUFA such as C18:1 and C16:1, and long chain SAF such as C16,
compared to the lipid profiles of other solvents (hexane, isopropanol and 2-MeTHF)
(Table 4.3). This is in agreement with the observation of the fatty acid profiles of
T.molitor and A.domesticus lipids extracted using ethanol compared to using hexane,
petroleum ether or ethyl acetate by Soxhlet extraction’’.
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Table 4.3 Relative percentage of fatty acid composition (%) in lipids (mean £ SD, n=2)
extracted from A. diaperinus using different solvents.

Fatty acid Hexane Isopropanol Ethanol 2-MeTHF
SFA C14 0.67+0.00 0.67+0.00 0.67+0.00 0.66+0.00
C15 0.16+0.01 0.15+£0.01 0.17+0.00 0.16+0.00
C16 25731027 2490+ 0.46 2414+ 0.24 25.06+0.05
Cc17 0.30+£0.01 0.30+0.00 0.31+£0.01 0.31+0.01
c18 8131012 777+028 777+0.10 8.03+0.01
c20 0.36+0.02 0.38+0.03 0.36+0.00 0.36+0.01
MUFA c16:1 0.27+0.04 0.11+£0.16 0.00+0.00 0.46+0.65
C17:1 0.0910.00 0.17+£0.05 0.18+0.01 0.19+0.01
C18:1 cis+trans 32.64+0.05 31.91+0.37 31.11+0.01 31.23+0.27
C20:1 0.21+0.02 0.22+0.00 0.20+0.01 0.22+0.01
PUFA C18:2trans 28.45+0.06 29.87+0.25 31.50+0.24 28.61+0.07
C18:3n3 1.68+0.01 1.77+0.00 1.87+0.01 1.72+0.00
C18:3n6 0.0410.06 0.07+0.00 0.08+0.01 0.08+0.01
C20:2 0.46+0.01 0.45+0.00 0.45+0.02 0.45+0.00
C20:3n6 0.0010.00 0.00+0.00 0.00+0.00 0.06+0.08
C20:4 0.191+0.01 0.19+0.00 0.19+0.02 0.23+0.01
Ratio USFA to SFA 1.81 1.90 1.96 1.83
Total unknown 0.61+0.09 1.09+0.27 1.00+0.06 2.17+0.76

4.3.3 Amino acid profile and protein content

The defatted insect powders consist mainly of proteins and carbohydrates including
chitin. To further purify the protein fraction, protein extraction using insect powders
defatted from different solvents was carried out as described in section 4.2.5. As for the
protein quantification in the extracts, nitrogen content 17 amino acids out of 20 were
analyzed due to the limitations of the analytical method. Comparing the LMPC to LMP
(see Table 4.4), the concentration of most of the amino acids was higher in LMPC except
for cystine. Similar results were obtained in protein extracts from BSF powder as
mentioned in Chapter 3, which can be attributed to the strengthened protein’s tertiary and
quaternary structure with multiple disulphide bridges of cysteines, which makes it
difficult to extract out’*. Table 4.4 also shows how nitrogen content increased from 9.23%
in LMP to 12.69-13.61% in LMPC while Kp values ranged from 4.85 to 5.60-5.76 in
LMP and LMPC, respectively. Besides, the significant raise of protein content observed
in all LMPC, between 71.06 and 78.27% (on a wet basis), with respect the original value
of 44.77% in LMP, proves that the protein was extracted out and separated from the non-
protein nitrogen fraction (mainly chitin). The results are highly comparable to that
reported by Janssen et al.”** who found an average Kp value of 5.60 + 0.39 for the protein
extracts from 3 insect (7. molitor, A. diaperinus and H. illucens) powders.

Table 4.4 The results of amino acid composition, nitrogen content and calculated Kp
value and protein content for the LMPC (lesser mealworm protein concentrate) obtained
from the LMP (lesser mealworm powder) defatted by different solvents. Results of
protein extracts are shown as mean £ SD from duplicated trials. Different letters denote
significant differences (p < 0.05) between samples obtained with different defatting
solvents for specific parameter (n=2).

105



UNIVERSITAT

EMULSION-BAS
PREMIX MICRO
Junjing Wang

ROVIRA I VIRGILI
ED ENCAPSULATION SYSTEMS STABILIZED WITH INSECT PROTEINS: PRODUCTION WITH
POROUS EMULSIFICATION

Amino acid LMP LMPC HEX LMPC IPOH LMPC ETOH LMPC MTHF
Asp 482 9731010  885+0.11 938+0.15 843018
Glu 749 12054005 12.10+030  12.85+0.05 11.70+ 0.20
Ala 391 5444006 5.64+0.11 5.93+0.02 543+0.11
Arg 313 4934000 502+0.13 5.24+0.06 4.83+0.03
Cys 039 p45+001 0.46+0.04 0.43+0.01 0.46+0.03
Phe 233 4442003 457+0.05 482018 428012
Gly 26 3.84=0.02 3.91+0.01 417007 3.76+0.08
His 185 s74x001 2942010 298021 2.69+0.01
lle 252 4324002  439+0.06 4.61+0.035 4.18+0.01
Len 337 6854002  6.86+0.15 7.18+0.10 6.62+0.12
Lys 367 6.14+007 6.17+0.09 6.41+0.02 5.95+0.09
Met 083 1402003 1.41£0.05 133002 132002
Pro 322 4042002 4.15+0.04 425+0.05 4032011
Ser 238 367+0.06 37320 3.95+0.09 3.57+0.10
Tye 373 6842005 742+0.26 7.98+0.44 6.83+023
Thr 228 3734006 3.85+0.09 4.05+0.02 3.67+0.01
Val 322 4954003 5.11+0 540+0.10 4.86+0.09

N (%) 923  12.88£001 1295£0.15  13.61£0.01 12,69+ 0.24

Kp 485  5.65£0.02 5.76+0.01 5.62+0.04 5.60£0
Proteincontent (%)  44.77  72.75+0.73 74.51£0.94%  7827+£078  71.06+ 1.822
Proteinyield (% DM) -~  61.08=16.132 65.73+26.147 62.38+23.79°  70.48=4.22:

Analyzing the influence of the solvent used during defatting on the protein content
of the final concentrates, it can be seen from the Table 4.4 that LMPC ETOH had the
highest protein concentration, followed by LMPC IPOH > LMPC MTHF >
LMPC _HEX. As for protein extraction yield, LMPC MTHF showed a higher average
value of 70.48% DM compared to other samples, while no significant difference was
indicated due to the high deviation from experiments. Overall, using 2-MeTHF as
defatting solvent resulted in a similar efficiency in lipid extraction, lipid profile, and also
the efficiency in the later on protein extraction and protein content, hence it is a good
option to replace hexane to be used in the defatting of insect powders as a green solvent.
As for the obtained protein concentrate, it is worth evaluating the techno-functional
properties to give more knowledge on its performance and to broaden up the applications.

4.3.4 Techno-functional properties of lesser mealworm protein concentrate

(LMPC)

In this section, several techno-functional properties of LMPC ETOH, black
soldier fly protein concentrate (BSFPC) post-defatted by hexane (Chapter 3), and/or
with whey protein isolate (WPI).
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Isoelectric point (pI)

As shown in the Figure 4.4, in the pH range 2.0-4.0, both proteins have a net surface
positive charge, and in the pH range 4.5-7.0, a net surface negative charge. While at pl,
protein molecules have zero net surface charge and undergo unfolding in structure and
start to aggregate and precipitate on account of the increased protein-protein hydrophobic
interaction. LMPC displayed pl at the same range pH 4.0-4.5 but somewhat lower than
black soldier fly protein concentrate (BSFPC) extracted with the same method. It agrees
with the acidic pH range (4.0-4.3) applied for precipitation of protein fraction during the
last step of aqueous extraction process. Both values are in the reported range for insect
proteins (pI 3.0-5.0)7%?%'. Figure 4.4 provides important information on the estimation of
protein solubility at various pH range, but mostly for the functionality as stabilizer at

different pH.
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Figure 4.4 Zeta potential of LMPC and BSFPC at varied pH. Error bars correspond to
standard deviation of the mean.

Water binding capacity (WBC) and oil binding capacity (OBC)

Interactions of water and oil with flours are very important in food transformation
because of their effects on the flavor and texture of foods. WBC and OBC demonstrate
the capacity of the powder to bind with water and oil, respectively, which is related to
protein contents include amino acid composition, protein conformation and surface
polarity/hydrophobicity. The higher the number of hydrophilic units exposed on the solid
surface, the higher WBC. Similarly, when more lipophilic units are placed on the surface,
OBC increases. As Figure 4.5 shows, WBC in general is higher than OBC for the tested
proteins which indicates the greater affinity to water and their hydrophilic nature.
Moreover, protein extraction has significantly increased the WBC of both insect samples
(2.16 10 3.13 gyater.g™! DM from LMP to LMPC, and 1.72 t0 2.24 gwater.g”' DM from BSFP
to BSFPC), while the OBC was significantly enhanced only for the BSF sample (0.86 to
1.14 goi.g”! DM from BSFP to BSFPC). The increment is attributed to the increase in
protein content after the protein extraction, which increased number of available
functional sites that could bind with water and oil molecules. WBC was greater in lesser
mealworm powder (LMP) than in black soldier fly powder (BSFP) and the same trend
was observed when comparing lesser mealworm protein concentrate (LMPC) with black
soldier fly protein concentrate (BSFPC). In all cases, OBC was smaller than WBC,
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showing a higher hydrophilic nature of the powder surface before the defatting and after
the protein extraction process. WBC and OBC of LMPC are in the range of the reported
values of WBC (0.85-3.95 gwater.g”' DM) and OBC (0.4-2.74 goi.g”! DM) for yellow
mealworm (7.molitor) protein extracts®>*>.
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Figure 4.5 WBC and OBC (left) of LMP (lesser mealworm powder) and BSFP (black
soldier fly powder) and their protein concentrates LMPC and BSFPC powders. FC and
FS (right) of LMPC compared with BSFPC and WPI. Error bars correspond to standard
deviation of the mean and the presence of different letters indicate a significant difference
between samples at p < 0.05 (n=3).

Foaming capacity (FC) and foam stability (FS)

Foam is a gas-in-water system, where air/gas bubble is stabilized in water by the
presence of stabilizers. In food technology, foams are used to improve the texture,
consistency, and appearance of foods. Protein on the air-water interface can arrange the
structure to lower down the surface tension to stabilize air bubble. Foam formation and
foam stability are a function of the type of protein, surface hydrophobicity, pH, ionic
strength, processing methods, viscosity, and surface tension. In this case we compared
the performance of LMPC and BSFPC with WPI, a well-known foaming and foam
stabilizing agent. BSFPC exhibited a FC higher than 51.0% which is more than twice the
FC of WPI (21.4%), followed by the FC of LMPC (37.5%) at protein concentration of
0.1%. The higher FC of BSFPC can be related to the slightly higher OBC of BSFPC than
of LMPC, which indicates a relatively faster adsorption for BSFPC molecules on the air-
water interface than LMPC. LMPC demonstrated the highest FS among other proteins,
which indicates that LMPC molecules may be more flexible to undergo structural
rearrangement on the air-water interface to strengthen the interfacial film, therefore the
generated foams are relatively stable against defoaming compared to BSFPC and WPIL.
Similarly, the reported protein extract of S. gregaria (1% w/v) showed higher FC and FS
as well as OBC (99%, 92% and 3.33 g,i.g”' DM respectively) than those of T.molitor
(32.67%, 30.33% and 2.74 goi.g' DM respectively) and G.sigillatus (6.17%, 66.78% and
3.22 goi.g”! DM respectively)®. Liya et al.*® reported the 1.7% w/v A. diaperinus protein
solution had a negligible foam ability, while protein solution prepared by other insect
species such as Z. morio and A. domesticus could generate foam with certain stability,
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however, it was not as stable as the foam formulated by albumin solution from chicken
egg white.

Emulsifying activity (EA) and Surface hydrophobicity (Ho)

Comparable to foaming property, emulsifying property is also related to a
stabilization at interface, but on oil-water interface. It is also an important property as
many food products are emulsions such milk and salad dressing. Not only the type of
protein and its surface hydrophobicity, but also the pH, ionic strength and viscosity of the
medium influence the formation and stability of an emulsion. As can be seen from Figure
4.6, LMPC displayed the greatest EA (52.3%) at the lowest protein concentration (0.1%)
followed by BSFPC (41.7%) and WPI (27.5%). With the increase in protein concentration
from 0.5% to 1.0%, LMPC maintained the highest EA (61%) while the differences with
BSFPC and WPI were reduced to non-significant level, reaching a similar EA value with
1% of protein concentration. Higher EAs of protein extracts (1% w/v) from other insect
species of T.molitor (66.6%), G. sigillatus (72.6%) and S.gregaria (67.8) were reported
compared to plant seeds proteins (18-65%)%. Therefore, insect protein is a promising
material to be used as a hydrophilic emulsifier in the stabilization of oil-in-water (O/W)
type emulsion, which is studied in detail comparing the impact of pre-defatting solvents
in the following section.

The superior EA of LMPC can be related to its higher protein surface hydrophobicity
(Ho) compared to BSFPC as it shows in Figure 4.6. H, is related to the amount of
hydrophobic units exposed on the molecule in the soluble protein fraction different from
OBC which is the property of the whole powders of insect protein concentrate. Thus, H,
is highly relevant to the emulsifying properties as it affects the ability of the soluble
protein molecules to adsorb to the oil-water interface’”. However, it is not the only key
parameter to assess the emulsifying properties. Protein molecular size, molecular
flexibility, surface charge, and solubility also have great influences on the overall
emulsifying properies®’. As can be seen from Figure 4.6, WPI exhibited higher H, than
LMPC and BSFPC, while the EA at low protein concentration (0.1%), both insect protein
concentrate performed better than WPI. Likewise, Mishyna et al.®® observed a higher H,
of WPI compared to the ones of insect protein extracts from S. gregaria and A. mellifera®®,
while all of them displayed an identical emulsifying capacity.
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Figure 4.6 EA (left) and H, (right) of LMPC compared with WPI and BSFPC. Error bars
correspond to standard deviation of the mean and the presence of different letters indicate
a significant difference between samples at p < 0.05 (n=3).

4.3.5 O/W emulsion production and stability

In the previous section, LMPC ETOH showed some promising results on the
techno-functional properties, especially on the emulsifying activity compared to WPI®,
To further evaluate the impact of the defatting solvent on the emulsifying properties of
the protein concentrates obtained thereafter, O/W emulsions stabilized with each of the
LMPC (LMPC _HEX, LMPC _IPOH, LMPC ETOH and LMPC MTHF) were produced
by premix membrane emulsification while emulsion stability was monitored during 1
week of storage at room temperature (25 °C). Emulsification with dynamic membranes
of tunable pore size (DMTS) is a low-energy high-throughput technique that can be used
in premix mode.

Sunflower O/W emulsions were produced as described in the section 4.2.7 using
premix emulsification with DMTS. Coarse emulsions produced by rotor-stator
homogenization displayed moderately similar values in d;» and span (Figure 4.7)
regardless of the solvent used for defatting. At the end of the refinement process, 5
emulsification cycles, all emulsions showed a similar ds» of 8.4 £ 1.0 pm and span of
1.42 £+ 0.6. Minor differences were found in the emulsion stabilized by LMPC_MTHF
which exhibited a relatively high reduction in the droplet size after 3 emulsification cycles,
however, it presented a moderately higher span during cycle 1 to 5 compared to others.
As it can be seen from the histograms of droplet size distribution (Figure 4.8), after one
DMTS emulsification cycle, most of the emulsions had a narrow droplet size distribution
with/or without a small tail in the smaller size range. The presence of the detected smaller
size droplets (< 4 um) was confirmed by microscopic images (Figure 4.9).

Transmembrane flux obtained during DMTS emulsification ranged from 100 to 300
m’m~2h’!. From the results shown in Figure 4.7, the emulsions stabilized by LMPC HEX,
LMPC _IPOH and LMPC_ETOH showed an increase at the cycle 2 which is on account
of the droplet break-up took place during the cycle 1 led to small size droplets which
made it easier and faster to pass through the membrane. However, the later flux reduction
for the emulsion stabilized by LMPC MTHF might be ascribed to the fouling of the
membrane/microporous system. It has been well reported in literature that the use of
proteins as emulsifiers can result in the fouling and blocking of membranes?®>2%%;
Nevertheless, all the formulations displayed fluxes above 100 m*m~h! overall, which
indicates the DMTS is a productive technology for premix membrane emulsification as
compared to other membranes such as membranes made of polycarbonate, Nylon,
polyethersulfone and cellulose mixed esters’®’.
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Figure 4.7 Droplet size distribution (ds» and span) of the emulsions stabilized with LMPC

defatted in different solvents.
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Figure 4.8 Histogram of droplet size distribution of emulsions stabilized by LMPC, the
dark to light color indicates the emulsification cycle increased from 0 (coarse) to 5.
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Figure 4.9 Microscopic image of O/W emulsions stabilized by LMPC (pre-defatted using
ethanol) after 5 emulsification cycles at magnification of 100x.

As for the storage stability, most of the emulsions could maintain the droplet size
distribution for a duration of 3 days at 25 °C except for the one stabilized by
LMPC_ETOH, which exhibited a fluctuation in span after 1 day of storage (Figure 4.10).
After 7 days of storage, emulsions stabilized with LMPC HEX and LMPC ETOH
reached a span of about 2.5, while for the ones stabilized by LMPC IPOH and
LMPC_MTHF span was around 2.0, whilst the mean droplet size displayed a minor
increase (< 1um). The increase of span and ds > can be attributed to droplet coalescence.
Although the zeta potential values maintained below -30 mV (which is considered to have
sufficient electrostatic repulsion to stabilize droplets) over 7 days of storage (Figure 4.10),
it is not always the only determining factor. Therefore, considering from the
emulsification process in DMTS, droplet size distribution, emulsion stability and
productivity, it can be concluded that the defatting solvent tested has no effect on the
quality of emulsions produced in premix membrane emulsification in DMTS.
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Figure 4.10 Variation of (a) d3», (b) span and (c) zeta potential of emulsions stabilized
with LMPC defatted by different solvents during 7 days of storage at 25 °C.
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4.3.6 Solid microcapsules

As emulsion is a thermodynamically unstable system, by removing the aqueous
phase, it facilitates the shelf-life of the product by the protection from chemical
deterioration and environmental factors, simplifies the handling, dosage and
transportation. The advantage of the protection and the controlled release of the
encapsulate is maintained due to the emulsion is able to reconstitute after rehydration. It
worth pointing out that neither spray drying of insect protein nor dehydration of insect
protein stabilized emulsions is reported at this moment. This first practice has followed
the comparable method and processing conditions as other literatures'>'!5%,

For the production of solid microcapsules, 150 mL of 20 wt% sunflower O/W
emulsions stabilized by LMPC (pre-defatted by ethanol) was produced using premix
emulsification in DMTS system. Spray drying was performed at the conditions described
in section 4.2.9. As a wall-building material, maltodextrin, was previously added in the
refined emulsion to facilitate a shell formation and, in turn, protect the encapsulate and
the emulsions during the spray drying process. As shown in the Figure 4.11, the addition
of maltodextrin did not affect the droplet size distribution the original emulsion. From the
ESEM photos, it can be seen that the produced solid microcapsules have a typical smooth
spherical shape, also with some dented surface and presented some degree of
agglomeration. A similar morphology was also observed in the study of spray dried
multiple emulsions stabilized by whey protein and MD'®, and a direct encapsulation of
cactus polyphenols with MD?**, The agglomeration of the particles is dependent on the
properties of the material, and may be reduced by modifying drying conditions”**. The
wall thickness of the capsules is about 400 nm as it can be seen in Figure 4.12. The
reconstituted emulsion displayed a wider span value, which can be result of the droplet
destabilization (coalescence) during the drying process. In all, it is a successful production
of solid microcapsules from O/W emulsions stabilized by insect protein, which can be
rebuild the O/W emulsion structure after rehydration.

O Fresh emulsion —&- Addition of MD —&— Reconstitution

Fresh emulsion
d;,=10.240 ym
Span=1.29+0.01

Addition of MD
ds,= 10.0:0.3 um
Span= 1.33+0.07/

Reconstitution

volume (%)

d3,= 18.8+7.4 um
Span=4.47+2.81

= o
10 100 1000
particle size (pm)

Figure 4.11 Droplet size distribution of fresh emulsion, with addition of MD and
reconstituted emulsion with microscopic photos attached (scale bar indicates 10 pm).
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Figure 4.12 ESEM images of solid microcapsules overview at 5000x magnification (left)
and an indication of wall thickness of a broken capsules at 17000x magnification.

4.4 Conclusion

Among the solvents used, 2-MeTHF is the most suitable solvent for lipid
extraction/defatting with the higher lipid yield and efficiency, besides it is a sustainable
alternative as it is a biomass-derived ecofriendly solvent. Extracted lipids consist of three
most abundant fatty acids C18:1 cis+trans, C18:2 trans and C16, irrespective to the
solvent used. The protein concentration in the extracted LMPCs displayed at the range of
71.1 to 78.3%, with the higher value obtained from the 2-MeTHF defatted powders.
Nevertheless, their emulsifying ability was highly similar irrespective to the defatting
solvent used. Hence, the solvent did not affect the protein functionality. Furthermore,
solid capsules produced from O/W emulsions stabilized by LMPC ETOH was
successfully formulated with addition of maltodextrin, and the emulsions could be
reconstituted after rehydration. To be noted that this is the first practice of using insect
protein in the production of solid microcapsules. The cheerful results provide more
opportunities for insect protein to be implemented in various complex systems such as in
multiple emulsions (water-in-oil-in-water), and different drying methods to produce solid
microcapsules such as freeze drying.
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Chapter 5

Emulsifying properties and emulsion stability of multiple
emulsions stabilized with lesser mealworm (Alphitobius
diaperinus) protein concentrate

Abstract

Water-in-oil-in-water (W1/O/W3,) emulsions are complex delivery systems for
polyphenols amongst other bio-actives. To stabilize the oil-water interphase, dairy
proteins are commonly employed, that ideally are replaced by other from more
sustainable sources, such as insect proteins. In this study, lesser mealworm (4lphitobius
diaperinus) protein concentrate (LMPC) is assessed and compared to whey protein (WPI)
and pea protein (PPI), to stabilize W1/O/W> emulsions and encapsulate a commercial
polyphenol. The results show that LMPC is able to stabilize W;/O/W, emulsions
comparably to whey protein and pea protein when using a low-energy membrane
emulsification system. The final droplet size (d43) is 7.4 um and encapsulation efficiency
between 72-74%, regardless of the protein used. Under acidic conditions, the LMPC
shows similar performance as whey protein and outperforms pea protein. Under alkaline
conditions the three proteins perform similarly, while the LMPC-stabilized emulsions are
less able to withstand osmotic pressure differences. The LMPC stabilized emulsions are
also more prone to droplet coalescence after a freeze-thaw cycle than the WPI-stabilized
ones, but they are most stable when exposed to the highest temperatures tested (90 °C).
The results show the ability of LMPC to stabilize multiple emulsions and encapsulate a
polyphenol, which opens the door for application in foods.

This chapter has been submitted as:

Wang, J., Ballon, A., Schroén, K., de Lamo-Castellvi, S., Ferrando, M., & Giiell, C.
Emulsifying properties and emulsion stability of multiple emulsions stabilized with lesser
mealworm (Alphitobius diaperinus) protein concentrate, Food Research Internationa.
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5.1 Introduction

Multiple emulsion-based delivery systems, especially water-in-oil-in-water (W1/O/W5)
double emulsions can be applied to tune the bioactive profile of foods, pharma products,
and cosmetics as they can encapsulate, protect and release bioactive lipids (such as
vitamin E) and water-soluble compounds such as vitamins B and C, flavorings,
polyphenols, and probiotics'*?!1:**>. Polyphenols are well-known highly effective
antioxidants that possess various health benefits such as prevention of cancer,
inflammation, diabetes, and cardiovascular diseases’*>*°. They exist in a wide range of
plants in nature, and they are a well-known target for by-product or food-waste
valorization, such as grape seeds ", spent coffee grounds>*’, and olive leaves®®®. Due to
their sensitivity to light, heat, oxidation, and to certain pH values, encapsulation of
polyphenols has been carried out using several technologies. Amongst them, water-in-
oil-in-water (W;/O/W,) emulsions are a promising strategy based on the high
encapsulation efficiency, chemical stability and increased bio-accessibility upon
controlled release’****~2!. The incorporation of polyphenols encapsulated in W1/O/W>
emulsions into several food matrices for instance yoghurt’®*?, salad dressing’®, and
meat products®”® have been recently reported in the literature.

During the formation of emulsions, the emulsifier plays an important role in both
decreasing the interfacial tension and preventing coalescence of the droplets, therefore,
the selection of a suitable emulsifier is a key step in the formulation of a stable emulsion
system. W{/O/W; emulsions commonly use lipophilic emulsifiers to stabilize the W /O
primary emulsion, such as polyglycerol polyricinoleate (PGPR), Tween 80, and
lecithin®'!. As for stabilizing W,/O emulsion in the W> phase, in general, natural food-
grade ingredients such as dairy proteins, whey, and casein from milk, are widely used
because of their amphiphilic structure. From the viewpoint of green and sustainable
development, it is of great significance to replace proteins from dairy sources with
feasible alternatives from a sustainable source that can alleviate global warming. Thus,
plant and insect proteins are promising alternatives that have attracted attention for their
techno-functional properties’’.

Plant proteins such as protein isolated from peas (Pisum sativum L., PPI) is nutritious,
gluten-free, non-genetically modified, and presents low allergenicity’”, has been
characterized for its techno-functional properties, and to some extent for emulsifying
properties to stabilize O/W emulsions and Pickering emulsions solely or as PPI-
polysaccharides conjugates*®>>9>2%_ The incorporation of plant proteins in the
formulation of W1/O/W, emulsions is scarcely reported. Xu et al.”’” evaluated the stability
of pigment-encapsulated W;/O/W, emulsions stabilized by soy protein isolate under
various temperatures and salt concentrations, which demonstrated great heat stability and
a tolerance to < 5 mM CaCl,, and Tamnak et al.”’® reported that W,/O/W> emulsions
stabilized by pectin-PPI conjugate resulted in higher emulsion stability and zeta potential,
smaller droplet size and better encapsulation properties than the emulsions stabilized with
native pectin and Tween 80.
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Insect proteins have drawn attention in recent years as a sustainable alternative to more
classic animal proteins in several world areas, mainly where insects are not habitually
consumed. The Food and Agricultural Organization (FAO) promotes the consumption of
insects due to their great nutritional value, less greenhouse gas emission during rearing,
and a short life cycle with a great potential economic benefit”. In Europe, the first safety
assessment on the use of dried yellow mealworm as novel food was reported in 2021 with
encouraging results '?%, Edible insects have high protein content on a dry weight basis,
e.g., 44.8-50.1% in yellow mealworm (Tenebrio molitor), 42.0-45.8% in cricket (Acheta
domesticus), 62.4-67.2% in grasshoppers (Oedalius asiaticus, Angaracris rhodopa,
Chorthippus dubius and C. fallax), and 57.6% in lesser mealworm (Alphitobius
diaperinus) >

Investigations on techno-functional properties including solubility, water and oil binding
capacity, foaming capacity, surface hydrophobicity, gelling properties, coagulation
properties, and emulsifying ability of various insect powders, and their protein extracts
have already shown promising outcomes®08.74.:85.246.300 1 addition, enzymatic hydrolysis
of the protein extracts could efficiently enhance their functionalities and obtain bioactive
peptides with antioxidative, antihypertensive, antidiabetic, and antimicrobial
properties®400.76:281.301.302 " A for the studies in emulsions stabilized with insect proteins,
In the previous Chapter 3, a superior performance of black soldier fly (Hermetia illucens)
protein concentrate on emulsifying high fraction (40 wt%) of lemon oil compared to whey
protein isolate (WPI) was observed, and Gould and Wolf* found that sunflower oil
emulsions stabilized with mealworm protein displayed smaller droplet size and less
protein concentration was required compared to WPI; in addition, the produced emulsion
also showed great stability under wide environmental stresses (temperature at -20 °C and
60-90 °C, pH 3-8 and ionic strength 80-330 mM). These results show the potential of
insect proteins to stabilize emulsions and are a good starting point to broaden their use to
more complex systems such as W1/O/W; emulsions.

The objective of this work is to study the ability of lesser mealworm protein concentrate
(LMPC) to stabilize Wi/O/W, emulsions designed to encapsulate and protect a
commercial procyanidin-rich extract. The performance of the insect protein will be
compared with a conventional dairy protein (whey protein) and a protein from another
sustainable source (pea protein). The effect of several environmental stresses such as
temperature, pH, and salt concentration on the emulsion stability will be assessed for
LMPC and compared with the other two selected proteins. Special attention is paid to
protein-polyphenol interactions. To the best of our knowledge, this is the first attempt to
assess the use of an insect protein to stabilize W1/O/W> emulsions, providing relevant
results regarding its feasibility and potential applications in food, pharmaceuticals, and
cosmetics.

5.2 Materials and methods

5.2.1 Materials
The composition of double emulsions is listed in Table 5.1. Vitaflavan (DRT, France) is
a red-violet-colored commercial white grape seed extract, with a reported total
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polyphenol content above 96% and antioxidant activity (ORAC) of 19000 mmol TEQ g
!'that will be referred to hereafter as procyanidin-rich extract. 10 wt% procyanidin-rich
extract solution was vacuum filtered through 11 pm pores (grade 1 filter paper, Whatman,
UK) before use. Polyglycerol polyricinoleate (PGPR, ref-4120 Palsgaard, Denmark) was
used as a lipophilic emulsifier dissolved in commercial sunflower oil (Borges S.A., Spain).
Proteins investigated in this study are whey protein isolate (WPI, BiPRO, lot no. JE 034-
7-440-6, Davisco Foods International. Inc., USA) with a reported protein content of 98.1%
on a dry basis, less mealworm protein concentrate (LMPC) was extracted from insect
powder BUFFALO’S (Kreca Ento-Food BV, the Netherlands) on lab-scale, and pea
protein isolate (PPI, Roquette, NUTRALYS, s85F, France) had a reported purity of 80-
90%. To produce LMPC, 2-methyl tetrahydrofuran (2-MeO, EMPLURA, Germany) was
used in pre-defatting, sodium hydroxide pellet (CHEM-LAB, Belgium) and hydrochloric
acid (37-38% HCI, J.T. Baker, Germany) were used for extraction.

Table 5.1. Formulations of W1/O/W> emulsions and osmotic properties of aqueous

phases.
Calculated
Fraction . Osmolality osmotic
Phase (%) Composition (mOsmolkg)  pressure
(MPa)
R e
Wi 6 10 wt% procyanidin-rich 105.65+4.97  0.56+0.03
extract
O 14 6 wt% PGPR in sunflower oil -- --
i. 1 wt% WPI (0.4 wt% NaCl)
W, 80 in phosphate buffer pH 7, 107.83+1.07 0.57+0.01
0.02 wt% NazN
ii. 1% LMPC (0.06 wt% NaCl)
in phosphate buffer pH 7, 110.03+2.78  0.58£0.01
0.02 wt% NazN
iii. 1% PPI (0.25 wt% NaCl) in
phosphate buffer pH 7, 10493+1.24 0.55+£0.01

0.02 wt% NasN

2 wt% WPI solution was prepared one day before by dissolving WPI powder in 5 mM
phosphate buffer pH 7 prepared with di-sodium hydrogen phosphate dihydrogen,
(Scharlau, Spain) and sodium phosphate monobasic monohydrate (ACROS, Spain) under
magnetic stirring for 2 h at 400 rpm and kept in the fridge overnight for complete
hydration. LMPC and PPI solutions were prepared similarly to WPI using buffer, and pH
adjustment to 7.0 every 30 min using 4 M NaOH or 1IN HCI. After two hours, the
solutions were put in the fridge overnight. LMPC and PPI concentrations were quantified
before use with the Pierce™ BCA protein assay kit (Thermoscientific, USA) and
concentrations were expressed as bovine serum albumin equivalent value (BSAE%, w/w).
The concentration of WPI and the BSAE% of LMPC and PPI was obtained by dilution
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in buffer and the addition of sodium chloride (NaCl, Panreac, Spain), and antimicrobial
agent sodium azide (NaszN, Sigma-Aldrich, USA) as indicated in Table 5.1. LMPC and
PPI protein concentration is shown in % for simplicity reasons. Sodium carbonate
(Panreac, Spain), gallic acid monohydrate (Panreac, Spain) and Folin-Ciocalteau’s
reagent (Panreac, Spain) were used for total polyphenol content (TPC) quantification.

In the emulsification module, glass micro-beads with a size of 38 pm (Microspheres-
nanospheres, USA) were placed on top of a nickel sieve (Stork Verco, Erbeek, the
Netherlands). Sodium hydroxide and ethanol (96%, Scharlab, Spain) were applied for
cleaning of nickel sieve and silica beads respectively.

5.2.2 Preparation of lesser mealworm protein concentrate (LMPC)

Defatting of the original lesser mealworm powder was carried out using the organic
solvent 2-MeO. Shortly, 50 g of lesser mealworm whole-fraction powder was mixed with
250 mL of 2-MeO in a covered beaker and stirred magnetically at 300 rpm for 1 h. Then
decantation of the solvent layer was carried out after complete phase separation. The
process was repeated 3 times in total by adding 250 mL of 2-MeO each time. The
remaining solvent in the powder was evaporated in the fume hood over 3 days. Protein
extraction was conducted based on the literature® with slight modifications. In brief, 30
g dried defatted powder and 150 mL of 0.25M NaOH solution were stirred at 400 rpm for
1 h at 40 °C. The mixture was centrifuged for 15 min at 3358 g. The supernatant was
separated, and its pH was adjusted to 4.0-4.5 with HCIl to precipitate protein; the
remaining pellet was subsequently used for protein extraction repeating the process two
more times. The precipitated protein from the 3 extractions was combined and centrifuged
(15 min, 2343 g), then it was freeze-dried (LYOQUEST-85 PLUS, Telstar, Spain) for 24
h at 0.2 mbar vacuum and plate temperature at 20 °C. The collected freeze-dried protein
powders were blended and stored in a desiccator with a water activity of 0.075.

5.2.3 Osmolality of W1 and W;

Osmolality of water phases was measured using vapor pressure osmometer (K-7000,
KNAUER, Germany) at 39+2 °C calibrated by 400 mOsmol/kg NaCl solution. To balance
the relatively high osmolality of the 10 % procyanidin-rich extract solution (W), NaCl
was added to the protein solutions (W) as shown in Table 5.1. Results are shown as mean
+ standard deviation (n=5).

5.2.4 W1/O/W, emulsions production
Coarse W1/O/W, emulsion

The method for producing W1/O/W, emulsions was followed as described in Chapter 2.
In brief, the primary emulsion (W/O) was generated by adding W phase solution into
sunflower oil with 6% PGPR under rotor-stator homogenization (Ultra Turrax T18 digital,
IKA, Germany) for 5 min at 11000 rpm. Then, the primary emulsion was introduced into
W phase, containing the dissolved protein, while being stirred at 1600 rpm for 5 min on
a magnetic stirrer to produce the coarse W{/O/W; emulsions.
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Refinement of W1/O/W; emulsions by dynamic membranes of tunable pore size
(DMTS)

DMTS consists of a layer of glass microbeads placed on top of a nickel sieve (Figure 5.1).
The nickel sieve had pores 0f 284.7x12.8 um (lengthxXwidth) with a thickness of 120 pm.
Glass microbeads of 38 um (0.44 g) were placed in the module on top of the nickel sieve,
which resulted in 2 mm layer with an interstitial void diameter of ~22 pum, as calculated
in the Chapter 3. Coarse emulsions were placed in the vessel and immediately passed
through the DMTS system pressurized to 500 kPa with N; this process is called one
emulsification cycle. Three emulsification cycles were conducted for W;/O/W;
emulsions stabilized with the three proteins. Refined emulsions were collected separately
in a flask placed on an electronic balance to record the mass gain every second, from
which transmembrane flux can be calculated as:

Jpmrs = p% eq (5.1)

where ¢ is the mass flow rate as acquired from data recorded with the electronic balance,
pe is the emulsion density, A is the effective surface area of the DMTS.

Premix coarse N,
W,/O/W,
emulsions

ok
»Y e

|:> Glass microbeads

EEEEEN
Nickel sieve

=D>E=Module|

LS
L

| Electronic | 3 ' =

balance O
Figure 5.1. Schematic representation of experimental DMTS setup.

‘Blank’ emulsions were produced following an identical process except that the W phase
consisted of a 0.4 wt% NaCl solution. The purpose of preparing blank emulsions is to
eliminate the impact of proteins in the total polyphenol content quantification.

The DMTS module was disassembled after use, and nickel sieves and glass microbeads
were reused after cleaning and drying following the cleaning protocol described in
Chapter 2. Duplication was carried out for each formulation.

5.2.5 Environmental stress test

Freshly produced W1/O/W> emulsions were divided over several glass tubes that were
tightly shut for further treatment at various environmental conditions. Samples were
covered with aluminum foil to avoid light and stored at the required conditions depending
on the environmental stress test performed. The stability of the emulsions was followed
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using droplet size distribution, microstructure (microscopic images), visual appearance,
zeta potential, and encapsulation efficiency.

Temperature

The influence of temperature on emulsion stability was studied by storing the samples at
-20 °C (in the freezer) for 24 h, at 4 °C (fridge) and 25 °C (room temperature) for 14 days,
as well as holding the samples at 37 and 65 °C for 30 min and at 90 °C for 5, 15, 30, and
60 min individually on a dry bath heating block (FB15101, Fisher Scientific, UK). These
latter three temperatures were chosen to represent the situation in the body, and during
processing. Frozen samples were analyzed after thawing at room temperature. Samples
maintained at 4 and 25 °C were analyzed after 1, 3, 7, and 14 days of storage. Samples
subjected to heat treatment at 37, 65, and 90 °C were kept at room temperature for 24 h
before analysis.

pH

The influence of pH on emulsion stability was examined by adjusting the pH of the outer
water phase of W1/O/W» emulsions to 1.5, 4.0, and 8.0 (pH deviations of 0.25) with 35-
37% HCI or 1M NaOH. Samples were analyzed after storing them for 1, 7, and 14 days
at room temperature.

Osmotic stress

The influence of osmotic imbalance on emulsion stability was assessed from 10-fold
water dilution of W» fraction (leading to osmotic pressure [1wi>I1w2) and addition of
NaCl to W» phase to create extra 50 or 250 mM salt concentration (resulting in osmotic
pressure [Twi<Ilw2). Samples were stored at room temperature and analyzed after 1, 7,
and 14 days of storage.

5.2.6 Characterization of emulsions
Droplet size distribution

Droplet size distribution of W{/O/W; emulsions was measured after every emulsification
cycle and during environmental stress tests by laser diffraction using Mastersizer 2000
(Malvern Instruments, UK). 0.4 wt% NaCl water solution was used as the continuous
phase in Mastersizer Hydro 2000G accessory to disperse the emulsion at similar aqueous
phase osmotic pressure. The particle reflective index and the dispersant reflective index
were set to 1.480 and 1.330, respectively. Mean droplet size and droplet size dispersion
were calculated and expressed as volume weighted mean diameter d4 3 (equation 5.2), and
span 6 (equation 5.3), respectively.

dyz =21 eq (5.2)
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Where n; is the number of droplets, and D; is the diameter of the i droplet.

§ = 207910 eq (5.3)
dso

Where d, is the droplet diameter corresponding to x% volume of a cumulative droplet
size distribution curve.

Zeta potential

Zeta potential of freshly produced W/O/W, emulsions and during environmental stress
tests were measured using dynamic light scattering (Zetasizer Nano-ZS, Malvern
Instruments, U.K.) in triplicate. The changes in zeta potential at altered pH values were
also monitored over 14 days. The same values of reflective index of particle and
dispersant as those indicated in section 5.2.6 were also applied here. Samples were diluted
200 times by deionized water.

Encapsulation efficiency of polyphenols

Polyphenol encapsulation efficiency was deduced following the method previously
described in Chapter 2. Blank W1/O/W; and W1/O/W> emulsions containing procyanidin-
rich extract were centrifuged for 10 min at 825 g. Then, the W, phase was carefully taken
by needle and syringe, and total polyphenol concentration was analyzed based on Folin-
Ciocalteau colorimetric method in triplicate. Briefly, 100 pL of diluted sample and 100
uL of Folin reagent were mixed with 2 mL of 75 gL."! Na,COs solution and 2.8 mL of
deionized water. After 1 h of incubation at room temperature in the dark, absorbance was
measured at 750 nm by a UV-Vis spectrophotometer (Hach Lange DR5000, Hach Lange
SLU, Spain). The concentration of polyphenol was calculated using a calibration curve
with a known amount of gallic acid as standard and expressed as gram gallic acid
equivalent per liter (gGAE L). The mass of polyphenols that remained encapsulated in
Wi was expressed as polyphenol encapsulation efficiency (EE) by equation (5.4),

0 _ 0 0
mpolywl CPOlyW2 (le +mW2)

EE[%] = x100 eq (5.4)

0 — 0
Mpotyy, ~Crolyw, ™,

0
polyw,

the concentration of polyphenols in the outer water phase (W2), ma,l is the initial mass of

where m is the initial polyphenol mass in the inner water phase (W), CPOZYWZ is

the inner water phase, and ml(,)l,2 is the initial mass of the outer water phase.

Microstructure analysis
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Laser scanning confocal microscope (NIKON model TE2000-E, the Netherlands) was
used to observe the W{/O/W; emulsion structure and estimated droplet sizes.

5.2.7 Interaction of protein and polyphenols

0.5 wt% WPI (0.4wt% NaCl) and 0.5% LMPC (0.06% NaCl) in 5 mM phosphate buffer
(pH 7) solutions were used to assess the interaction with the procyanidin-rich extract
(dissolved in a pH 7 phosphate buffer with 0.02 wt% Na3sN) at concentrations ranging
from 0 to 0.3%. The mixture was stirred, and the pH was adjusted in the range of 2.5 to
7.5 by adding 0.1 M NaOH or 0.1N HCI dropwise. The transmission of the solution was
then measured by static multiple light scattering using Turbiscan Lab Expert
(Formulaction, France). The mixture was also centrifuged for 10 min at 3000 rpm to
observe sediment formation. Duplicates were carried out for each polyphenol
concentration.

5.3 Results and discussion

5.3.1. Production of W1/O/W; emulsions stabilized with LMPC, WPI, and PPI
Particle size distribution and transmembrane flux

W1/O/W; emulsions stabilized with three different emulsifiers, LMPC, WPI, and PPI,
were produced following the procedure described in section 5.2.4. The microstructure of
these emulsions is presented in Figure 5.2-A. It is clear from this figure that the W;/O/W
emulsions were successfully formed with all emulsifiers. The overall variations in d43
and span after emulsification cycles (Figure 5.2-B) followed the same trend for all the
emulsions. Although coarse emulsions produced with different proteins resulted in
differences in droplet size (ds3=97.3-130.2 um), the DMTS system successfully refined
them sharply to 9.7+£2.4 um after the first emulsification cycle, and then to 7.4+0.2 um
after the third cycle, regardless of the protein used. The span of WPI stabilized emulsions
sharply decreased to 0.85 after the first cycle, while for LMPC and PPI emulsions the
span reached this value after the second emulsification cycle. Therefore, the type of
protein used to stabilize the 0il-W; interface did not considerably affect the final droplet
size distribution of the W1/O/W> emulsions after 3 emulsification cycles when using the
DMTS system. The results obtained show, as previously reported by other authors, that
it is possible to reduce coarse emulsions with a droplet size 2-3.5 times bigger than the
interstitial void diameter of the glass microbeads layer to a value smaller than the
interstitial void diameter (less than 50%)'*". Moreover, the droplet size distribution
obtained using LMPC, WPI and PPI is similar to the one reported by Sahin et al.'** for
the production of Wi/O/W, emulsions stabilized with Tween 20 using the same
emulsification technology with 30 um glass microbeads. Overall, LMPC has shown a
comparable potential to stabilize W1/O/W, emulsions to WPI and PPI when using the
low-energy membrane emulsification system.
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Figure 5.2. (A) Microscopic images (scale bars on coarse emulsion indicate 50 um, and
for the rest of cycles 10 um) and (B) d43 and span of W1/O/W; emulsions stabilized with
1% LMPC, 1% WPI and 1% PPI as a function of emulsification cycle.

An important parameter to scale up the emulsification process is the transmembrane flux.
Table 5.2 presents the values obtained during the three emulsification cycles and shows
that the values (which are all high, especially when compared to regular membrane
emulsification) and evolution are very similar for all three proteins. The lowest flux
corresponds to the first emulsification cycle during which the highest droplet break-up
occurs, and the energy is mostly invested in this process rather than to flow the emulsion
through the DMTS system. During the second and third cycles, there is a higher flux since
almost no droplet break-up occurs (Figure 5.2-B), and the pressure is mostly invested in
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flowing the emulsion through the system. The fluxes reported in the literature using the
same system differ from 0.5-1200 m?>m=>h"113%!4! The differences in flux among the
reported studies is expected, and not always comparable as they are related to various
factors such as the composition of emulsion, DMTS setup (glass microbeads size and
amount, nickel sieve size) and pressure applied. All in all, the flux values obtained with
the three proteins are high and in the range of industrial interest.

Encapsulation efficiency (EE)

Besides the ability of the proteins to stabilize the newly formed interfaces during the
emulsification cycles, leading to a narrow droplet size distribution (Section 5.3.1), it is
also important to focus on their ability to retain the bioactive compound in the W phase
during the emulsification process. It can be seen from Table 5.2 that all the emulsions
have similar EE, regardless of the protein used. For the coarse emulsions, the EEs reached
as high as 86.1-89.8%, which reduced to 74.0-76.2% after the first emulsification cycle
when major droplet break-up takes place, followed by a minor decrease (<2%) in the
subsequent emulsification cycles. Emulsions stabilized with LMPC and WPI showed
slightly higher values of EE than PPI for all the emulsification cycles. The evolution of
EE obtained for the three proteins is similar to those reported for Wi/O/W, emulsions
produced by membrane emulsifications using DMTS'#! and regular membrane
emulsification’0>2042%5,

Table 5.2. Transmembrane fluxes and encapsulation efficiencies of double emulsions
stabilized with 1% LMPC, 1% WPI, and 1% PPI at each emulsification cycle.

Flux (m*m~h") EE (%)
LMPC WPI PPI LMPC WPI PPI
Coarse - - - 87.3+1489.8+0.186.1+2.2

Cyclel 110.0£14.6 95.5£2.2 1379+41.0 76.2+0.375.0+0.774.0+2.3
Cycle2 392.2+23.0377.1+£6.1389.5+£483 752+08744+1272.8+1.7
Cycle3 387.5+£19.0402.8 +3.4389.1 £37.7 74.6+0.1742+09724+14

5.3.2. Influence of environmental factors

In general, the stability of emulsions formulated with proteins is affected by heat, pH,
high ionic strength, and protease activity’*>. Since our W1/O/W, emulsions may undergo
different environmental conditions during processing, storage, and digestion, such as
temperature, pH, and salt concentration, we studied changes in droplet size distribution,
zeta potential, polyphenol release, and microstructure.

pH

To simulate the acidity of various food substrates (such as acidic soft drinks and neutral
nutritional beverages) and the ingestion process (in mouth, stomach, and intestine),
emulsions were incubated at various pH values (1.5, 4.0, and 8.0) at ambient temperature
for 14 days and compared with emulsions at pH 6.5-7 (original pH).
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Figure 5.3 shows the droplet size distribution of emulsions stabilized with LMPC, WPI,
and PPI after 14 days of incubation at different pH values. At alkaline conditions (pH
8.0), all the emulsions show a similar droplet size distribution irrespective of the
emulsifier used, close to the initial value of pH 6.5-7 for LMPC and WPI and even lower
for PPI. The negative surface charge (see ) was stronger at pH 8, which
promotes droplet stabilization by enhanced electrostatic repulsion. Also, at acidic
conditions (pH 1.5), emulsions stabilized with WPI or LMPC were stable, while they
presented aggregation at pH 4.0 resulting in increased size (which is related to floc
formation). By contrast, the emulsions stabilized with PPI show significant aggregation
at both pH 1.5 and 4.0 (inset images in ). The zeta potential as presented in

, 1s indicative of emulsion stability, with values exceeding 20 mV, either plus
or minus, leading to stable systems, and this range coincides with the reported emulsion
stability. Iso-electric point titrations of LMPC and PPI are shown in , with clear
differences at low pH.

30 LM!’C WFI’I PPII

2.5 )
2.0
1.5‘ -
104 * . o .

0.5
0.0
704

60 +

50
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> -
N m m | L m)
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Figure 3. Droplet size distribution (d43 and span) of W1/O/W> emulsions stabilized with
LMPC, WPI and PPI after 14 days of incubation at pH 1.5, 4.0, 6.5-7, and 8.0.

d,; (um)

30
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Figure 5.4. Zeta potential of LMPC and PPI solutions at pH range of 3.0-7.5.
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Similar pH stability of O/W emulsions stabilized with 7. molitor protein extract was
reported by®’, and flocculation was observed at pH 4, and no significant changes at pH 2,
6, and 8, which is in line with our findings. Liang and Tang*** observed that solubilized
PPI at pH 3 showed better emulsifying properties than at neutral or basic pH for the
production of soy oil-water emulsions, suggesting at acidic conditions pea protein forms
a stronger and viscoelastic network. From the results in the present study, it can be
concluded that PPI as we used it is not as efficient in stabilizing multiple emulsions as
single emulsions at acidic pH, while LMPC and WPI show better performance.

To determine the total extent of polyphenol release also protein-polyphenol binding
needed to be taken into account. It has been reported that proteins and polyphenols can
form aggregates by both non-covalent bonding such as hydrogen bonding, hydrophobic
bonding and van der Waals forces, and covalent binding interactions, which are affected
by temperature, pH, salt concentration, and the presence of certain reagents>®%-305-07,
From previous studies ***" it was clear that the interaction between the polyphenol and
WPI in the W, phase did not interfere with the polyphenol quantification method. A
similar behavior was observed when analyzing EE in the emulsions stabilized with LMPC,
WPI and PPI during the refining step with DMTS. In any of these cases, no increase in
turbidity or presence of a precipitate in W was noted, which make us conclude that then
no protein-polyphenol binding took place.

We first decided to investigate the effect of protein-polyphenol binding in aqueous
solutions exposed to different pH, prior to exploring double emulsions. As Figure 5.6-A
shows, the formation of insoluble protein-polyphenol complex was confirmed for WPI
through the reduced transmission of WPI solution at a pH range of 3.5-5.5, leading to
colored precipitate after centrifugation (Figure 5.6-C). Upon increasing the polyphenol
concentration, the transmission was reduced further, and the amount of visible colored
precipitate increased. For LMPC (Figure 5.6-B) the effect was even more pronounced,
although it is good to point out that the protein by itself also showed severe aggregation
in the pH range of 2.5-5.5. Comparing the transmission values of WPI and LMPC, Figure
5.6-A and B, respectively, we tentatively conclude that complex formation between the
procyanidin-rich extract is more extensive and intensive for LMPC. Maybe even more
importantly, it is clear from these results that the analysis of total polyphenol content in
W could be compromised by the formation of protein-polyphenol complexes (especially
within the pH range of 2.5-5.5), since it would only register polyphenols remaining in
solution.

Polyphenol release can only be completely accounted for when no precipitate is formed,
which is only the case at pH 1.5 and 8 for WPI. From Figure 5.7 it can be seen that at pH
1.5 there is a significant release of polyphenols during the first 24 h, that increases during
the first week of storage, reaching the highest value after 14 days. The comparative values
at pH 8 seem to be going down in time, possibly as a result of degradation under alkaline
conditions as shown in the measurements presented in Figure 5.8, and also mentioned

elsewhere?ﬂw.} 10
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Figure 5.7. Polyphenol concentration in W> of emulsions stabilized with LMPC, WPI and
PPI during a quiescent storage at pH 1.5, 4.0, 6.5-7, and 8.0 over 14 days at room
temperature. Asterisk labels above the bars point out the appearance of a precipitate
during polyphenol analysis. Dashed lines indicate the value in freshly produced emulsions.
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Figure 5.8. The variation of absorbance of polyphenols (Folin-Ciocalteau colorimetric
method) from their solutions prepared in different media with storage time.

Temperature

Next, the effect of temperature is investigated for conditions as they would occur during
the production, storage, and utilization, e.g., freezing, cooling, pasteurization,
sterilization, and ingestion of food products. The influence of storage temperature (-20, 4
and 25 °C) and heating (37, 65 and 90 °C) on microstructure, droplet size distribution, and
polyphenol release in W1/O/W» emulsions was examined.
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Figure 5.9. (A) Influence of storage temperature (25 and 4 °C) and storage time on droplet
size distribution (ds3 and span) of W1/O/W; emulsions stabilized with LMPC, WPI, and
PPL. D1, D3, D7, and D14 correspond to storage time of 1, 3, 7, and 14 days. (B)
Microstructure of emulsions after 14 days storage at 25 and 4 °C.

The stability of the three emulsions in terms of droplet size distribution presented large
differences when stored at room temperature (25 °C) and under refrigeration (4 °C)
(Figure 5.9-A) depending on the protein used to stabilize the O-W interphase. Emulsions
stabilized with WPI did not show any changes in the droplet size distribution at 25 and
4 °C for two weeks, while the ones stabilized with LMPC or PPI showed an increase in
size and span at 25°C (also as a result of flocculation), while having better stability when
stored at 4°C. Compared to PPI, emulsions with LMPC are more stable in terms of droplet
size distribution at both 25 and 4°C. From the emulsion microstructure images (Figure
5.9-B), the ‘increase in droplet size’ of LMPC and PPI stabilized emulsions seem to be
caused by droplet flocculation/aggregation rather than coalescence. PPI stabilized
emulsions started to flocculate immediately after production (Figure 5.2-A), with flocs
easily redispersed during the droplet size distribution analysis in the Mastersizer. These
effects are in line with results reported by Hinderink et al.”*>° for low PPI concentration
(<1%). All emulsions have considerable negative zeta potentials: PPI (-24.0 + 3.7 mV),
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followed by LMPC (-29.5 + 1.5 mV), and WPI (-37.9 = 1.7 mV). This implies that all
emulsions should have considerable charge stabilization with the emulsions with the
lowest charge being more susceptible to flocking.

W1/O/W> emulsions were also tested under simulated freezing storage temperature (-20
°C) for 24 h and later analyzed at room temperature, i.e., one freeze-thaw process. From
the results of droplet size distribution (Figure 5.10) and the microstructure (Figure 5.11),
it is clear that all the samples were destabilized by coalescence and flocculation to a
different extent, depending on the protein used in the emulsion formulation. Emulsions
with WPI showed better freeze-thaw stability, maintaining a high-volume percentage of
droplets with the initial droplet size and with a little population of bigger-sized droplets.
LMPC and PPI emulsions showed an increase in the droplet size and a greater extent of
coalescence as displayed in the microscopic images (Figure 5.11). Mao et al.'’ reported
a similar observation on the droplet size change on whey protein stabilized O/W
emulsions after the first freeze-thaw cycle, with droplet coalescence intensified with the
increase in the number of freeze-thaw cycles.
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Figure 5.10. Droplet size distribution of W1/O/W; emulsions stabilized with LMPC, WPI,
and PPI after simulated heat storage/treatment conditions (-20, 37, 65, and 90 °C), and
visual appearance of the emulsions.
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During the freezing process, oil droplets would concentrate in the unfrozen region and
would be densely packed, while meanwhile, the ice crystals formed in the water phase
could penetrate the oil globules and destroy the interfacial film, thus promoting droplet
flocculation and coalescence during the thawing process *''. Some studies on freeze-thaw
stability of O/W and Pickering emulsions found a correlation between the type and
thickness of the stabilizing agent 74?1?7314 as we also find here. In general, it is known
that the thickness and viscoelasticity of the interfacial film layer determine the
coalescence stability of a protein stabilized emulsion *'°, albeit not necessarily under cold
conditions. B-lactoglobulin as one of the main components of whey protein gives interface
viscoelastic characteristics due to a high 2-D packing density and strong protein-protein
interactions *'°.

The W1/O/W; emulsions produced in this study are more complex since two interfaces
(W1/O and O/W;) have to remain stable simultaneously, and therefore various
mechanisms can result in destabilization during the freeze-thaw process 3!7. From the
microstructure observation in the micrographs (Figure 5.11), some degree of coalescence
of inner water droplets can be assumed and coalescence of the droplets seems to have
happened, regardless of the protein used to stabilize the O/W; interphase. Comparing the
d4 3 for each emulsion after the freeze-thaw cycle, the W1/O/W, emulsions stabilized with
WPI show a mean value about of 14 um, while for LMPC and PPI the values are 111 and
104 pum, respectively (Figure 5.11). Moreover, using LMPC and PPI leads to a higher
droplet aggregation as is evident from the clarified bottom aqueous phase (Figure 5.10).
To improve the stability of LMPC emulsions at freezing conditions, the addition of a
cryoprotectant is suggested to avoid protein denaturation, but this goes beyond the scope
of the present study.

The emulsions were also exposed to temperatures relevant to digestion (37 °C),
pasteurization (65 °C), and more severe temperature treatment at which protein
denaturation takes place (90 °C). Before measuring droplet size distribution, the samples
were mixed gently. Emulsions stabilized with WPI showed a decrease in stability with
the increase of temperature (Figure 5.10), which can be linked to the denaturation of WPL
Droplet size distribution did not show any changes at 37 °C, but when the temperature
increased to 65 and 90 °C (for 5 min), ds 3 increased to 14 and 55 pum, respectively. The
denaturation temperature of whey proteins is around 65-85 °C3!! therefore emulsion
destabilization was expected to take place. From the microstructure, it can be seen that
most of the aggregates consisted of oil globules (W1/O) having a similar size to the freshly
produced W/O/W; emulsions accompanied with a small part of coalesced droplets.

The emulsions stabilized with LMPC show similar stability to WPI emulsions at 37 and
65 °C and they seem less affected by heating at 90 °C than the ones with WPI. From the
size distribution curve and the ds3 values (Figures 5.10 and 5.11) and microstructures
(Figure 5.11) at 90 °C it is clear that destabilization has taken place. Gould and Wolf*
observed that 20% sunflower O/W emulsion stabilized by 0.44% T. molitor protein
extract was stable during heat treatment at 60 and 70 °C, and the droplet aggregation
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commenced and strengthened when heated up to 80 and 90 °C, which is in line with our
findings.

Emulsions stabilized with PPI presented similar stability to LMPC during heating, even
though for PPI a larger extent of droplet aggregation was observed at 37 °C, that increases
with temperature (Figure 5.11). As observed in the microscopic images (Figure 5.11),
droplets of PPI stabilized emulsions tend to form flocs or aggregates at 37 °C, which was
not seen in emulsions stabilized with LMPC. We expect that the denaturation temperature
for LMPC will be higher than that of WPI (65 °C) *' and PPI (75-85 °C) %4, and this
translates into improved stability of the emulsions during short heat treatments at 80-
90 °C.
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Figure 5.12. Polyphenol concentration in W» of emulsions (Cpolywz) stabilized with

LMPC, WPI and PPI during storage at 4 (A) and 25 °C (B) over 14 days, and (C) after
subjected to different temperature stresses: -20 °C (24 h), 37°C (30 min), 65 °C (30 min)
and 90 °C (5, 15, 30, and 60 min). Asterisk labels above the bars point out the appearance
of a precipitate during polyphenol analysis. Dashed lines indicate the value in freshly
produced emulsions.

Figure 5.12 shows the evolution of Coolyy, for Wi/O/W, emulsions during the

temperature stress tests. First it is important to mention that the emulsion pH lies in the
area (6.5-7) where the protein-polyphenol interaction is negligible for WPI and can be of
significance depending on the polyphenol concentration for LMPC. The release of
polyphenols to the W, phase for emulsions stabilized with WPI show a considerable
increase after one day of storage at 4 and 25 °C, that could be due to the concentration
gradient between W, and W». Considering that if all the polyphenol loaded into the W
phase was released to the W> phase, the concentration would be 6.2 ¢ GAE L-!, it can be
seen from Figure 5.12 that more than 50% of the loaded polyphenol is still encapsulated
after 14 days at 4 and 25°C for WPI emulsions. For the higher temperature tests (65 and
90 °C), the presence of a precipitate hinders direct polyphenol quantification, which is
also the case for the LMPC and PPI emulsions (Figure 5.12). Still, from the emulsion
droplet size evolution during the different heat treatments (Figure 5.10) that is similar to
the one obtained for WPI, we expect an overall retention of more than 50%.
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Osmotic stress

The influence of osmotic pressure differences on the stability of W{/O/W; emulsions was
investigated through changes in droplet size distribution. The addition of salt and water
to W2 led to an imbalance of osmotic pressure (IT) between the two aqueous phases (W1
and W3), and the difference between W, and W [A(ITw2-ITw1)] corresponds to 0.46 MPa,
2.42 MPa and -0.54 MPa for the addition of salt concentration of 50 and 250 mM and 10-
fold water dilution, respectively.

As can be seen in Figure 5.13, W{/O/W, emulsions stabilized with WPI maintained a
rather constant droplet size distribution during 14 days of storage regardless of the
changes in W phase, while from the color intensity change of the W, phase (bottom part
of tube) it is clear that polyphenol release increasingly takes place with storage time. For
Wi/O/W; emulsions stabilized with LMPC, during the first 7 days of storage no
significant change in droplet size distribution was observed for the emulsion with the
diluted W, phase, after which some bigger droplets emerged, as seen from the
microstructure images (Figure 14-A). For the PPI stabilized emulsions, dilution of the W,
phase changes the droplet size distribution, which is related to flocculation. The
microstructure images (Figure 14) suggest a slight increase in the size of the inner water
droplets because of the water efflux from W, to Wi due to the imbalance of osmotic
pressure.
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Figure 5.13. Droplet size distribution of W/O/W, emulsions stabilized with LMPC, WPI
and PPI after addition of NaCl (50 and 150 mM) and 10-fold of water dilution of W, over
a storage period of 14 days, inset images show the visual appearance of the emulsions
after 1 and 14 days of storage.
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Figure 5.14. Microstructure of W1/O/W> emulsions stabilized with LMPC (A), WPI (B)
and PPI (C) after addition of NaCl (50 and 150 mM) and 10-fold of water dilution of W>
during a storage period of 14 days.

Adding salt to any emulsion will influence charge effects responsible for emulsion
stability?'*=%", In double emulsions, this can also induce water transfer between the two
water phases. The addition of salt has an undoubted detrimental effect on the stability of
W1/O/W> emulsions with LMPC and PPI, of which the internal water droplets most
probably shrink over storage time and with amount of salt added. If all the inner water
would be released to the outer phase, the resulting diameter would be 90% of the original
emulsion droplet size, which cannot be distinguished by size measurement. There is a
clear shift in droplet size toward bigger droplets/aggregates, while the polyphenol release
is comparable to emulsions stabilized with WPI (visual observation). The most stable
emulsions, under the range of salt concentration examined, would be the ones produced
with WPI, followed by LMPC and PPI. The tested salt concentrations represent a suitable
range as would be found in food products*’!, and the encapsulation systems can withstand
these salt concentrations. There are no previous studies in the literature on the stability of
multiple emulsions stabilized with insect proteins. The only reference is on the stability
of sunflower O/W emulsions stabilized with T. molitor protein extract, that once produced
were subjected to a NaCl concentration of 330 Mm® and remained stable.

To learn if water transport has any effects on the polyphenol release under the present
experimental conditions, polyphenol concentration in W was measured after 1, 7 and 14
days of each osmotic stress test and plotted in Figure 5.15. For WPI stabilized emulsions
it can be seen that the polyphenol concentration in W> has a similar value (about 2.75
gGAE L") than the one obtained at 25 °C and neutral pH and is not affected by the
presence of salt (Figure 5.15), therefore we can assume that more than 50% of the loaded
polyphenols remain encapsulated under the osmotic stress conditions tested. For LMPC
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and PPI emulsions, the presence of a precipitate hampers the polyphenol analysis.
Moreover, it has been established (results not shown) that the salt present in W enhances
complex formation between LMPC and polyphenols (Figure 5.15). Contrary to the
temperature stress tests, emulsion stability for LMPC and PPI was more compromised by
the salt addition in W2, which could indicate that polyphenol release is higher than for
WPI emulsions.

5.0
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Figure 5.15. Polyphenol concentration in W, of emulsions stabilized with LMPC, WPI
and PPI during a quiescent storage of 14 days at room temperature. Emulsions were
subjected to different conditions of 10-fold dilution by water, 0 (no extra addition of salt,
kept at 25 °C), 50 and 250 mM salt addition. Asterisk labeled above the bars points out
the appearance of a precipitate during the polyphenol analysis. Dashed lines indicate the
value in freshly produced emulsions.

5.4 Conclusion

This study has proven the feasibility of using lesser mealworm protein concentrate to
stabilize multiple emulsions to encapsulate a procyanidin-rich extract. The emulsions
showed a droplet size distribution and stability at 4 and 25 °C comparable to emulsions
produced with whey protein isolate. Moreover, the insect protein showed better
performance to stabilize the multiple emulsions than a protein obtained from another
sustainable source, such as pea protein. The interaction/complex formation between the
LMPC and polyphenols is far more pronounced than for WPI, which may be instrumental
in improving the chemical stability of such systems.

As for the stability under different environmental stresses (temperature, pH, and osmotic
pressure imbalance) it was shown that all W/O/W, emulsions were prone to droplet
coalescence after a freeze (-20 °C) thaw cycle. At the highest temperatures tested (90 °C),
the changes in droplet size distribution were less pronounced for W1/O/W; emulsions
stabilized with LMPC than for WPI, pointing out a potential benefit of using this protein
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in emulsions that need to undergo heat treatment. Within the pH range investigated,
LMWC stabilized double emulsions behave comparably to their WPI stabilized
counterparts Wi/O/W> emulsions under acidic and alkaline conditions, and both
outperform PPI. LMPC and PPI stabilized emulsions are less able to withstand osmotic
pressure differences compared to WPL.

The results of this study show for the first time the use of an insect protein, LMPC, to
stabilize multiple emulsions produced using a low-energy emulsification system to
encapsulate a commercial polyphenol and open the door to future studies to investigate
the incorporation of insect proteins in complex food formulations.
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Chapter 6

Polyphenol loaded microcapsules from W/O/W
emulsions stabilized with lesser mealworm (Alphitobius
diaperinus) protein concentrate

Abstract

To preserve water-soluble bioactive compounds e.g., polyphenols, encapsulation is
a trusted method. In the current paper, we start from water-in-oil-in-water (W 1/O/W)
emulsions, which can protect bio-actives from external environment influences (e.g., pH),
while providing decent dispersibility and homogeneity of the aqueous medium. Whey
protein isolate (WPI) is a conventional emulsifier for formulation of emulsions, and here
we compare it with proteins from more sustainable sources. In this work, we use pea
protein isolate (PPI) and lesser mealworm protein concentrate (LMPC) as alternatives to
WPI, and use spray drying and freeze drying, to fabricate solid microcapsules with more
than 85% of the procyanidin-rich extract retained in them. We also investigated
reconstitution to W1/O/W> emulsions after rehydration, and found that spray-dried
W1/0O/W> emulsions stabilized by WPI returned most closely to their original droplet size,
followed by LMPC and PPI. For freeze-dried emulsions, those stabilised with PPI
displayed smaller average droplet size and uniformity followed by the ones stabilized
with LMPC and PPI. In all cases, the formation and rehydration of microcapsules was
successful, which indicates that the technical feasibility of insect protein and plant protein
as alternative to animal protein in the production of solid microcapsules is high.

This chapter is intended for a submission as a short communication to the Journal of
Food Engineering.
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6.1 Introduction

Water-in-oil-in-water (W1/O/W2) emulsions are widely applied as a means of
encapsulation for protection and delivery of water-soluble bioactive compounds. To
prolong their shelf-life, facilitate the use and dosage, and to reduce transport and storage
the costs, these multiple emulsions are transformed into solid microcapsules by drying.
Whey protein isolate (WPI) is a conventional protein emulsifier widely used in the
formulation of W1/O/W, emulsions, and it has extensively been used in the formulation
of solid microcapsules'*’:15%193, Because of their environmental impact, more sustainable
protein sources, such as plant and insect proteins, need to be considered’®3??. Soy protein
and pea protein isolate (PPI) are most commonly reported*®3'°, and insect proteins are
becoming more popular, but have not been reported in the production of solid
microcapsules.

This study explores for the first time the use of a lesser mealworm (A/phitobius diaperinus)
protein concentrate (LMPC) to stabilize procyanidin loaded Wi/O/W, emulsions
subsequently dried by spray drying or freeze drying. The ability to maintain the original
droplet size distribution of the emulsion after rehydration has been studied and compared
to WPI and PPI, as models for conventional and sustainable protein sources, respectively.
The present study demonstrated that the production of solid microcapsules is feasible
from W1/O/W; emulsion stabilized by pea protein and lesser mealworm protein, and also
that rehydration is comparable, which shows that LMPC is a valid alternative.

6.2 Materials and methods

6.2.1 Materials

Table 6.1 presents the multiple emulsions prepared in this study, in which a commercial
procyanidin-rich extract (Vitaflavan, DRT, France) with a total polyphenol content above
96% was incorporated in the internal water phase. The lipophilic emulsifier, polyglycerol
polyricinoleate (PGPR, ref-4120 Palsgaard, Denmark), was dissolved in commercial
sunflower oil (Borges S.A., Spain). As hydrophilic emulsifier, three proteins were used:
whey protein isolate (WPI, BiPRO, lot no. JE 034-7-440-6, Davisco Foods International.
Inc., Le Sueur, MN) with a reported protein content of 98.1% on dry basis, lesser
mealworm protein concentrate (LMPC) extracted from insect powder BUFFALO’S
(Kreca Ento-Food BV, the Netherlands), and pea protein isolate (PPI, Roquette,
NUTRALYS, s85F, France) with a reported purity of 80-90%. To balance the osmotic
pressure between the two aqueous phases, sodium chloride (NaCl, PanReac, Spain) was
dissolved in the W phase, while sodium azide (NasN, Sigma-Aldrich, USA) was used to
prevent microbial growth. To produce LMPC, the procedure described in section 6.2.2
was used.
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Table 6.1. Formulation of W;/O/W, emulsions with the same composition for the W/O
and different composition of the W phase.

Fraction Phase Composition Medium

6 wt% Wi 10 wt% procyanidin- Deionized water
rich extract

14 wt%  Oil 6 wt% PGPR Crude sunflower oil
80 wt% W i. 1 wt% LMPC 5 mM phosphate buffer pH 7 (0.06
wt% NacCl, 0.02 wt% NaszN)
ii. 1 % WPI 5 mM phosphate buffer pH 7 (0.4

wt% NaCl, 0.02 wt% NasN)

iii. 1 % PPI 5 mM phosphate buffer pH 7 (0.25
wt% NaCl, 0.02 wt% Na3N)

The WPI solution (2 wt%) was prepared by dissolving WPI powder in 5 mM phosphate
buffer pH 7 (prepared with Na,HPO4:2H,0, Scharlau, Spain and NaH,PO4-H,0O, ACROS,
Spain) stirring for 2 h at 400 rpm and kept in the fridge overnight. The LMPC and PPI
solutions were also prepared by dissolving the protein powder in 5 mM phosphate buffer,
and pH was adjusted to 7.0 every 30 min of stirring using 1M NaOH or IN HCI. After
two hours stirring, the solutions were transferred to the fridge where they were kept
overnight. To quantify the protein concentration in the LMPC and PPI solutions, the
PierceTM BCA protein assay kit (Thermoscientific, USA) was used, and the results
expressed as bovine serum albumin equivalent value (BSAE %, w/w). The concentrations
of LMPC and PPI in Table 1 were obtained after dilution of the initial solution and are
shown in % instead of BSAE % hereafter for simplicity.

Food grade maltodextrin (lot no. 219425, Pral, Barcelona) with a dextrose equivalent of
16.5-19.5 was added to the Wi/O/W> emulsions as wall-building material for solid
microcapsules before spray drying and freeze drying. Sodium carbonate (Panreac, Spain),
gallic acid monohydrate (Panreac, Spain) and Folin-Ciocalteau’s reagent (Panreac, Spain)
were used for total polyphenol content (TPC) quantification.

The Wi/O/W, emulsions were prepared by premix membrane emulsification, more
specifically using a dynamic membrane module with 38 um glass micro-beads
(Microspheres-nanospheres, USA) placed on top of a nickel sieve (Stork Verco, Erbeek,
the Netherlands). Sodium hydroxide and ethanol (96%, Scharlab, Spain) were applied for
cleaning of nickel sieve and silica beads, respectively.

6.2.2 Preparation of lesser mealworm protein concentrate (LMPC)

Defatting of the original lesser mealworm protein powder was carried out with 2-MeTHF
268: the powder (50 g) was mixed with 250 mL of 2-MeTHF and magnetically stirred at
300 rpm for 1 h, left to stand for 20 min to allow that upper solvent layer to separate. The
process was repeated 3 times in total by adding 250 mL of 2-MeTHF each time. The
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remaining solvent in the powder was evaporated in the fume hood over 3 days. Next,
protein extraction was carried out using the method of Gould & Wolf*> with slight
modifications. In short, dried defatted powder (30 g) was mixed with 150 mL 0.25M
NaOH and stirred at 400 rpm for 1 h at 40 °C, followed by15 min centrifugation at 4490
rpm to separate the supernatant. The pH of the supernatant was adjusted to 4.0-4.5 by
adding HCI to precipitate the protein fraction. Further extractions following the same
procedure were applied to the remaining pellet by adding 150 mL of 0.25 M NaOH. The
protein from the 3 extractions was combined, centrifuged (15 min at 3750 rpm) and freeze
dried (LYOQUEST-85 PLUS, Telstar, Spain) for 24 h at 0.2 mbar vacuum and plate
temperature of 20 °C. The freeze-dried protein powders from several extractions were
blended and stored in a desiccator until further use.

6.2.3 W1/O/W; emulsions production

The W1/O/W; emulsions were produced following the same procedure as described in
Chapter 2. In brief, the primary emulsion (W/O) was produced by adding W phase
(procyanidin solution) into sunflower oil with 6% PGPR under rotor-stator
homogenization (Ultra Turrax T18 digital, IKA, Germany) for 5 min at 11000 rpm. This
primary emulsion was then added into the W phase, that contains the dissolved protein,
while stirring for 5 min at 1600 rpm to produce the coarse Wi/O/W> emulsion (droplet
size d32 60.3£15.4 um and span of 1.9+0.2). The coarse emulsion was refined by passing
through the dynamic membrane module at 500 kPa for 3 times in total.

Blank samples for each formulation were prepared in the same way as that for the
W1/O/W; emulsion but containing 0.4 wt% NaCl water solution instead of procyanidin-
rich extract. Blanks were analysed in the same way as polyphenol loaded samples and the
results enabled to eliminate potential masking effect of proteins, as mentioned in Chapter
5.

6.2.4 Solid microcapsules production
Spray drying (SD)

W1/O/W emulsions stabilized with different protein emulsifiers were gently mixed with
a 75 wt% maltodextrin solution containing 0.02 wt% NasN at a mass ratio of 1:3
(W1/0O/W3 emulsion: maltodextrin solution). The mixture was then spray dried using a
Biichi Mini Spray dryer B-290 (Flawil, Switzerland). Inlet temperature was set at 170 °C,
and the outlet temperature was controlled at 92 °C (+ 2 °C). Nozzle pressure, freed flow
rate and aspiration rate were set at 4.5 bar, 4 mLmin™! and 100% (35 m?h™"), respectively.
Spray-dried powders were collected in a brown bottle filled with N, and stored in a
desiccator.

Freeze drying (FD)

The same mixtures as used for spray drying were put in petri dishes and freeze dried (0.2
mbar, 20 °C tray temperature) for 24 h. Then the samples were gently grinded with a
mortar and pestle before storing in N filled brown bottles in a desiccator.
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Drying yield

The spray/freeze drying (SD/FD) yield was calculated based on the mass of solid
microcapsules  ( Mcgpsutes ) collected and the mass of total solids in inlet
(M¢otal intet sotias)> calculated as eq 6.1.

Yieldgp /pp[%] = ——<2es <100 eq (6.1)

Mtotal inlet solids

6.2.5 Characterization of emulsions, solid microcapsules, and reconstituted
emulsions
Microstructure analysis

Laser scanning confocal microscope (NIKON model TE2000-E, The Netherlands) was
used to observe the structure of freshly produced and reconstituted W/O/W; emulsions.
Environmental scanning electron microscope (FEI ESEM Quanta 600, Austria) was used
to analyse the morphology of dried solid microcapsules.

Water activity

Water activity (a.) of dried powders was measured using a hygrometer (Novasina [C-500
AW-LAB, Novasina) at room temperature. Each sample was measured in duplicate.

Polyphenol quantification

For polyphenol quantification in the microcapsules the method described by Kanha et al.
161 was used with slight modification. A sample of solid microcapsules (0.1 g) was
weighed in a glass tube, and dissolved in 1 mL deionized water by vigorously shaking
(16000 rpm) using a vortex (Fisherbrand, Italy) for 30 seconds. 4 mL ethanol was added,
and the sample was again vortexed for 30 seconds. Next, the tube was maintained in
ultrasound water bath for 10 min to break the rehydrated emulsions, followed by 30-
second vortexing, and a 10-minute ultrasound treatment, which was repeated twice. The
thus obtained mixture was centrifuged at 4000 rpm for 5 min and the total polyphenol
content (TPC) of the supernatant was measured using the Folin-Ciocalteu method, and
expressed as gallic acid equivalent value. In brief, 100 pL sample was added to 100 pL
Folin-Ciocalteu reagent and 1 mL of deionized water, and after 3 min 2 mL of 75 g/L
Na;COs and 1.8 mL of deionized water were added. Absorbance at 750 nm (DR5000,
Hech, Germany) was measured after a 30-minute reaction at room temperature in the dark.

Surface polyphenol content (SPC) was quantified by mixing 0.1 g solid microcapsules
with 5 mL ethanol absolute. The mixture was vortexed for 30 seconds, followed by
centrifugation as described earlier.

The corresponding retention and encapsulation efficiency are calculated using equation
6.2 and 6.3, respectively.

TPC
Theoretical TPC

RE (%) = x 100 eq (6.2)
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EEy, (%) = > x 100 eq (6.3)

Droplet size distribution

Droplet size distribution of freshly produced Wi/O/W; emulsions in the presence of
maltodextrin, and rehydrated W1/O/W> emulsions (in 0.4 wt% NaCl) were analysed using
Mastersizer 2000 (Malvern Instruments, UK) by laser diffraction using 0.4 wt% NaCl as
continuous phase to maintain the aqueous phase osmotic pressure. Particle and the
dispersant reflective index were set to 1.480 and 1.330, respectively. Mean droplet size
and droplet size dispersion were expressed as volume weighted mean diameter da 3
(equation 6.4) and the span factor (equation 6.5), respectively.

LD
dyz = ZZiD? eq (6.4)
§ = Lot eq (6.5)
dSO

n; is the number of droplets with diameter D;, d, is the droplet diameter corresponding to
x% volume on a cumulative droplet size distribution curve.

6.3 Results and discussion

The W1/O/W, emulsions were produced successfully with all proteins, and more than 72%
of procyanidin-rich extract was encapsulated (Table 6.2, EE. values were calculated and
referenced as described in Chapter 5). The next sections all related to microcapsules,
obtained by spray or freeze drying.

Table 6.2. Droplet size distribution (ds3 and span) and encapsulation efficiency (EE.) of
procyanidin-rich extract in the refined (after 3 emulsification cycles) W1/O/W; emulsions
stabilized with LMPC, WPI or PPI. Results are from Chapter 5.

Protein emulsifier ds3 (um) Span (-) EEc (%)
LMPC 7.28 £0.04 0.83 £0.00 74.6 £ 0.1
WPI 7.60 £ 0.03 0.84 +0.01 74.2+09
PPI 7.27+0.15 0.89 = 0.04 724+14

6.3.1 Characterization

Irrespective to the emulsifier used, spray-dried capsules were spherical globules with
smooth surfaces and very low agglomeration level (Figure 6.1-A), as reported for other
spray-dried emulsions®®**"%3?3 The capsules displayed a hollow core, and the shell
thickness was about 1.120.7 um as shown in Figure 6.1-B. Freeze dried Wi/O/W;
emulsions (Figure 6.1-C and D), were more flake-like with irregular bumps and folds on
the surface as observed for other freeze dried emulsions®!”>!%°, The diameter of the pores
in freeze dried samples is ~ 6.0+£0.9 pm. Most probably these cavities and pores are due
to the formation of ice crystals and the later sublimation'>7100:176.177,
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A S ®)

© D)
Figure 6.1. ESEM micro graphs of solid microcapsules from (A) spray dried W,/O/W>
emulsions stabilized with LMPC, and (B) PPl (manually ruptured), freeze-dried
W1/O/W> emulsions stabilized with (C) WPI, and (D) LMPC.

As described in Table 6.3, the yield of spray drying is much lower than for freeze drying
as could be expected for lab-scale spray driers. All powders had a,, below 0.2, with freeze
dried samples having slightly lower water activity (a,) than spray dried samples, which
is in a safe range (aw< 0.3) for growth of microorganisms'®’. The total polyphenol content
was rather similar for all samples, and that it is also the case for retention (>85%), and
encapsulation efficiency, with the exception of freeze-dried PPI-stabilised emulsion.
When comparing with Berendsen et al.'*” who also investigated whey protein stabilised
Wi/O/W> emulsions that were spray-dried, but prepared by SPG membrane
emulsification, the values found in our work are typically twice as high.
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6.3.2 Reconstituted emulsions

Figure 6.2 shows rehydrated solid microcapsules that all contained an internal water
phase and had monomodal droplet size distribution, albeit that the d43 and span were
higher as measured for the double emulsion prior to drying. Reconstituted emulsions from
freeze dried powders had larger droplets compared to spray dried samples irrespective of
the emulsifier used. This is not unexpected given the agglomerated nature of the freeze
dried emulsions (See figure 6.1). When comparing the proteins, WPI-stabilised spray
dried emulsion resembles the original emulsion most closely, followed by LMPC-
stabilised spray dried emulsion. Largest droplets were found for WPI-stabilised freeze-
dried emulsions. This may indicate that WPI is more sensitive to low temperature used
during freeze drying, while PPl and LMPI-stabilised emulsions are much less sensitive.
This shows that depending on the process applied, alternative proteins may deliver
additional functionality to the product.

LMPC WPI PPI

dys (um)
0.84+001 7.60+0.03

dg 3 (Um)

Fresh emulsion 0.83+0.00 7.28+0.06

span span span dy 5 (mm)

0.89:004 7.2710.15

Fresh emulsion Fresh emulsion

=
_g Reconstituted _SD 1.88 +0.14 13.39+0.88 |Reconstituted _SD 1.49+ 0.06 10.86+0.71 |Reconstituted_SD 1.82 +0.15 12.23 + 1.35
B |Reconstituted _FD 248 +0.20 20.33+2.01 |Reconstituted_FD 2.32+0.19 30.82+1.49 |Rec d_FD 190+0.02 13.80+0.32
=
g7 — Freshemuson (s matodetn) | — Fresh emulsion (s mattodestrn) | ** — Fresh emlsion (+ mattodextrin)
- -0~ Reconstituted emulsion_S0 < Reconstituted emulsion_SO O Reconstituted emulsion. 50
_g ; ~r Reconstituted emulsion_FD - 15 -+ Reconstituted emulsion_FD = & Reconstituted emulsion_FD
@w |2 s %
3 gm E 10 ;ﬂ»ﬂ 3 § 10
[+% s et X
& : (,S{‘ ™, : £

- } i )

. § .‘ﬁd: kS T . o ‘“:'?
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1

Particle size (um) Particle size (um)

Reconstituted W,/O/W, emulsion

Figure 6.2. Droplet size distribution and microstructure of reconstituted W;/O/W,

emulsions stabilized with LMPC, WPI and PPI from SD and FD.

6.4 Conclusion & future outlook

The drying method has great impact on the surface morphology of the formulated solid
microcapsules. Spray drying formed smooth sphere shape capsules, while freeze-dried
capsules had a flaky surface. All produced powders reconstituted into double emulsions
upon rehydration, and depending on the drying method used the emulsion droplets were
larger or smaller. WPI-stabilised spray-dried microcapsules are closest to their original
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size, while the freeze-dried counterparts show largest droplets upon rehydration. The
other two proteins show less pronounced differences, which is an important lead for
adjustment of ingredients used for double emulsion formulation to warrant sufficient
rehydration depending on the drying method use. In future work, the produced solid
microcapsules will be assessed on in vitro bio-accessibility of polyphenols under
simulated mouth, stomach and intestine conditions.
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Chapter 7 Conclusion
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7.1 General conclusions

In this thesis, the feasibility of producing emulsion-based encapsulation systems
stabilised with proteins from a sustainable source by a low-energy high-throughput
technique is studied and discussed in detail. The use of dynamic membranes of tunable
pore size (DMTS) throughout the entire study in the production of single (O/W) and
multiple (W1/0O/W>) emulsions proves the capability and effectiveness of this technique.
As for the sustainable protein sources, protein extracts from two insect species, black
soldier fly (H. illucens) and lesser mealworm (4. diaperinus) have been successfully
examined.

The single O/W emulsions targeted in this thesis are examples that incorporate
sunflower oil or lemon oil as models for the most widely used oils in food applications.
The sustainable protein sources selected to stabilize the O/W emulsions were black
soldier fly protein concentrate (BSFPC) (1% and 2%) and lesser mealworm protein
concentrate (LMPC) (1%), obtained by solubilisation of the insect meals at alkaline
conditions followed by acid precipitation. BSFPC showed similar performance than whey
protein isolate (WPI) to stabilize the sunflower oil emulsions when using premix
emulsification with the DMTS system, regardless of the oil fraction and the protein
concentration. For lemon oil emulsions, however, BSFPC successfully reduced droplet
size distribution of emulsions with 20 to 40% oil fraction, while the ones produced with
WPI for 40% oil fraction clearly showed an increase in the droplet size distribution from
the third emulsification cycle onwards. This has been explained by the fact that lemon oil
is partially soluble in water, leading to a reduction of the pH in the water phase close to
the pl of WPI, therefore lowering its ability to stabilize the oil-water interface, while the
stabilizing ability of BSFPC, with a lower pl than WPI, is less affected by the pH decrease.
All the emulsions produced were relatively stable with a minor increase in the droplet
size distribution over a week of storage at room temperature.

More complex emulsion-based encapsulation systems were studied in this thesis.
W1/0O/W> emulsions loaded with phenolic compounds from two different sources (carob
pulp and grape seed) were produced using the DMTS system and stabilized with WPI,
pea protein isolate (PPI) and LMPC. Premix emulsification with the DMTS enabled to
generate polyphenol loaded stable emulsions regardless of the formulation. One of the
most important factors that control W1/O/W, stability is to balance the osmolality
between two aqueous phases, therefore, emulsion formulation was tailored depending on
the polyphenol source. The carob pulp polyphenol, with an important amount of soluble
solids (24.5 °Brix), lead to an osmolality of 1200 mOsmol/L in W that required the
addition of 3.15 wt% NaCl and 28.2 wt% trehalose in the formulation of W» phase with
1% WPI to balance the osmolality, achieving an encapsulation efficiency above 77% after
2 emulsification cycles. Similarly, different amounts of NaCl were incorporated in W»
phase for the encapsulation of the commercial polyphenol grape seed extract (Vitaflavan)
depending on the protein used to stabilize the 0il-W> interphase. Namely, 0.4 wt% for 1%
WPI, 0.25 wt% for 1% PPI, and 0.06 wt% for 1% LMPC, reaching the encapsulation
efficiency above 74% after 3 emulsification cycles regardless of the protein.
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The stability of W1/O/W» emulsions with WPI, PPI, and LMPC was tested under
several environmental conditions (temperature, pH, and osmotic pressure) to mimic
processing, storage, and digestion conditions. The results show that all W/O/W»
emulsions were prone to droplet coalescence after a freeze (-20 °C) thaw cycle. At the
highest temperatures tested (90 °C), the changes in droplet size distribution were less
pronounced for W;/O/W, emulsions stabilized with LMPC than for WPI, pointing out a
potential benefit of using this protein in emulsions that need to undergo heat treatment.
Within the pH range investigated, LMWC stabilized double emulsions behave
comparably to their WPI stabilized counterparts W1/O/W» emulsions under acidic and
alkaline conditions, and both outperform PPI. LMPC and PPI stabilized emulsions are
less able to withstand osmotic pressure differences compared to WPIL. The interaction
between polyphenols and LMPC was found to be much more pronounced that for WPI,
which is though to become relevant in improving the stability of such systems.

Since one of the key parameters in the scale-up of the emulsification systems is the
productivity, the results of the thesis have proven that transmembrane fluxes obtained
during emulsification are of industrial interest, with values between 120 and 600 m*m?h-
!, depending on the emulsion formulation and the pressure applied.

To integrate more sustainable fractionation strategies to insect meals processing, this
thesis shows that greener solvents such as ethanol, iso-propanol, and 2-
methyltetrahydrofuran are feasible for lesser mealworm meal defatting, resulting in
similar extraction yields and lipid profile than the ones obtained with hexane. Moreover,
the impact of the solvent in the techno-functional properties of the resulting protein
fraction proved that LMPC remains the same regardless of the solvent used during
defatting.

To increase the stability of the emulsion-based encapsulation systems and extend
their shelf life, the production of solid microcapsules is highly recommended. This thesis
has advanced in the assessment of insect proteins for the production of solid
microcapsules, proving that LMPC performs similarly than WPI and PPI, regardless of
the drying method selected (spray drying or freeze drying). The solid microcapsules from
polyphenol loaded W/O/W, emulsions stabilized with LMPC present the external
structure typical from the microcapsules obtained by spray drying and freeze drying.
Moreover, the W1/O/W> emulsion is recovered when rehydrated, with a similar increase
in the droplet size distribution as it happens with WPI.

Based on the above, this thesis demonstrated a comprehensive approach of
encapsulation of bioactive compounds using ingredients from sustainable sources, eco-
friendly, and efficient methods. It provides useful information for the potential use of
insect proteins and low-energy technologies for the production of emulsion-based
encapsulation systems.
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7.2 Future work
As aresult of the knowledge gained in this thesis, the possible future work is outlined

Advance the research to improve the fractionation of the insect powders,
specifically to enhance solubility while maintaining the techno-functional
properties. The use of ultrasound or microwave assisted extraction processes for
both defatting and protein extraction are of interest. Moreover, to improve
solubility and emulsifying properties of insect protein extract/concentrates,
enzymatic hydrolysis is a promising solution to obtain active peptides.

Broaden the knowledge of bioactive properties of insect proteins, specifically as
anti-microbial, anti-inflammatory, antioxidant, and in vitro digestibility which
will widen the applications of edible insect proteins in food, feed,
pharmaceutical, and cosmetic industries.

Harness the properties of certain insect fractions, such as lipids extracted from
black soldier fly (H. illucens) that tend to be solid at room temperature, to
produce solid-lipid microcapsules. Oil-soluble bioactive compounds such as
vitamin E, B-carotenoid and some drugs for instance tocopherol nicotinate,
teprenone and ethyl icosapentate can be incorporated into black soldier fly lipids
to be encapsulated and to be utilized in lipid-based drug delivery systems. Further
evaluation on the safety and risks in food and medical applications should be
carried out.

To have an overview of all the sustainable sourced proteins, a study on
microalgae is promising. With the addition of the knowledge in protein derived
from microalgae, especially on its techno-functional properties, a better and more
comprehensive evaluation comparing plant, insect and microbial proteins which
certainly will be helpful information to the future development.
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