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ABSTRACT

Gluten-free market has gained a greater presence in the food industry in recent years due to
increasing population being diagnosed with celiac disease or gluten intolerance, and consumers
who decide to follow a gluten-free diet for considering it as a healthier alternative, who demand
a wider range of good quality products. Gluten removal, however, represents a technical
challenge in the development of products, due to the structural role of gluten in most of these
products. The natural characteristics of gluten-free flours (and their starch) do not always meet
specific industry requirements due to processing limitations, such as low shear resistance,
thermal resistance, and high tendency towards retrogradation. Different modification techniques
(chemical, enzymatic, genetic, mechanical, and physical) are applied to starches and flours with
the aim of increasing their range of industrial applicability, being physical modifications the best
perceived for involving more environmentally friendly methods, and for requiring, in general,
shorter and simpler processing. Ultrasound treatments are physical modification methods that
have demonstrated significant improvements in the modification of starches from different
botanical origins. However, the modification of gluten-free flours with ultrasounds has not been

greatly studied despite being an important ingredient in the food industry.

The objective of this doctoral thesis was to get deeper knowledge about the physical
modification of gluten-free flours by ultrasound treatments, to stablish the impact of key
treatment parameters on the degree of modification achieved, and to use ultrasonicated flour in
the development of gluten-free breads to determine the effect that the modification has on the
quality of the final products. Ultrasound treatments were performed at a frequency of 24 kHz, a
maximum power of 180 W, and a on/off cycle of 80 %, and were applied to flours of different
nature: rice, tef, corn, and quinoa. Ultrasound treatments are always performed in excess water

so that the acoustic waves generate a homogeneous modification in the studied sample.

The study included an initial phase to determine the effect that three important parameters of
ultrasound treatments had on the modification generated to rice flour. These parameters were

treatment time (between 2 and 60 min), flour concentration in the treated dispersion [between



5 % and 30 % (w/w)], and treatment temperature (between 20 °C and 60 °C). The research
began with rice flour since it is the most commonly used ingredient in gluten-free formulations.
The results obtained indicated that the modifications were significant starting from short times,
and that they could be observed even at high concentrations. Treatment temperature was the
parameter that influenced the most the modification caused to the treated flours. Because of
this, in the next phase of the study two varieties of tef were investigated, brown and white,
applying treatments of 10 min, at a concentration of 25 % (w/w), and temperatures between
20 °C and 55 °C. The modifications caused to rice and tef flours were quantified in their
morphological, techno-functional, hydration, structural, thermal, and pasting properties, as well
as in the rheological properties of the gels made with them. The results obtained showed that
ultrasound treatments led to an overall particle size reduction of the flours, which increased their
interaction with water, demonstrated by a marked swelling power increase in ultrasonicated
flours. Size exclusion chromatography indicated that ultrasound treatments generated a higher
proportion of intermediate length amylose chains (degree of polymerization 300 — 1600), as
result of starch chains fragmentation, which took place mostly on «-(1,4) bonds rather than
a-(1,6) bonds, as demonstrated by proton nuclear magnetic resonance. Thermal properties
indicated a reduction of gelatinization enthalpy, as well as a reduction of the gelatinization
temperature range, mainly when treatments were performed at higher temperatures. The pasting
temperatures were increased in ultrasonicated flours, while the height of their viscometric
profiles was rediced. The ultrasound-modified flours led to gels with higher consistency and a

higher elastic component under all studied conditions.

The method applied to remove the water from the dispersion proved to have a very significant
effect on the properties of the flours obtained. Freeze-drying, which is the most conservative
and preferred method in laboratory trials, was compared with another more easily transferable
to the industry method, such as centrifugation followed by low-temperatrue drying. The study
was applied to four gluten-free flours of different nature and content of soluble substances, or
substances solubilized by ultrasonication (rice, tef, corn, and quinoa) which were treated at
optimized conditions [treatments of 10 min, concentration of 25 % (w/w), and temperature of
20 °C]. Results showed marked differences between pairs of treated samples, attributed to the

loss of soluble and solubilized compounds during centrifugation, which led to differences in the
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composition of ultrasound-treated flours depending on the drying method applied. The

influence of water removal method was greater in whole-grain flours (tef and quinoa).

Finally, the ultrasound-treated rice flour was used in the formulation of rice breads replacing
30 % of the rice flour used in the formula. The thermal, pasting, fermentation and rheological
properties of the breads’ doughs were stablished, as well as the physical quality of the breads
obtained. Results showed that the flour particle fragmentation, and the partial starch
depolymerization caused by ultrasonication facilitated the accessibility of yeasts to simpler
sugars, accelerating the generation of carbon dioxide and a greater development of the dough
during proofing, which resulted in breads with greater volume and a softer crumb, showing a

maximum effect in the 10 min treatment.

Ultrasound treatments proved to be a feasible technology to modify the physicochemical
properties of gluten-free flours. Results indicated that the treatment conditions applied influence
the final characteristics of the modified flour. Treatment temperature was the most influential
variable in modulating flour properties, due to a combined effect of ultrasonication and
annealing, resulting in an amplified effect of the treatments when higher temperatures were
applied. The use of ultrasonicated flours in the formulation of gluten-free breads improved the

baking performance of rice flour.
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RESUMEN

El mercado de los productos sin gluten ha adquirido una mayor presencia en la industria
alimentaria en los dltimos afios debido al aumento de la poblacién diagnosticada con celiaquia o
intolerancia al gluten, y a los consumidores que deciden llevar una dieta libre de gluten por
considerarla una opcion mas saludable, que demandan una mayor gama de productos de buena
calidad. La eliminacion del gluten, sin embargo, representa un reto técnico en el desarrollo de
productos, debido al papel estructural que tiene el gluten en la mayoria de estos productos. Las
caracteristicas naturales de las harinas sin gluten (y de su almidén) no siempre se ajustan a los
requisitos especificos de la industria debido a limitaciones en su procesamiento, como la baja
resistencia al cizallamiento, la resistencia térmica, y la alta tendencia a la retrogradacion.
Diferentes técnicas de modificacion (quimicas, enzimaticas, genéticas, mecanicas y fisicas) se
aplican a almidones y harinas con el objetivo de aumentar su rango de aplicabilidad industrial,
siendo las modificaciones fisicas las mejor percibidas por utilizar métodos mas respetuosos con
el medio ambiente, y por requerir, en general, procesados mas cortos y sencillos. Los
tratamientos con ultrasonidos son métodos de modificaciéon fisica que han demostrado
importantes mejoras en la modificaciéon de almidones de diferentes origenes botanicos. Sin
embargo, la modificacién de harinas sin gluten con ultrasonidos no ha sido estudiada de forma

generalizada a pesar de ser un ingrediente importante en la industria alimentaria.

El objetivo de esta tesis doctoral fue profundizar en el conocimiento de la modificacion fisica
de las harinas sin gluten mediante tratamientos con ultrasonidos, para establecer el impacto que
tienen los parametros clave del tratamiento en el grado de modificaciéon alcanzado, y utilizar la
harina ultrasonicada en la elaboracién de pan sin gluten para determinar el efecto que la
modificacion tiene en la calidad del producto final. Los tratamientos con ultrasonidos se
realizaron a una frecuencia de 24 kHz, una potencia maxima de 180 W y un ciclo de encendido
y apagado del 80 %, y se aplicaron a harinas de diferente naturaleza: de arroz, tef, maiz y quinoa.
Los tratamientos con ultrasonidos se realizan siempre en exceso de agua para que las ondas

acusticas generen una modificacion homogénea de la materia estudiada.



El estudio incluy6 una fase inicial de determinacion del efecto que tres parametros importantes
del tratamiento de ultrasonidos ejercian sobre la modificaciéon generada sobre harina de arroz.
Estos fueron el tiempo de tratamiento (entre 2 y 60 min), la concentracion de harina en la
dispersion tratada [entre 5 % y 30 % (p/p)], y la temperatura del tratamiento (entre 20 °C y
60 °C). Se inici6 la investigacion con harina de arroz por tratarse del ingrediente mas utilizado
en las formulaciones sin gluten. Los resultados obtenidos indicaron que las modificaciones
fueron significativas desde tiempos cortos, y que se podian observar incluso a concentraciones
elevadas. La temperatura fue la variable que mas influyé en la modificaciéon generada en las
harinas tratadas. Debido a esto, en la siguiente fase del estudio se trabajé con harina de tef de
dos variedades, marréon y blanca, aplicando tratamientos de 10 min, una concentraciéon del 25 %
(p/p) y temperaturas entre 20 °C y 55 °C. Las modificaciones provocadas en las harinas de arroz
y de tef se cuantificaron en sus propiedades morfoldgicas, tecno-funcionales, de hidratacion,
estructurales, térmicas y de empastado, asi como en las propiedades reologicas de los geles
elaborados con las mismas. Los resultados obtenidos mostraron que los tratamientos con
ultrasonidos llevaron a una reduccién general del tamafio de particula de las harinas, lo que
incremento su interacciéon con el agua, demostrado por un marcado incremento de la capacidad
de hinchamiento en las harinas ultrasonicadas. La cromatogratia por exclusién de tamafo indicé
que los tratamientos con ultrasonidos generaban una mayor proporciéon de cadenas de amilosa
de longitud intermedia (grado de polimerizacion 300 — 1600), como resultado de la
fragmentacion de las cadenas del almidén, que tuvieron lugar mayoritariamente sobre los enlaces
a-(1,4) frente a los a-(1,6), como se demostré mediante resonancia magnética nuclear de proton.
Las propiedades térmicas indicaron una reduccion de la entalpia de gelatinizacion, asi como una
reduccion del rango de temperatura de gelatinizacion, principalmente en los tratamientos
realizados a temperaturas mas altas. La temperatura de empastado aument6 en las harinas
sonicadas al tiempo que se redujo la altura de sus perfiles viscométricos. Las harinas modificadas
con ultrasonidos dieron lugar a geles con una mayor consistencia y una mayor componente

elastica en todas las condiciones estudiadas.

El método de eliminacién de agua de la dispersiéon demostrd tener un efecto muy significativo
sobre las propiedades de las harinas obtenidas. La liofilizacién, que es el método mas
conservador y de preferencia en ensayos de laboratorio, se decidié comparar con otro método

mas facilmente transferible a la industria, como es la centrifugaciéon seguida de secado a baja
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temperatura. El estudio se aplicé a cuatro harinas sin gluten de diferente naturaleza y contenido
en sustancias solubles o solubilizables por sonicaciéon (arroz, tef, maiz y quinoa) que fueron
tratadas siguiendo condiciones ya optimizadas [10 min tratamiento, 25 % (p/p) concentracion y
20 °C de temperatura]. Los resultados mostraron marcadas diferencias entre pares de muestras
tratadas, atribuibles a la eliminaciéon de componentes solubles y solubilizados perdidos en la
centrifugacion, lo que llevé a diferencias en la composiciéon de las harinas tratadas con
ultrasonidos dependiendo del método de secado aplicado. La influencia del método de

eliminaciéon de agua fue mayor en harinas integrales (tef y quinoa).

La harina de arroz tratada con ultrasonidos se utiliz6 finalmente en la formulacién de panes de
arroz en sustitucion del 30 % de la harina de arroz utilizada en la férmula. Se establecieron las
propiedades térmicas, de empastado, de fermentacién y reologicas de las masas de pan
elaboradas, y la calidad fisica de los panes obtenidos. Los resultados obtenidos mostraron que la
fragmentacion de particulas de harina y la depolimerizacién parcial de almidon causada por la
ultrasonicacion facilité la accesibilidad de levaduras a azucares mas simples, acelerando la
generacion de didxido de carbono y un mayor desarrollo de la masa durante la fermentacion, lo
que dio lugar a panes con mayor volumen y una miga mas suave, mostrando un efecto maximo

en el tratamiento de 10 min.

Los tratamientos con ultrasonidos demostraron ser una tecnologia viable para modificar las
propiedades fisicoquimicas de las harinas sin gluten. Los resultados indicaron que las condiciones
de tratamiento aplicadas influyen en las caracteristicas finales de la harina modificada. La
temperatura de tratamiento fue la variable mas influyente en la modulacion de las propiedades
de las harinas, debido a un efecto combinado de la ultrasonicacién y annealing, resultando en un
efecto magnificado de los tratamientos al aplicar las temperaturas mas altas. El uso de harinas
ultrasonicadas en la formulacién de panes sin gluten permitié mejorar el desempefio en

panificacion de la harina de arroz.
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I INTRODUCTION

Starch is the energy reserve polysaccharide of various plants, and one of the most abundant
carbohydrates found in nature. It is found in many different plant organs including seeds, fruits,
tubers, and roots, where it is used as a source of energy (Herceg et al., 2010). Starches are found
in the form of partly crystalline granules insoluble in water, having different size, morphology,
composition, molecular weight, and physicochemical properties depending on its botanical
origin (Bai et al., 2017; Sujka, 2017). Starch granules consist of a mixture of mainly two
polysaccharides: amylose and amylopectin. Amylose is essentially a linear macromolecule
consisting of a o-D-glucan chain linked through a«-(1—4) linkages with a degree of
polymerization (DP) between 1000 and 10,000 glucose units (Iida et al., 2008; Kang et al., 2010).
Only a small portion of amylose (0.1 %) are branched via a-(1—0) linkages. The length of these
branch chains varies from 4 to 100 DP (Kang et al., 2016). Amylopectin, on the other hand, is a
highly branched macromolecule composed mainly by a-(1—4) linked D-glucopyranose (as in
amylose) linked through non-random o-(1—0) linkages at a greater proportion than amylose
(Iida et al., 2008; Kang et al., 2016). Both components differ on molecular weight, degree of
ramification and chemical properties. Starches show concentric rings of alternating layers of
amorphous and crystalline structures of amylose and amylopectin. The amorphous regions
consist of amylose and amylopectin chains in a disordered conformation, while the crystalline
rings are formed by the double helices in clusters of amylopectin branches (Bel Haaj et al., 2013).
The ratio and proportion of these components go from 20 % to 25 % for amylose and from 75
% to 80 % for amylopectin, depending on the starch (Jambrak et al., 2010). Starches also contain
small amounts of non-carbohydrate constituents like lipids, phosphates, and proteins (Luo et al.,
2008). The interaction of these minor components with amylose and amylopectin can influence

the properties and functional behavior of the starch (Chan et al., 2010).

Starches have numerous benefits such as being widespread, abundantly available, cheap,

biodegradable, pollution-free and renewable (Zheng et al., 2013). Starches are the main source



I Introduction

of carbohydrate in human diet, supplying almost two thirds of the required daily calories (Bai et
al., 2017), representing a valuable ingredient in the food industry, in a wide variety of applications
such as thickening, gelling agent, bulking agent, water retention agent and adhesive (lida et al.,
2008; Zheng et al., 2013). Starch is the main component in flours and grains (whose percentage
varies depending on each source), with other primary nutrients like proteins, fat, and other
carbohydrates (Harasym et al., 2020). Starch intake in human diet derives from consumption of
food products containing flours as an ingredient (widely used for food formulations) and cooked
grains (e.g., rice, maize, oat, quinoa, buckwheat), a basic food in different cultures all over the

world.

However, despite the several industrial use, the proprieties of native starch usually do not fulfill
the industry’s specific requirements because of limitations such as low shear resistance, thermal
resistance, thermal decomposition, and high tendency towards retrogradation (Singh et al., 2007).
As a solution to this matter the native starch granules can be modified to obtain improved
properties. Starch physicochemical properties can be changed through genetic, mechanical,
chemical, enzymatic modification, or physical treatment (Zheng et al., 2013; F. Zhu, 2015). In
recent years there has been an increasing attraction towards modifications by physical
treatments, especially in food applications. Physical treatments have the advantage of allowing
to reach similar properties to those obtained in chemically modified starches but without the
need of using chemical agents, hence being considered cleaner and environment-friendly
procedures. Another advantage with these treatments is that there is not a legal obligation
requiring physically modified starch to be labeled as such, which does not happen in the case of
chemically modified starches. Some known methods of physical modification of starches and
flours include extrusion, hydrothermal treatments, microwave, radiation, and ultrasound (Zheng

et al., 2013).

1. Physical modification of starch by means of ultrasound waves

Among the techniques of physical modification of starches, ultrasound (US) treatment is an
approach that has shown many advantages in terms of higher selectivity, efficiency, and quality,
requires shorter processing time, represents reduced physical and chemical risks, and reduces the
waste generation and energy consumption (Amini et al., 2015; Chemat et al., 2011; Sujka, 2017,

Zhu, 2015; Zuo et al, 2009). In recent years several investigations have been carried out
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regarding the modification of starches by US treatments, where significant effects have been

achieved in their physicochemical properties (Li et al., 2018).

The term ultrasound refers to mechanical waves with a frequency above the threshold of the
human hearing (18 kHz) that originate from either a piezoelectric or magnetostrictive transducer
within high frequency electrical fields that create high-energy vibrations (Amini et al., 2015;
Herceg et al., 2010). These vibrations are later amplified and transferred to a probe/sonotrode
or a bath in direct contact with the fluid to be treated (Jambrak et al., 2010). Ultrasound waves
need an elastic medium to spread over, that is why starches are always treated in suspensions
(Chemat et al., 2011). Water is the most commonly used solvent in these types of modifications,
given that it is the safest solvent for food applications. US can be divided in three regions of
frequency: Low frequency ultrasound (also known as power ultrasound) in the region of 16 to
100 kHz, high-frequency ultrasound in the range from 100 kHz to 1 MHz, and diagnostic
ultrasound from 1 to 10 MHz (Jambrak et al., 2010).

In US treatments the acoustic energy cannot be absorbed by the molecules of the medium, but
it is transformed to a usable form by the cavitation phenomenon. The sinusoidal ultrasound
waves move through the aqueous medium inducing a longitudinal displacement of particles,
resulting in a rapid and successive cyclic motion of compression and rarefaction phases into the
medium, which generates pressure that causes mixing within the medium (Chemat et al., 2011;
Sit et al., 2014). Multiple tiny bubbles are formed and collapse in the medium during the cycles
of compression and rarefaction, which comprises the cavitation phenomenon (see Figure 1), the
most important event of the US treatments (Czechowska-Biskup et al., 2005; Patist & Bates,
2008; Chatel et al., 2016). When bubbles collapse, high energy is released and converted to high
pressure (up to 20 MPa) and hot spots (high temperatures up to 5000 °C) that can generate both
physical and chemical effects in the modification of starches (Amini et al., 2015; Li et al., 2018).
The physical effects of cavitation involves intense micro-jets streaming with high velocity
(hundreds of m/s) towards the surface of the treated particles in a very short time, shear forces
and shock waves produced by the bubble collapse (Li et al., 2018). During the collapse, the
acoustic bubble becomes asymmetric and the bubble wall accelerates more on the side opposite
to the solid surface, resulting in the formation of a strong micro-jet of water directed towards
the particle’s surface (Zuo et al., 2012), which brings material fatigue followed by a gradual

tearing off of microscopic particles capable of breaking polymeric chains (Czechowska-Biskup
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et al., 2005; Degrois et al., 1974). Furthermore, the turbulent flow generated by sonication can
also induce granule-granule collision, and the collision between the starch granules and the wall
of the container where they are hosted during sonication, which can result in starch granule
damage (Zuo et al., 2012). On the other hand, the collapsing bubbles can also have a chemical
effect on the modification of starches by the generation of free radicals, such as hydroxide (-
OH) and hydrogen (-H), as a result of the dissociation of the solvent molecules by the action of
cavitation (Li et al., 2018; Sujka, 2017), which may contribute to the chemical modification of
the system (Chemat et al., 2011; Zhu, 2015). It has been observed in general that low-frequency
high-power ultrasounds lead to a greater mechanical effect over the granules, while high-
frequency low-power ultrasounds are widely used in food applications where the generation of

free-radicals is needed (Ashokkumar, 2015; Chatel et al., 2016; Zuo et al., 2009).

Pressure P

physical effects

(20-80 kHz) !

chemical effects
(150-2000 kH2)

Formation of Growth of Unstable size Collapse of
the bubble the bubble of the bubble the bubble

Figure 1. Schematic representation of the acoustic cavitation phenomenon (Chatel et al., 2016).

The total amount of energy released by cavitation depends on the kinetics of the bubble growth
and their collapse. The sizes of the bubbles vary depending on the applied frequency (Sujka,
2017). The theoretical resonance size at 20 kHz is around 150 um, while at a frequency of 1
MHz the resonance size is considered to be about 3 pm (Bai et al., 2017). Hence, it is estimated
that low frequency ultrasounds produce relatively large bubbles, compared to the starch granule
size (5 — 80 um), which releases more energy, inducing greater shear damage on the granule
surface after the bubbles collapse (Bai et al., 2017). Also, at lower frequencies there is more time
to form the bubbles, and the energy of the shock waves is augmented (Gallant et al., 1972). The
solvent used for sonication also influences the effect of cavitation over the treated particles.
Cavitation intensity increases with surface tension at the bubble interface and decreases with

increasing vapor pressure of the medium, thus liquids having small surface tension require lower
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energy to produce cavitation bubbles, resulting in cavitation occurring more readily (Hemwimol

et al., 2000).

Ultrasound cavitation can significantly increase the temperature of the starch suspension, having
a strong thermal effect on the modified starch. Yu et al. (2013) determined that higher
temperatures are reached when sonicating at higher power (see Figure 2). If the temperature
reached by treatment is higher than the onset temperature of starch gelatinization, the starch will
swell and gelatinize in the water during treatment, making temperature a critical variable to be
controlled in US modification of starches (Amini et al., 2015). The temperature at which US
treatment is performed is also said to influence the effect of cavitation. Temperature affects the
vapor pressure of water in which elevated temperatures decrease the transmitted energy,

resulting in reduced cavitation intensity (Amini et al., 2015).
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Figure 2. Relationship of ultrasonication time and temperature of rice starch suspension under

different ultrasound power and intensity, using a probe of (a) 6 mm and (b) 10 mm (Yu et al,,
2013).
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The US treatments can affect the starch dispersions in at least three ways: (a) causing physical
degradation of the particles, displayed as pitting and cracks in the surface; (b) leading to reduction
of the molecular weight of amylose and amylopectin resulting from breakage of C-C bonds; and
(c) Solubilizing swollen starch granules, including “ghost” granules that remain even after the
complete gelatinization of the starch dispersion (Zuo et al., 2009). These effects depend strongly
on treatment conditions, such as applied frequency, power, amplitude, time and temperature, as
well as conditions of the treated suspension, such as biological origin of the starch, solvent used,
suspension concentration and treated amount (Luo et al., 2008; Zhu, 2015; Zuo et al., 2009).
Published results regarding the modification of starches by US are strongly dependent on these
complex experimental conditions arrays, making it complicated to reach a consensus regarding
the effect caused by ultrasonication on their properties. Several studies have investigated the
properties of ultrasound-modified starches from different botanical origins, and confirmed
different effects on the morphological, molecular, physicochemical, functional, rheological and
digestion properties depending on the applied treatment conditions (refer to Table 1). The most

important findings are presented below.

2. Effect of ultrasound modifications in the morphological properties of starches

The morphology of starch granules after being ultrasonicated has been studied by different
techniques, including light microscopy (LM), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), optical microscopy, field-emission scanning electron microscopy
(FE-SEM) and confocal laser scanning microscopy (CLSM) to evaluate surface modification,

and laser diffraction analysis to determine the granule size distribution.

2.1 Surface damage

It has been widely found that ultrasounds lead to granular damage, which in the starch granule
surface has been describes as cracks (Amini et al., 2015; Babu et al., 2019; Gallant et al., 1972),
holes (Falsafi et al., 2019; Hu et al., 2019), pits (Bai et al., 2017; Czechowska-Biskup et al., 2005;
L. Wang et al., 2022), pores (Flores-Silva et al., 2017; Hu et al., 2019; Li et al., 2019; Yang, Kong
et al., 2019), scratches (Li et al.,, 2018; Sujka & Jamroz, 2013), roughness (Ding et al., 2019;
Rahaman et al., 2021), grooves (Yang, Lu et al., 2019; Zhu et al., 2012), fissures (Chan et al,,
2010; Jin et al., 2020; Luo et al., 2008), fractures (Karwasra et al., 2020) and channels (Kaur &
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Gill, 2019; Monroy et al., 2018). This surface damage derives from the cavitation phenomenon,
attributed to high pressure induced in starch granules vicinity, causing shear forces on starch
granules surface (Falsafi et al., 2019; Luo et al., 2008), which might even induce the destruction
of starch granules (Wang et al., 2022). Some studies did not report any effect of ultrasonication
on starch granule surface, which might be due to low sonication power during treatment or the
application of US by bath, given that more marked effects of sonication have been reported

when applying by probe (Jambrak et al., 2010; Zuo et al., 2009).

Porosity of the granules influences the starch’s chemical reactivity, since pores, channels and
cavities increase the surface area of the starch and may allow reagents and enzymes to more
easily penetrate into the bulk of the granule which may potentially speed up chemical and
enzymatic reactions (Huang et al., 2007; Sujka, 2017). It is generally accepted that greater power
(lower frequencies), longer times, and higher temperatures lead to a more noticeable impact over
starch surface. The damage appreciated on granule surface would greatly depend on the applied
frequency given that it limits the size at which bubbles collapse (Bai et al., 2017). The number of
pits generated per granule would increase with increasing sonication frequencies. Furthermore,
Zheng et al. (2013) determined a higher number of dents and holes in sweet potato starch after
treatment by dual frequency (25480 kHz) than what was observed in single frequency treatments
(25 or 80 kHz) (see Figure 3). Dual frequency ultrasound, meaning two beams of US propagating
together at the same time in the treated solution, could cause greater damage to starches because
the cavitation yield of dual-frequency ultrasound is higher and the bubbles collapse faster than

in single-frequency treatments (Hu et al., 2015, 2019; Zheng et al., 2013).

a. Native starch b. 25 kHz US c. 80 kHz US d. 25 kHz + 80 kHz US

Figure 3. SEM photos of sweet potato starch samples sonicated for 60 min at different
frequencies (4000X) (Zheng et al., 2013).



I Introduction

“A[mors paosoid voneziowiodop oyy F913EI0Y)

pue urw (¢-01 Jo porrad [entur oy ur paseardap A[dreys 1ySom semosjouwr oy J,
‘sureyd Fowi[od oy JO 2INIONTIS [EITWIYD

oy Sumaie oy Arsodsia uonnios auya passaxdop A[eonserp uonesuog

£doosonoads (YAN) 22ULUOSIT dROUSLW FLIINN

Je1 Pue Hi {OdO-dH) AyderSoreworyp uvoneowsad 08 vourwrozrod
UYSIH ‘UopezIqnios JO 09139(] ‘UONEISANUISIP I[NULIS JO 99139(T

% 01 °G #2u0D) 1, 09 “duway, fur ¢ dwir, {3 (g 2[dwes 1 001
amog apeq] [8 o1 opdweg a4\ 0z Fomod (@ dn ww ;71) 2qoxd] N e

(800¢ “v 3 TP
(saqavgs pakiumylag

o7 payddy uonvatuos)
u30d pue ‘orerod
100ms ‘ed01de) ‘orerod
ozrewr AXeA :SIYDILIS

*SISA[0IPAY JO 99330p Sursearour pim paddorp
ApySys uop pue posedrour 1siy ormerodwol pue Ad[EpUD UONEZIUNE[RL)
"P910919p 9FOM S[QUUBYD PUE $9J0O ‘pakonsop Apydys seam vore snoydrowe
oy Ing 98uryd 10U PIp [DILIS UIFOD PIILIN JO IIMONAS OUNEIsAId YT,

sonsadoid Sunse prxo susiddord
uondeay {(DSQ) Anowmored Juruueds [enuardyyi(] {((TYX) UONIEIIIP
Kex-xX INHS ‘N Id) Adoasororur 148 pazmeo ‘SISA[0IpAy JOo 29139(T e
3 00z :ordweg {(a/m) o, Og 2UOD) JJO S G
/ BO S GT 13S0 ‘UTW G - ¢ DWILT, {A\ 00S Fomod (@ dp wuw 9) oqosd g e

(L00g “Te 30 SuEnpy)

U23e1S UJO))

‘UONN[OS ) 2ILINILS O] PIsN S3 pue
Jomod punosenn ‘vopenuaduod yowijod vo papuadop ssooord uvonepeisop
SIp JOo PRIK 9y, Tusunean G Aq paonpar sem JYSPM IPMIS[OW UDIEIG

(IySom Je[MdI[OW 25eIoAL-AISOISIA) SIUIWIINSEIW AITSOISIA ®
Tw ] :ordweg €O pue
OH IV WY D gFCT FAWIL B/ M\ 0L1 Hm0d ZHY (09¢ “barg fyreq g e

(so0c “re
19 dny[sp-es[sMoTd9z7))
(78IS UI0D)

uaredsuen azow awedaq ased
yorag ") Aq 28ueyd 10U pIp vonezEawA[od Jo 99130p 9FEIOAY 'UONEIIUOSEAN
391 SOUDIEIS JO SOMISOISIA Juaroyul pur juaredde oy jo asearda(g

(a@s) amod Suromg () vonezuowijod

jo 90180 ‘fwep s rsoosia Juoroyul  ‘Arsoosia Juoreddy e
8 gz :oduwreg “(m/m) oy G 100D D, G ¥ Supeay

-o3d rdwa T, furw G pue ¢ | W, A\ 0 Fomo (P dn ww z'¢) oqord g e

(zooz “Te 30 SunyD)
[ERAANIERIN |

[2I8IS 038I0]
QUHNuw Emwﬁ MGSE

UonEIIuOS
JO 92303 3e9Ys Aq 9ZIS UT padnpaJ A[[ENPEIS 0JoM SIILIIWO[STE [DILIS JBI A\
‘paarasqo sem yamod Fupnpas yorels JO ISEIIDUL FLIUI[ I PUE ‘PISEIIIIP
£y1soosia sy Quoredsues) 30w PauIN UORNOS U3 QW G SUISEAIDUT YIIA\

(WAL) £doosororr womo9po vorssiwsues ], LXdodsororu

Sumroneds 1YSry QuSm  semodjowr) AydeiZoleworyd UONEMN[Y [90) e
Suw gz Pdweg (OSNA % 06 7108 D, 0F WL s 00LT pue

00¥2 0012 0081 001 ‘0021 ‘006009 00¢ WL, (@ dn ur /1) °qoxd g1 e

F661 “Te 30 ryon3ag)

[278Is TeAYA\

“MOF3eu A[3TeJ 9q 01 PIPU UONNGIISIP 1YTIOM JE[NII[OW S} PUE
On[eA JULISUOD € 01 PIPUal IYSOM JL[NIO[OW dFeIIAE JOQUNY dU) ‘VOHEIVOS
Suol 1y “Fomod 1oy Aq PaieIa[IdE IYSOM FEMIS[OW IFLIIAL PISLIIIP S

(TonnqnsIp 1YSOM Fe[ndo[ouw
pue 1ySom Jendsjowr a8esoae oqumy]) Aydersoreworyd vopeouwsad [o0) e
A\ 009 :3omod <z 0g-baxg (¢ dn wuwr 9¢) aqord g e

(#6671 “Te 32 ouos])

[27¥)S 9013 AXE A\

*K1SODSIA DADE[AT
UL 9S89109p oY) Aq PIJUIPIAD ‘VONEI[UOS UM ()¢ F9IE PIAIISCO SeM UDIeIs
o1e10d jo uyopepeisop winwixey insodxo urw ¢ 183y oY) Supnp Aemonsed
‘POUTWIFIOP SEA UDJPIS PIIEITUOS JO AI[SOOSIA 2ATE[OF UL IsEFdop pider v

s15070d0R23]2 [95-oprwe[£1oeL[o]

‘ose[Aure-g Aq yorers jo sisA[oIpAf] ‘sieSns Jupnpar Jo 20UISIIJ e
%% S0 PUe 6.7 1 ¥2U0]) D, ¢ — [ "dwd, ‘urw (9 pue (¢ ‘51

DPDWIT, 90, 86 dwy (A 00€ Fomod ZHY 0z-'bar {(p dn wo ¢'1) 2qord g e

(6L61 “Apwrel] = reyzy)
sopaod orerod 10omg
H,—Uudum OHSOAH

"SOWN[OA PUE SUONPIIUIIVOD FIMO[ J¥ JOIEIIT SeM YDFEIS 0] PISnEd
o8ewep 9T, 'UOISOID I[NULIT JO 99I30p PuL IMEU I Pa1dJJe sES Jo od1 oy,

Kdoosororw reopnd “WHS e
TW ¢ ‘] F[OA fTw/Sw [ ¢ 7Iu0) fwnndea TO) TH TO WY runy
Do § AW, fUIW gg-¢ DU, ZWd/ M\ S-T FIUT ZHY 08T PUt 096 “boxg e

(FLG61 “Te 30 S10332Q)

27els 03810

“UOIPIS JO UONENUIIVOD JUISLIIOUT IIA PISEIIIOP PUL WD (P
pasearour 98ewe(] OH7) FPUn puE WNNdeA Ul paonpoxd sem 19332 U A[[enisrp
"39)B2I3 sem 2oeins o Jo swred jopo 01 Amfur inq ‘posunouvord ssof sem
Supird doop 2y 30 1e U *paonpoid azom s31d doop Aurws T jo azoydsoune ug

(NHES) Adossororu tonsape Suruuedg () £dodsoIoru YT o

W g ‘] U[OA fTw/Sw 1] ‘¢ 1ou0D)

fwnnoea 20D T O Ny runy D, ¢ rdway, furw g¢ pue 91 ‘9 ‘¢ owi,
W/ M\ 1 U] ZEPY 08 PUt ZHY 096 *Paxg (@ dn wo o) oqoad g e

(TL61 “Te 30 1UEED)

[278IS 03810

SHHOYV.LS

JUSWHEIR JO 39333

sisAJeue Jo pouapy / sioowesed JuswNEAI],

90U219}9Y] /UISLIO
[edruBIOq

"SJUSUNEIR) puNosenN|n AqQ SUTEIS PUE ‘SINO[J ‘SAYDILIS JO SUONEIYIPOW INOCE 2INILINI] J[qB[IEAE U3 JO AFewwung [ d[qe,L,




2. Effect of ultrasound modifications in the morphological properties of starches

‘undadojAwe pazaIsn[d JO 9INIdNFIS SUN[LISAID o) pardnisp
A[SNOII9S UOREITUOG WU ())] PUL ()¢ U2amIaq sopnsedouru Funeroudd ‘own
UONEITUOSEAN PIM A[SNONUNTOD PISELIIIIP SI[NULIS YIILIS JO IZIS O[ONIEJ

(NHAS-H.1) Adodsororr rond9[d FUTUUEIS 199132 P[oL]
‘(ozrs oerone-7) (ST(Q) Sumoneds IS JTWEUA( (IS OUENIWSULL],
‘fdossonodods  wewrey (QXVA)  UONdEIIp  ABI-X-9[3UL-OpIA\ e
TW Q0T “TOA f(8/a) 0 G 72U0) 1), g Fdwid T,
SUTW G/ < DWIT, A\ OL] Fomod ZHY $¢ »bax] (@ dn ww ¢1) oqord g e

(10T “Te 3 [eB PY)

[23e3s 9Z[eW PIepuLlg
U2F8IS 9ZTet AXEA\

‘omod g 2y UO $199J9p JO FOqUINU Y] JO 2dudpuadop
FeOUI[ ® st 979U, [oAd] proysary v 01 dn yomod g UT 9SBIIOUT UE PIM
Apreaur] paseasdur ST $199J9P JO JAQUINU oY, '9SPWEP 20¥JINS YIILIS PIsned g

SITOWOINSEIW [EDS0[0Y OSeWEp o[NUEIS YOIelg ‘T @
TW G T[OA f(8/m) 0 1°0 7IB0D D § Fdw,
B ()¢ DWL, A\ 09 - 0 Femod “ZHY (g “bax (@ dn ww ¢1) oqoxd g e

(T10T “Te 32 On7)
QUH.ﬁw CuNuOQ

"PIUTIIIAIOP SEA TONINPIJ 97Z1s opdnIed ON
"OB[[OUWIE] SUN[BISAID UT JOPIO JL[NOI[OW ) UT HONINPIT B I ‘O30T UT[[eIsLId
oy A[eroadso ‘9rmonms 121sn[d Pa1ddJJE VONEIIUOSEN[[] "PIIIAJJE A[0TLIS St
o3mdNRS (235430 9d£1-¢f *008FINS IMNULIS Y2ILIS GO 9A00IS PUE YI0U PadNpur §)

(SXVS) Sumoneas Les-X d[3ut [PwS {TUX W Id ‘WHS o

T 0¢

FJOA (4 /8) 07, 0] 100D ‘paf[onTOo)) dWO T, §J0 S 7 / UO § 7 SN U ()¢
P, A\ SST PUE ‘60T 09 H9m0d ZHY g +boxg (¢ dn ww ¢1) oqoxd g1 e

(T10T “Te 32 NU7)

23¥1s 01¥10

“faoedes vondrosqe sorem parordwur YIIM PAIBIDOSSE ‘SIHOUNEIR
39138 pasearour Aiqnios pue Famod Suremg dwm 1300 Jo spmrdwe Fysy
1e A[rerdodso ‘sonuesd yoIels UI UOISDT SUN[EISAId oY) PIIFOISIP 1USUNEIN G

IX ‘S PUe dS ‘IWHS o
(a/m) 0% ¢ OUOD fUIW ()¢ PUT (T
01 PuWLL, ‘o, 00T Pue 0§ “duwry ‘x\ 00F Fomod ZHY $¢ +boxg oqord gn e

(10T “Te 30 unyRUER)

yores edorde],

'SSEW JE[OW JSO[AUTE
UJ TONONPIJ JUBIYIUSIS & SUI[EIAT GUITOD [0FIA[S 1s9YSIY 9y 1 passadord
Asnoraszd opdures ot 703 L31S0DSTA JISUTIUT UF UORINPIJ JUELDHTUSIS € PIsned g

(TX ‘sruowamseaws A1s0dSIA YIAN H; ®
/3 G ou0D) ), O] +dwa, urw (¢ PwWI], ‘o, o dwy A\ 0GL FoMod
ZHY 0g <bar] «(@ dn wuw ¢1) aqoird gn ‘punosenyn + Surssodord-1pPIN e

(010 opEapuy 2 vwry)
yoreIs
ozrews 9SOfAwre-ysI |

*9Z1S PUE FMIONAS SA[NULIT o)
uo 1oedwr pamoys AyderSordry ‘romod Suroms UT 9sLIIOUT PUE ‘() JUDIDFI0D
£ou21sISUOD U 9seardap 1ULdHUSIs € ‘Adepus uvonezupe[Pd UT PasLIIdIP
€ PosnEd ‘so[nUEI3 YdFels U UOLSOT OUI[eIsAId OUl PIIFOISIP UONEDIUOSEN)

KydesSorny ‘qs “rpiqmy, ssonzadoid earBojoay HS( o

TW 00S “TOA f(a8/a) 0/ O] #OUOD U (¢ ‘G PWIT, wd/ M\ T

MU A 00€ Homod ZHY g baxg fyreq] [op 001 Fdwy wo/m gL ‘6s
P¢ T 00F “00€ 001 Homod ZHY ¢ +baxg (@ dn ww /) aqoxd] g e

(0102 “Te 32 Yeaquue()

d7els uroD)

‘punosenyn [nyramod ozowr Jurd[dde uoym paszesqo sem aSewep
[ESTUBYDIW 23O “AN[IqN[OS PISLIIdUT UT SuUnNMsdF FNem 01 dqedwsod drour
WoY) 9PEW PUE SINULIS d3eIs JO uondnisip pasned 1uawnean g “ormeroduwal
uvonezunePs Supiels oyl jo Sumomol[ pasned s9qoid PIM  UONEdIUOg

NS ‘sormord ydesBordry ‘sonrodord [ermxal [oo) g ‘sonrodord Sunse e
TW 00S “TOA {(&8/M) 0/ (] 900D UMW ()¢ PUL GT WL, [;wd/ A\ T
ST N 00€ FPaod ZHY g <baxg apeq] [o, 001 rdwry cwo/M €L ‘GS
b€ TIUL A\ 00F ‘00€ 001 Homod ZHY 47 +bang (@ dn ww £) saqosd] g e

(010€ “Te 30 82039F])

[278IS TIO))

*poonpas sea axmeszodurol
Supsed o[y paseardur s ATSOOSIA edJ 'saydFeIs Jo AIIqn[os pue Jurpms
QUIUOD ISO[AWE PIsLaIdUT UONEIIUOS PUE G(IS JO UOHBUIqUIOD dY ], 'SI[NUEIS
UDJEIS UO SIINSSY SUY PUE 20eIns ydnor e 2onpur 03 pareadde uvoneoruog

[(WAYD) 7oz4euy 0ostA prdeyy] sonsodoid Supseg
S pue JS NS poyrowr smawoloydonsads Aq 1UmU0d SO[AWY e
8 06z orduweg {(a/a4) o Of 2U0D) ‘(a/m
0/, ) 2eydms [£00pop WNIPOs pue FaleM A[OS UTW ()] DWL, (PEq §()

(010 “Te 32 vEYD)
oSes pue ueoq Sunu

‘orerod ‘uzod 1$9Y2IEIg

'STVIN-DHS YPIM PUnoj sem s9[Nd9[OW 23IS JO UORINPII OU Pue
NS £q U29s sem oSewrep 22BJINS OU O[IYM ‘) £q PIINPIF SEM IZIS J[PNFEJ
-ormezodwa ySry e pajesruos sojdwes UI PUNOJ sem TORINPIT AISOISIA Y

STIVIN-OHS)
Surroneds 13y sose] ojdnnuw-Aydesdoreworyd vorsn[oxa ozIs adurwIr0o§rd

-ySiH  NAS  {(aSda) uvonnqmmsip azis opnied ‘soprodord Sunsed e
39 ordueg {(a/m) o, ¢ 79V0D D 0L—6T Fdwa, ‘uTw 09 S
WL, ZWd /N 810 T1°0 “I0T *M\ T'h C'C 9m0d “ZHY 11 +borg ‘peq g o

(600 “Te 32 On7)

UDFEIS 9075 AXE )\

*S2UDFEIS JO SUOLSas snoydrowe oy A[renuoiojord poaperdop g "PaAFIsqo
sem dorp A1S0dsIA Y/ Paseardul o3om soymesodwo) UORISULR UONEZ[UNe[od
pue Amqnos ‘gomod Sumoms oym ‘g Aq paSueyd jou sem uroned
£e3-X 'SOUDILIS PIIEST) JO ILFINS OU) UO PIAFISCO 9JIM JNSSY B PUE SNOJO]

sonsadord Sunseq Kiiqels meyr-0zaax,]

DS SUX ((S) Laqnyos pue g ((az1s apnred) Sumaneds 1S 1ose T SNHS
3001

sardureg ‘o, (¢ U0 D), O¢ rdwaT, Urw (¢ PWIT, A\ 00 FOMOJ Ypeq S e

(800z “Te 32 on)

A dzrewojAure

pue Ozrew Axem

QZIBW [EWIOU :SIYDTEIG




I Introduction

*(;D) snnpow 93e301s UT a5E2329p pasunovord
QJOW Ul PANSII UDILIS 9ZIS I[NUEIS UYS[Y JO UONEIIUOS ‘SIUWIEIF) 10IJe
pasearour AIqnios pue 1omod Surams ‘AIISOISIA e *9ZIS JNUEIS JO UORINPIT
v Sursned InOyNIM ‘soImdEI] PUE sopiAed punojoid pasned spunosenyn

sopzadoid esrsojooy ‘sonsodoid Sunseg

DS ‘X ‘S PUE JS ‘sis[eue uonsesgyip Jose NHS Adoossororw eond() e
TW 0T F[OA (A/8) 0 § 7IU0D) D, ¢ AW, U ()6 pue (g

pDwI], 0/, 07 sdwy X\ 08 oMo ZHY 67 <baxg (@ dn ww ;) aqoxd g e

G
“Te 19 BJDIEO)-EUOWIE)))

[oI8Is OFe],
JJElS UTBIUL
4 s et

") F13e paseardop Adeyius uonezunePo)
*£11800STA UMOPYEIFq 189USIy oup pajudsord Uorels Poreds-G() POUTINIOP
sem asearour Arsodsia yeod we quounean puodos se pardde sem g uIYA\
-f1Iqnos To 199330 ou Y Fomod Furoms ySiy papraoxd uonesuog "pajdAep
D3OM SIDBID I[QISIA OU IIIYM UYDFEIS PIIEI[UOS UT PISEIIIIP AITUT[[LISAID ANy

OSA “VAY S PUE dS ‘WHS ‘AXVA DdD-dH o
TW 00 “[OA 8 001 2[dweg
{(a/2) o4 Gz du0)) ‘paqonuod rdwal, 430 s G / VO s ()¢ PS[J ‘UIW ()G
Puy, ‘o 0§ Fdwry ZH 07 <boxg fmwounvon TIWH+SN Put NNV+S0
‘SN+LINH ‘SN+NNV [enp Guounean g d[3ulg (@ dn ww g) oqosd g

(S10T “Te 32 O1U1)

[23e1s OBYUI]

*fouanborg-o(durs Ury) 2FeWEp SNOIAQO IO PISNED JUIUNEIF)
Kouonboxy-Ten( "paseardur Louonbazy g e pasearIop AIS0ISIA eI "PIOUEYUD
sem uopepesSonar pue ApIqels [ewIdyl oYM ‘paseardop orom sonzadord
29 "s9[0Y pue sjuap Aurw pajuasard sI[NULIS YDIEIS JO 2IMONNS Y3 §() FYY

poypow 2sed[x

ourpor Aq P4 wonelALd JOo UONEUIWINS( NHS ‘sonrodoxd Supsed e
(m/m) o G 200D D, ¢ rdwoT, furw

O Pwi, (ZHY §2+0¢) [Pnp pue (2HY T pue () 2[8urs baxg peq g0 e

(s10T “Te 32 nRY)

[278IS UI0D)

“UONERNUIDVOD YOIeIs pue dwn arnsodxs £q pamorjoy srmerodwal
uoneoruos  sem  yajowesed 2amdage sowr oyy, ‘sepxadord  [edrdojooys
PUE [EUORIUNJ UO 92UDN[JUT 9T pey dpmyjdwe put TONENUDTOD JIyM dwpn
Juounean pue armerodwel uo papuadop L[Suons UONEIIVOS JO 2TIN[IUT AT,

soprodoid
[ed180[oay {YUX DSA ‘A eduentwsuer], ‘S pue JS NHS NT e
TWOS FOA (4/4)
% 0T ‘1 01 ¥2U0D D §9=67 +dWd L, ‘I G 0 °G PWLL, ‘0 08 LD
0 001 06 0 dwy X\ 0ST HoMod “ZHY +¢ #boxg (@ dn wwi ¢) oqord g e

(S10T “Te 30 TUTWIY)

[278IS UI0D)

“UOPEDIUOSENN JJE JOMO]
sem s3opmod UdIEIS 9l JO SSOUNYA O], ‘UONEI[UOSLAN FJe 39139q ApySs
sem A[IqeIs MEUI-0Z993) OUT, "POATISQO SEA [DFEIS PIIDEIIXD A[[Ed[UOSEN[N U
3o sanradord armixar pue Sunsed ‘ApIqn[os SUIPMS UT 9SLIIOUT JULIYTUSIS

A[IqEIS MBYI-0Z297,]

‘sisATeue o1mxa T, ssanzadord Sunse o[on) oased yorers Jo Qrrel) (S pue IS o
3 001 :ordweg D, 0z rdwaT, {1 ‘G0 PPAD urw ] g Pwiry,

/% 001 Pue 06 dwry S\ 001 Fomod “ZH 0g baxg (@ dn ww 1) oqoxd g e

102 “Te 32 %S)

oJels oJeJ,

uaunean £ouanbary o[3urs UL 2ATD93J2 2JOW 3G 01 PUNOJ SEA JUSUNEIN)
Kouonboxy Ten(y ‘sonfea Adpeypuo pue AruneIs£id Yorels se [[oM st ‘pasearddp
AN[IQEIOA000F PUE SSOUIMIYD ‘D9130P UONBUNN[SUOD ‘SSOUIAISIUPE ‘AIONSE[d
‘ssouomiirq ‘ssouprey nq ‘g Aq poaoxduwr sem oised yoress jo Aouoredsues],

(TUX Lrpqers mep-0z093,] HQ(T sonsodord o3mxa) [o0) LOULNIWSULI], o
30 opduwvg f(a/a) o G
72U07) (A /A 9/, ()7) TORN]OS JOULYID A0S D), O¢ »dWaT, ‘Ut of ‘0¢ ‘0T ‘ST
01 “G WL, “(HY $T+0T) [enp Pue (ZHY 6T Puv () d[Suts +baxg ‘yreq g o

(#10Z “Te 32 ny)

[278IS TI0))

“yoess 9013 30 sonzodoxd uonepesSoxI puL TONELZIUNE[RS 1) 23ukyd
A[PARd9330 wed Arsuaiur Suons pue jomod punosenm ySry romod 1oyl
18 SunNEdIUOS UdYM SUOISUISNS [DIeIs UL Paydeas a5am sarmesadwal FaySI|

DS e
Tw 00€ TTOA B8 T pdueg {(a/4) o ¢ #oUOD fUTW (] — () PUL],
A\ 0001 PUE 00S 001 #omod ZHY g +basg (¢ dp ww o1 pue 9) aqord g e

(€10T “Te 32 NR)

27e1s 901% %Nd.kwwﬁoz

*Aouonboaiy o[3urs U seSueyd ayow pasned g Louonboy
[en( "PISEIIIUT 2FOM 2DULNIWSULR PUL AI[IqN[OS O[TYM ‘PadnNPaF sem AITSOISTA
edd YLII £q Po1091op sem 93mdnns dul[eIsfid oyl 01 oS (] "SUTeyd YdIels
pue unododopfwe pafomnsop gn eyl pamoys sisi[eut xo[dwod JUIPOI-YDILIQ

Kouoredsuer], < ‘sonrodoxd Sunse (Y111 Adossondads

posesjur wirojsuen Jopno, ‘uvondiosqe xo[dwod ouUPO-YIILIS NHS e
(@/2) % 20D D F0E TAWRL, TUIW 09 PUE G 0¢ 0T 01

DUWILY, A\ 7L #omO0d “(ZHY 08+52) [enp Pue (ZH (8 pue §7) d[5uts boig e

(€10¢ “Te 30 Suay7y)

yosess oyerod 100mg

*£ar500s1A 215€d UdIEIS PISELIIIIP
pue ‘romod Surpas pue Apqnios ‘vonenuaduod SupPd ses] ‘vondrosqe
I2)eM PUE J6J PISEIIOUT UONEITUOSEN[(] *SIYIILIS 1eaym pue orerod ur Aeradss
‘so[nNuUEIS JO 00BJINS OY) UO PUNOJ 9JOM SUOISSIIdOP PUE SYIEI) JOUBYID
UL UBY) JOJEA UT POIEITUOS SEA IT UdUM JoySIy seam ydress Jo uoneziowk[odo(y

Nd
NHS S PUE S ‘TONENU2ITOD SUI[2S 158 <AITS00STA 9ISk ] UuGSﬁEwcﬁ%
‘uondrosqe 1o1em pue 1e ‘endods vondiosqe ouIpor pue onfeA N[ e
(a/m) o/, O¢ 0TOY) [OTEYID PUL FoIEM
TATOS D), 0 rdwa T, futw (¢ WL, (X 0L] oMo (ZHY 0g vborg oqordgn e

(¢10€ ‘zoTwre( 3 vyng)

9211 puE ‘UI0d
9eoym ‘orer0d :s910301g

10



2. Effect of ultrasound modifications in the morphological properties of starches
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2. Effect of ultrasound modifications in the morphological properties of starches
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I Introduction

The damage caused by US on starch surface is aggravated as power increases (since it is inversely
correlated to frequency) (Zhu et al., 2012; Zuo et al., 2012). Yang, Kong et al. (2019) determined
that the outer layer of rice starch granules was gradually peeled off from the periphery as the
ultrasonic power was increased from 150 W to 600 W (see Figure 4). In agreement to these
finding, Ding et al. (2019) demonstrated that roughness and erosion of starch granules was
increased with increasing power from 100 W up to 400 W, where the granules almost lost their
integrity and formed a discontinuous compact fibrous structure with many surface cracks. When
sonicating at 500 W and 600 W, agglomerated granules were observed, resulting from
interactions among the trimmed amylose chains and partial surface gelatinization, where the

original shape had completely disappeared (Ding et al., 2019).

Native starch Starch-150W Starch-300W Starch-450W Starch-600W

Figure 4. Scanning electron micrographs of native rice starch (A1-3) and rice starch treated by
150 W (B1-3), 300 W (C1-3), 450 W (D1-3) and 600 W (E1-3) ultrasound. The magnification of
image from top to bottom in the same line was 2, 5 and 15 K, respectively (Yang, Kong et al.,
2019).

Longer sonication exposure (Bai et al., 2017; Gallant et al., 1972; Manchun et al., 2012; Monroy
et al., 2018; Wang, Xu et al., 2020) and higher treatment temperature (Hu et al., 2019; Rahaman
et al., 2021) have widely been determined to intensify the damage induced by ultrasonication on
granule surface. Flores-Silva et al. (2017) determined higher damage with increasing treatment
time. While 4 min ultrasonication showed fissures and cracks, 8 min led to severe disruption of
granule surface, and at 16 min there were signs of granule fragmentation and disintegration. It
was indicated by Bel Haaj et al. (2013) that with increasing sonication time, the surface of waxy

maize starch granules appeared to be progressively broken down and eroded, with the release of
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2. Effect of ultrasound modifications in the morphological properties of starches

nano-particles about 20-200 nm in size. Treatment temperature also increases the damage caused
by ultrasounds, due to melting that temperature can provoke (Zuo et al., 2009), being able to
partially gelatinize the surface of US-treated starch (Rahaman et al., 2021) and disintegrate some
starch granules (Amini et al., 2015; Hu et al., 2019) during treatments. It has been said that even
when temperature of the treated suspension is controlled during treatment, US can lead to local
heating that damages the outer regions of the starch granules, magnifying the disruption effects

induced by cavitation (Carmona-Garcia et al., 2016).

The susceptibility of starch to ultrasonication treatments is greatly related to its botanical origin
and granule size. Hu et al. (2019) demonstrated that the damage of US on larger size starch
granules (potato) was more serious than on small granules (millet), in agreement with Carmona-
Garcia et al. (2010), since larger starch granules have greater probability of trapping kinetic
energy than smaller granules do. This found different susceptibilities originate from the type and
structure of the starch, affecting, among other factors, the amylose/amylopectin ratio, and the
molecular characteristics of the native starches (Luo et al., 2008; Zhu, 2015). Luo et al. (2008)
noted that under the same treatment conditions, normal maize and waxy maize starches showed
a porous surface after sonication, while in the surface of amylomaize V starch a fissure was
clearly observed. In agreement, Chan et al. (2010) determined that when sonicating different
types of starches (sago, potato, corn, and mung bean) at the same conditions, fissures were only
found on corn starch granules, possibly attributed to a relatively weaker granular structure, more

prone to be disrupted by cavitation effect.

The nature and degree of erosion caused by cavitation also depends on the concentration of
starch in the suspension (Amini et al., 2015; Gallant et al., 1972), the solvent used for the
treatment (Sujka, 2017), and the gas present in the medium during treatment (Degrois et al.,
1974). The damage caused to starch has been said to be greater at lower concentrations because
of increased acoustic energy due to reduced impedance of the medium (Amini et al., 2015). The
lower damage at higher concentrations can be explained by a diminution of the density of the
acoustic energy due to the diffusion of the waves by the particles (Gallant et al., 1972). Regarding
the medium, cavities are more readily formed in solvents with high vapor pressure, low viscosity,
and low surface tension (Sujka, 2017). Water has high surface tension and low viscosity and
vapor pressure, making it a good medium for cavitation and degradation of starch (Sujka, 2017).

The solubility of the surrounding gas in water has been found to be inversely proportional to

15



I Introduction

the size of generated pits generated (Gallant et al., 1972). It was determined by Gallant et al.
(1972) that in the presence of air, the surface of potato starch granules becomes rugged and
pitted, whereas in hydrogen atmosphere the surface remains smooth with large and deep pits,
while in the presence of oxygen there is less detectable damage, carbon dioxide led to a much

weaker effect, and virtually no effect is produced in vacuum.

2.2 Particle size

There is no consensus on the effect of US treatment on the size of starches after treatment, and
the available literature seems to indicate that it greatly depends on treatment factors. Some
authors have reported that ultrasounds can significantly rupture starch granules by the collapse
of cavitation bubbles, reducing the size of particles (Hu et al., 2019; Jambrak et al., 2010; Kang
et al., 2016; Yang, Lu et al., 2019; Yang, Kong et al., 2019), while others indicate finding slight
changes (Herceg et al., 2010; Karwasra et al., 2020; Kaur & Gill, 2019; Zuo et al., 2009), no effect
at all (Bernardo et al., 2018; Carmona-Garcia et al., 2016; Falsafi et al., 2019; Sujka & Jamroz,
2013), or even an increase in granular size (Cao & Gao, 2020; Ding et al., 2019; Herceg et al,,

2010; Wang, Xu et al., 2020; Wang et al., 2022) after ultrasonication.

It seems like the devise used for applying the treatments greatly determines the effect on
particles’ size. Fewer effects (even no significant changes) have been reported when treatments
were performed using ultrasound bath (Herceg et al., 2010), but the size of granules was greatly
reduced when using probes (Jambrak et al., 2010). When treating with US bath, the granules tend
to agglomerate due to superficial adhesiveness among granules and the liberated bonds,
providing the opportunity of connecting linkages between the polymers which results in
increased sizes after ultrasonication (Cao & Gao, 2020; Harasym et al., 2020; Herceg et al., 2010),
a phenomenon that seems to be linked to high US powers. When sonicating using a probe, the
generation of small-sized particles has been commonly reported, although there are also some
authors that reported the agglomeration of granules in treatments performed at high powers
(Ding et al., 2019; Yang, Lu et al., 2019; Wang, Wu et al., 2020). The particle reduction has been
indicated to be more likely due to disintegration of large starch agglomerates rather than
fragmentation of individual granules (Falsafi et al., 2019; Yang, Kong et al., 2019). The particle

size modification do not entirely depend on whether sonication was applied by US bath or probe,
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2. Effect of ultrasound modifications in the morphological properties of starches

ot the sonication power, and the composition and type of the starch and its susceptibility to be

modified may also have an influence.

1200 1

1000

—#— Waxy maize
—&— standard starch

800

600 1

Particle size (nm)

400

200 1

0 20 40 60 80 100
Sonication time (min)

Figure 5. Change in mean particle size vs. ultrasonication time for waxy maize and standard
maize starch (only particles larger than 100 nm were taken into consideration) (Bel Haaj et al.,
2013).

Degrois et al. (1974) and Gallant et al. (1972) were the first authors to report the physical
degradation of starch granules after ultrasound treatments. When a significant size reduction is
determined, it is believed that the progressive erosion caused by mechanical collision and shear
forces from cavitation leads to granule fragmentation (Bel Haaj et al., 2013; Yang, Kong et al.,
2019). Bel Haaj et al. (2013) said that particle reduction was mainly caused by violent collision
of starch particles due to high-speed streams resulting from implosion of the cavitation bubbles,
rather than the effect of direct impact of the micro-jets towards the starch particles. The
concentration of the suspension, the temperature and time of ultrasonic processing, and the
nature of the treated sample (e.g., amylose content) are factors that also influence the extent of
granule fragmentation achieved (Minakawa et al., 2019; Yang, Lu et al., 2019). Greater particle
fragmentation has been reported in starches with increasing sonication time, until a limiting size
is reached (see Figure 5) (Bel Haaj et al., 2013). Minakawa et al. (2019) determined that amylose

content also influences particle reduction. These authors showed that yam starch, exhibiting

17



I Introduction

higher amylose content, presented smaller starch microparticles (1-3 pum) and nanoparticles (8-
32 nm) after ultrasound treatment than those obtained from ultrasonication of starches with
lower amylose content (corn and cassava) (Minakawa et al., 2019). The size of the starch, on the
other hand, was not found to influence the fragmentation of particles. It was indicated by
Carmona-Garcia et al. (2016) that even if a big size starch (plantain, Dsy = 22.4 pm) was more
susceptible to surface damage than a small size starch (taro, Dsy = 2.3 pm), no significant size
reduction was determined in any of them, indicative that treatment conditions were more

determinative factors than the size of the granules in their study.

3. Effect of ultrasounds on the physico-chemical properties of starches

3.1 Molecular structure

Many of the physical and functional properties of starch depend on its molecular conformation,
like molecular weight, chain length distributions and amylose to amylopectin ratio, which has
been proved to be modified by ultrasonication (Chemat et al., 2011). Depolymerization as
consequence of ultrasonication can involve two mechanisms: i) mechanical polymeric
degradation due to cavitation, and ii) chemical degradation resulting from reactions between the
polymer and high energy molecules such as hydroxide (-OH) and hydrogen (-H) radicals
generated from dissociation of water molecules due to cavitation (Chemat et al., 2011; Jambrak
et al., 2010). The free radicals may induce the scission of starch molecular chains, which disrupts
the fine molecular structure and thus destructs the integrity and rigidity of starch granules (Wang,
Wu et al., 2020). Polymeric degradation by chemical reactions stands out in high-frequency
ranges (>500 kHz) since the amount of free radicals generated at low frequencies is very low. In
low-frequency treatments the main effect is due to mechanical degradation (Sujka, 2017). In food
industry, depolymerization by ultrasound is generally performed using immersion probes

working at 20 kHz (Chemat et al., 2011).

3.2 Molecular weight and chains length distribution

Starch depolymerization has been extensively reported after ultrasound treatments (Amini et al.,
2015; Babu et al., 2019; Czechowska-Biskup et al., 2005; Jambrak et al., 2010; Zheng et al., 2013).
The experiment conditions determine the yield of polymer degradation caused by treatments.

Temperature has been reported to have a direct correlation with the diminishment of degree of
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2. Effect of ultrasound modifications in the morphological properties of starches

polymerization (DP), while an inverse correlation has been reported for starch concentration in

the sonicated suspension (Amini et al., 2015). The solvent used, and more precisely on its vapor

pressure, viscosity, and surface tension, has also been reported to influence (Sujka & Jamroz,
2013). Depolymerization was reported to be higher when sonicated in water than in ethanol
(Sujka & Jamroz, 2013). The molecular weight of starches has been indicated to be reduced by
ultrasonication (lida et al., 2008; Li et al., 2018; Seguchi et al., 1994; Yang, Lu et al., 2019), where
the reduction has been reported to be sharp at the beginning of treatment, to slow down as
degradation progresses, and to ultimately tend towards a constant value (Isono et al., 1994). A
characteristic feature of polymer degradation by US is that it proceeds in a non-random manner,
and that there is a minimum chain length limiting the degradation process, that once is reached

no further chain degradation occurs (Czechowska-Biskup et al., 2005).

The amylose to amylopectin ratio in starches differ depending on the nature of each starch. The
crystalline regions in granules appear in branched glucose units of amylopectin molecules, while
amylose, the linear polysaccharide of starch, is largely amorphous and randomly distributed
between the amylopectin clusters (Zhu, 2015). It is believed that ultrasound treatments
preferentially degrade (but not exclusively) the easily attacked linear amylose of the amorphous
regions with low structural integrity (Amini et al., 2015; Flores-Silva et al., 2017; Kaur & Gill,
2019; Luo et al., 2008). Linear polymeric conformations seem to be easier to break, since they
may accumulate the applied forces of the same spatial orientation on much longer distances
along the chain (Czechowska-Biskup et al., 2005), while the destruction of crystalline regions
and the unwinding of double helices would require more energy (Huang et al., 2007; Yang, LLu
etal., 2019; Yang, Kong et al., 2019). The distortion of the crystalline regions has been reported
after high intense ultrasonication (>420 W) of corn starch (Li et al., 2018) and rice starch (Yang,
Kong et al., 2019). High power US starch depolymerization occurs mainly on the C-O-C bond
of the a-(1—06)-glycosidic bond (the branching points of amylopectin) resulting in amylopectin
gradually converted to amylose and low molecular weight segments (Falsafi et al., 2019; Li et al.,
2018). The degradation of the side chains of amylopectin molecules would increase the apparent
amylose content in US-treated starches, given that the released long-branch chains would be
recorded as amylose (Ding et al., 2019; Li et al., 2018). Higher amylose contents have been
reported with increasing sonication time (Wang, Wu et al., 2020) and increasing US power (Isono

et al., 1994; Zhang et al., 2021). Zheng et al. (2013) reported increased absorbance of starch-
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iodine complex in sweet potato starch with increasing frequency, denoting an increase of

apparent amylose content.

3.3 Crystallinity and degree of branching (DB)

The crystallinity structure of starches and their degree of branching have been studied by various
characterization techniques [Polarized light microscopy (PLM), X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, Raman spectroscopy and nuclear magnetic resonance
(NMR) spectroscopy], which seem to agree with a higher susceptibility of the amorphous zone

to ultrasound treatments, compared to the crystalline region (Yang, Lu et al., 2019).

3.3.1 Polarized light microscopy (PLM)

The density and refractive index difference in crystalline and amorphous structures generates the
Maltese cross, cleatly seen when granules are exposed in polarized light (Li et al., 2018; Zhu et
al., 2012). These Maltese crosses are characteristic of intact granules and reflect their crystalline
organization (Huang et al., 2007; Wang, Wu et al., 2020). Ultrasonication has either been reported
to cause no change or to decrease the luminance of the Maltese cross. When no effect has been
found, it has been concluded that ultrasonication cannot change the whole structure of the starch
granules but may change parts of them (likely the amorphous parts), barely affecting the
crystalline structure (Huang et al., 2007; Zhu et al., 2012). On the contrary, whenever a decrease
in the brightness of the native starch Maltese cross is detected, it has been stated that it is due to
disruption of the crystal layer of granules by ultrasonication, leaving a more fragile structure after
treatment (Carmona-Garcia et al., 2016; Gallant et al., 1972; Li et al., 2018). This reduced
brightness indicates that the double-helix structure of amylopectin is damaged by ultrasonication,

and that the order of the molecular chain is reduced (Wang et al., 2022).

3.3.2 X-ray diffraction (XRD)

X-ray diffraction (XRD) allows the evaluation of X-ray pattern and degree of long-range order
crystallinity of starches. Not many effects have been reported over the XRD patterns of
ultrasonicated starches. There seems to be a general consensus in the literature indicating that
US treatments do not modify the position of the characteristic peaks, while the diffraction

intensities of the modified starches have been reported to remain unchanged (Acevedo et al,,
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2022; Babu et al., 2019; Falsafi et al., 2019; Flores-Silva et al., 2017; Huang et al., 2007; Li et al.,
2019; Luo et al., 2008; Monroy et al., 2018; Wang et al., 2022; Zhu et al., 2012) or to be slightly
reduced (Amini et al., 2015; Carmona-Garcia et al., 2016; Ding et al., 2019; Karwasra et al., 2020,
Kaur & Gill, 2019; Li et al., 2018; Manchun et al., 2012; Rahaman et al., 2021; Thomaz et al.,
2020; Wang, Wu et al, 2020; Yang, Lu et al., 2019). The susceptibility of starches to
ultrasonication is influenced by their packing of the crystalline and amorphous regions in the
granules (Hu et al., 2019; Kaur & Gill, 2019). As Figure 6 illustrates, it has been indicated that
increasing US times lead to greater reduction of the characteristic peaks’ intensities (Carmona-
Garcia et al.,, 2016; Karwasra et al., 2020; Wang, Xu et al., 2020). Increasing temperatures have

also been reported to lead to greater diffraction intensity reduction (Amini et al., 2015).
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Figure 6. X-ray diffraction patterns of sweet potato starch treated by ultrasonication (Wang, Xu
et al., 2020)

In starches XRD patterns, peak diffraction characteristics and dispersion diffraction
characteristics correspond to the crystalline and the amorphous regions, respectively (Hu et al.,
2014). The long-range order crystallinity of starch granules, also called relative crystallinity (RC),
can be determined as the ratio between the crystalline and total region (Bernardo et al., 2018).
In agreement with the lower XRD pattern intensities reported after US treatments, starch RC
has been commonly indicated to be reduced by ultrasonication, in A-type [rice (Yang, Kong et
al., 2019), corn (Hu et al., 2014; Li et al., 2018; Rahaman et al., 2021), waxy corn (Yang, Lu et al.,
2019), normal maize (Bel Haaj et al., 2013; Wang et al., 2022), oat (Falsafi et al., 2019), tapioca
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(Manchun et al., 2012), millet (Hu et al., 2019) and sweet potato (Jin et al., 2020; Wang, Wu et
al., 2020)], B-type [potato (Zhu et al., 2012), and retrograded starch RS3 (Ding et al., 2019)] and
C-type [cassava (Monroy et al., 2018) and pinhao (Pinto et al., 2015)] starches. The decreased
RC after US has been attributed to damage caused to the amorphous regions rather than the
crystalline regions, because of their higher susceptibility to ultrasonication (Yang, Kong et al,,
2019). It may be attributed to the breaking of hydrogen bonds and starch chain structures
resulting from cavitation and mechanical oscillation pressure during US treatments, causing the
destruction of amorphous regions, the loose packing of lattices and the transformations of
double-helix orientation, eventually leading to a decrease of starch crystallinity (Wang, Wu et al.,
2020). However, the inner lamellae (presumably more crystalline and richer in amylopectin
chains) are also susceptible to the attack of ultrasonic waves (Flores-Silva et al., 2017; Monroy et
al., 2018). It has been said that greater US conditions (both power and time) (Falsafi et al., 2019;
Yang, Kong et al., 2019; Zhu et al., 2012) decline crystallinity content because they cause the
fragmentation of the lamellar array of starch granules. More intense treatment conditions would
result in a more unstable starch arrangement after ultrasonication, causing disruption of the
double-helix structure of the crystalline regions (Wang et al., 2022; Wang, Wu et al., 2020). Bel
Haaj et al. (2013) determined that prolonged ultrasonication of starch under high treatment
conditions resulted in serious disruption of the crystalline structure of clustered amylopectin,
leading to nanoparticles with low crystallinity. Small crystallites may not produce sufficiently
detectable reflection intensities, presenting an amorphous character, and resulting in lower
crystallinity values (Manchun et al, 2012). Even if ultrasonication can damage the starch
crystalline structure, their breakdown strength is not enough to induce a crystal type change (Hu

etal., 2014).

Some studies have reported no change of RC after ultrasonication, while few authors even report
a long-range crystallinity increase following treatments. These results tend to be attributed to
preferential degradation of the amylose-rich amorphous regions by ultrasonication, leaving the
crystalline structure rather unaffected (Huang et al., 2007; Luo et al., 2008). It may be assumed
that in these studies, the treatment conditions were less prone to lead to an effect over the
crystalline regions, rather than lower susceptibility of the starch structure to the ultrasonication
(Kaur & Gill, 2019). Flores-Silva et al. (2017) reported an increase of crystallinity from about

25 % in the native corn starch to about 33 % after 4 min sonication (see Figure 7). These authors
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concluded that ultrasounds did not lead to a modification in the composition of the starch
molecules but only their relative organization within the granule microstructure. Cleavage of
starch chains in the amorphous regions allows the formation of new crystallites, and some
reordering of the fragmented chains that produce a more crystalline structure (Acevedo et al.,

2022; Cao & Gao, 2020; Flores-Silva et al., 2017).
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Figure 7. (a) XDR pattern for native starch and two sonicated samples; (b) Crystallinity content

determined for different treatment times (Flores-Silva et al., 2017).

3.3.3 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is used to verify changes in the chemical
structures of starch molecules (Kang et al., 2016). The specific bands associated with vibrations,
stretching, flexion, and deformation of bonds corresponding to the main functional groups
characteristics of starch are in the region of 800 - 1200 cm™ (Kaur & Gill, 2019; Rahaman et al.,
2021). Ultrasound treatments have been indicated to modify the shape, width, and intensity of
FTIR spectra, but the positions of the characteristic absorption peaks are not obviously changed

by ultrasonication (Jin et al., 2020; Karwasra et al., 2020; Monroy et al., 2018). Changes of the
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peak intensities are due to damage caused to the starch conformation such as the structure of
the double helices and crystalline regions (Li et al., 2019). Neither the loss of absorption peaks
nor the generation of new ones has been reported after treatments, suggesting that US do not
alter chemical bonds and functional groups, indicating that the modification was purely physical

(Bai et al., 2017; Hu et al., 2019; Li et al., 2018).

The absorbance bands at 1047 cm”, 1022cm™ and 995 cm™ are particularly sensitive to
modifications caused to starches and are associated to the crystalline structure, the amorphous
structures, and bonding in hydrated carbohydrate helices, respectively (Flores-Silva et al., 2017;
Monroy et al., 2018). The short-range order crystallinity can be determined from the absorbance
ratio 1047/1022, calculated as the intensity of 1047 cm™ divided by the intensity of 1022 ecm™,
used to quantify changes in starch structure because of its positive correlation with the helical
structure packing enclosed by the interior microstructure (Kaur & Gill, 2019; Wang, Wu et al,,
2020; Yang, Kong et al., 2019). It has been generally indicated that US treatments lead to a
reduction of the 1047 /1022 values, indicative of distruption of short-range molecular order (Babu
et al., 2019). It is presumed that this decrease occurs because ultrasonication destroys the
amorphous and crystalline regions of starch granules, resulting in irregular packing with a double
helical reotientation within crystalline domains, and/or distuption of some hydrogen bonds
linking adjacent double helices (Jin et al., 2020; Li et al., 2018; Wang, Xu et al., 2020). This ratio
has presented a decreasing tendency with increasing power, suggesting that ultrasonication might
weaken starch short-range crystallinity (Yang, Kong et al., 2019). Sonication time, on the other
hand, does not seem to have a direct correlation with the decrease of 1047,/1022 values. Flores-
Silva et al. (2017) determined a significant decrease of the 1047/1022 ratio in US treatments of
1 min up to 4 min (when the lowest value is reached), which remained constant until 16 min
sonication, indicating that the limit of short-range crystallinity crack down is achieved even by
short treatments. These findings agree with the statement presented by Czechowska-Biskup et
al. (2005), that depolymerization by US happens in a non-random manner and is limited by a
minimum chain length. It was determined by Zhang et al. (2021) that different starches presented
different trends in the evolution of 1047/1022 values after being subjected to the same US
treatments. While sonicated pea and potato starches showed a remarkable decrease on these
values, sonicated corn starch presented much higher values than the control sample, with a

constant increase with increasing time, suggesting the strengthen of short-range order (see
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Figure 8). Whenever an increase of 1047/1022 values has been determined, it has been explained
as more serious damage caused to the amorphous regions, and that ultrasounds enhanced the
associations between starch chains and favored the formation of relatively ordered structure
(single- and double- helices) due to the recrystallisation of short chains (Ding et al., 2019; Li et
al.,, 2019; Zhang et al., 2021). Increasing 1047/1022 values suggest that US reduced the chain
lengths of starch molecules, since these short chains could form double helical order structures
in the amorphous region, resulting in an ordered short-range structure that increase 1047,/1022
(Zhang et al., 2021). Another evaluated ratio, although to a much lower degree, is 1022/995,
assumed to represent the organization state of the double helices located inside the crystallites
(Monroy et al., 2018). In general, a decrease of 1047/1022 is joined by an increase of 1022/995,
indicative of higher proportion of amorphous to ordered structure zones in the sonicated
starches (Monroy et al., 2018; Rahaman et al., 2021), and confirms the weakening of short-range

order (Hu et al., 2019; Yang, Kong et al., 2019).
3.3.4 Raman Spectroscopy

Starch short-range ordered structure has also been studied by Raman spectroscopy, which has
been informed to be more sensitive than FTIR to local changes in polymer microstructure (Bel
Haaj et al., 2013). The Raman spectra bands of starches have been closely associated with the
vibration modes of the C-O-C bond in the glucose ring and the a-1,4-glycosidic linkage (Yang,
Kong et al., 2019). The bands due to the skeletal mode vibrations of the glucose pyranose ring
of starches have been reported to undergo a shift towards higher wavenumber, which has been
mentioned in starch nanoparticles and resulted from the disruption of crystalline structure by
high power ultrasonication (Bel Haaj et al., 2013; Yang, Kong et al., 2019). Vibrations related to
the C-O-C of a-1,4 and «-1,6 glycosidic linkages are characterized by strong bands in 900-960
cm” and a weak band at 1155 em™. A significant modification of these bands was reported by
Bel Haaj et al. (2013), where the band at 905 cm™ seemed to vanish, the band at 940 cm™ was
shifted towards lower wavenumber, and the band at 1155 cm™ decreased in intensity. These
authors inferred that these results indicated that the branching points in the amylopectin were
mostly affected by high power ultrasonication since the band at 905 cm™ is associated with «-1,6
glycosidic linkages (Bel Haaj et al., 2013). The 480 cm™ Raman band has been reported to have
a strong correlation with starch short-range order structure. Wang, Xu et al. (2020) indicated that

the full width at half height (FWHH) at 480 cm™ was used to characterize this crystallinity value,
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while Yang, Kong et al. (2019) indicated that it was the height of the band that was used in the
determination. Lower degree of short-range molecular structure was suggested by both studies,
reaching the conclusion that US weaken the ordered packing of double helix structure in starch
granules. This conclusion agrees with the commonly reduced 1047/1022 values reported by
FTIR analyses (see section 3.3.3). Furthermore, the intensity of the band at 2900 cm™ has been
reported to be decreased as the US treatment intensifies, which might be related to distortion of
ordered molecular structure, closely associated with changes in the amylose/amylopectin ratio

(Wang, Xu et al., 2020; Yang, Kong et al., 2019).
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Figure 8. 1047/1022 cm™ values of native and sonicates (A) corn (CS), (B) potato (PtS) and (C)
pea (PS) starches under different ultrasonic time. Means followed by different letters indicate
statistical difference (p < 0.05) (Zhang et al., 2021).

3.3.5 Nuclear magnetic resonance spectroscopy (NMR)

Proton nuclear magnetic resonance spectroscopy (‘H NMR) allows the determination of the
degree of branching (DB) in starches to quantify changes caused to starch molecules. The high
sensitivity of 'H NMR allows the resolution of the anomeric proton resonance of starch,
distinguished between the «-1,4 and «-1,6 glycosidic linkages, to characterize the structural
features of native and ultrasonicated starches (Acevedo et al., 2022; Yang, Lu et al., 2019). Signals
at 5.12 ppm and 4.80 ppm are assigned to «-(1,4) and «-(1,6) glycosidic bonds in starches,
respectively (Acevedo et al., 2022). Ultrasounds have been reported to weaken the intensity of
both peaks (5.12 and 4.80 ppm), which suggests higher damage to the amorphous regions in
starches. After ultrasonication, Acevedo et al. (2022) reported the decrease of the 4.80 ppm
signal, while Yang, Lu et al. (2019) indicated a relative decrease of both peaks (see Figure 9).
Consequently, the DB determined in the sonicated starches were decreased. In the case of waxy

corn starch, it has been said that the steric hindrance of a-1,4 glycosidic linkages are more stable
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than that of a-1,6 glycosidic linkages, hence being more resistant to ultrasonication (Yang, Lu et
al., 2019). Iida et al. (2008) indicated that the integrated intensity of the peaks increased with
sonication, indicative that the fraction of the mobile starch molecules increased after treatment.
These results suggest that ultrasounds break both a-1,4 and «-1,6 glycosidic linkages, with greater
rupture to one or the other depending on the US power applied and the amylose content in the

starch.
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Figure 9. "H NMR spectra of native and ultrasonicated waxy corn starches. wcs-ns, wes-ul00
and wcs-400 refer to the waxy corn starch that was not sonicated, sonicated at 100 W and
sonicated at 400 W, respectively (Yang, Lu et al., 2019).

In carbon nuclear magnetic resonance spectroscopy ("C NMR) the two broad shoulder peaks
near 103 and 82 ppm provide information about the amorphous components in starch, while
the triplet peaks in the C-1 region (90-110 ppm) provide information about the crystalline state
(Yang, Lu et al,, 2019). It was determined by Yang, Lu et al. (2019) that as ultrasound power
increased, the signals representing the amorphous state were gradually intensified, while the
intensity of the peaks in the crystalline state were gradually decreased (see Figure 10). Iida et al.
(2008) found that the "C NMR spectral intensity was largely increased by the sonication,
supporting the argument that the mobile fraction of starch was largely increased by sonication.
Both results indicate that the crystalline state decreased, and the amorphous state increased with
US treatment. The increase of single helix might be because crystalline region was destroyed and
double helices were unwound into many short single helices and amorphous state (Yang, Lu et

al., 2019).
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Figure 10. "C NMR spectra of waxy corn starches. wcs-ns, wes-ul00 and wes-400 refer to the
waxy corn starch that was not sonicated, sonicated at 100 W and sonicated at 400 W, respectively.
“Amorphous” corresponds to the amorphous subspectra obtained from the native starch (Yang,
Lu et al., 2019).

4. Effect of ultrasounds on the techno-functional properties of starches

Techno-functional properties of starches are completely related to the interaction they have with
water, which deeply depends on starch granule morphology and composition (Chan et al., 2010).
As a result of the morphological impact of US on starches (see section 3), the surface area of
starch granules is increased, facilitating interaction with water, resulting in the alteration of their
techno-functional properties. The sonication process provides heat to the medium during
treatment that results in temperature increase, unless this heat is removed by a cooling system.
When starch is heated in the presence of excess water, the amorphous regions of the granules
absorb water and swell, which causes stress between the amorphous and crystalline regions. This
process continues in a reversible way until the gelatinization temperature is reached, when the
granules collapse because the tension between both regions is too high. At this point the process
becomes irreversible, the viscosity of the solution increases and the original starch structure is
lost (Miles et al., 1985). As it has been indicated, temperature influences in a great extent the
modification caused by the ultrasonication, so it is necessary to be controlled during treatment.
It was indicated by Monroy et al. (2018) that the complete starch sample gelatinized happened
during US treatment when an ice bath was not used, given that the slurry reached 65 °C in 20

min sonication.
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4.1 Swelling power and solubility

Swelling power (SP) and solubility (S) of starches and flours are parameters closely related to the
starch granule fine structure, the gelatinization temperature, the amylose to amylopectin ratio,
degree of branching and branch length, conformation and molecular weight, the degree of
association between their chains and the aggregation structure of the granules (Chan et al., 2010;
Kaur & Gill, 2019; Sujka & Jamroz, 2013; Wang, Xu et al., 2020). These two properties are linked
together because when the granule swells, more amylose can be released out to the aqueous

medium, so high swelling power contributes to high solubility (Chan et al., 2010).

Parallel to the generalized impact reported starch granules surface, an increase in both SP and S
is commonly reported after US treatments (Chan et al., 2010; Falsafi et al., 2019; Hu et al., 2019;
Karwasra et al., 2020). Structural weakening and depolymerization of starch have been pointed
out as possible explanations to the increase in these properties (Carmona-Garcfa et al., 2016;
Herceg et al., 2010; Sujka & Jamroz, 2013). As consequence of the increased starch surface area
after ultrasonication, water diffuses easier into the granules, so US-treated samples present higher
water uptake and retention, increasing their SP (Amini et al., 2015; Falsafi et al., 2019; Jambrak
etal.,, 2010; Luo et al., 2008). The generation of nano-particles also favors starch interaction with
water, since small-sized granule fragments have higher specific surface area than large native
granules, increasing water absorption capacity (Falsafi et al., 2019). The increase in SP and S can
also be consequence of starch depolymerization due to treatment, and the disassociation of
ordered molecular structure. Higher SP and S indicate improved binding between water
molecules and free hydroxyl groups of starch polymer chains through hydrogen bridge,
suggesting that the molecular disruption of chains by ultrasounds contributed to the increase in
linear chains (Luo et al., 2008; Manchun et al., 2012; Sujka & Jamroz, 2013; Wang, Xu et al,,
2020). Ultrasonication enhanced the mobility of amylose chains and reduced their molecular
weight after the release of side chains of amylopectin or cleavage of amylose chains, thus
improving their hydration performance and promoting the leaching of amylose outside of the
swollen granules to the aqueous medium (increasing solubility) (Chan et al., 2010; Herceg et al.,
2010; Jambrak et al, 2010; Wang, Xu et al, 2020). Within the crystalline structures, the
disintegration of intermolecular bonds leads to a less compact granular arrangement and
generates free hydroxyl groups of amylose and amylopectin, where water molecules can bind by

hydrogen bonds, increasing the SP in the granules (Kaur & Gill, 2019).
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The final effect of US treatments over these properties depends on the treatment parameters
array, where time and temperature have been demonstrated to have a high influence. Shot
sonication times (below 30 min) have been said to increase SP (Karwasra et al., 2020; Monroy et
al., 2018; Sit et al., 2014), while longer times lead to decreased values (Li et al., 2019). This
behavior is believed to happen because with the increase in starch damage at long exposure,
there is a reduction in the starch structural stability, which detriments its SP (Li et al., 2019).
Solubility (S), on the contrary, has been reported to be increased with increasing ultrasonication
time, favored by the disruption of amorphous regions (Manchun et al., 2012; Zheng et al., 2013).
It was mentioned by Karwasra et al. (2020) that S increased at short times (15 min) but decreased
by sonication at 30 min in US-treated wheat starches. This tendency switch is believed to be
related to the temperature reached during treatment, since these authors did not report to have
controlled the treatment temperature, which would have resulted in a significant increase after
30 minutes ultrasonication. Amini et al. (2015) concluded that treatment temperature was in fact
more determinative in modifying starch solubility than ultrasonication time. These authors
determined that S was almost independent of exposure time at sonication temperatures below
45 °C, but at higher temperatures a significant direct dependence was observed (Amini et al.,
2015). One possible explanation is that high temperatures cause more serious physical
destruction within the granules, and unraveling of double helices of the crystalline region, which

reduces the stability of starch (Hu et al., 2019; Vela, Villanueva, & Ronda, 2021).

Swelling power and solubility of starches are properties whose susceptibility to be modified by
US seem to also depend on its type and composition, and not just on the sonication parameters,
particularly by the structural arrangement of amylose and amylopectin. Ultrasonication breaks
the intermolecular bonds of starches generating a less compact granular arrangement and results
in an increase of apparent amylose content (i.e., higher amount of short light chains), which
allows a greater possibility to interact with water (increase in SP) and eases the release of amylose
out of the granule to the aqueous medium (increase in S) (Kaur & Gill, 2019; Luo et al., 2008).
Carmona-Garcia et al. (2016) concluded that granule size also positively influences the
modification of SP and S, since larger granules have larger surface area prone to be affected by

sonication.
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4.2 Pasting properties

These properties are among the main physicochemical properties of starches and flours, given
that their functionality is greatly determined by pasting behavior, which transforms starches into
a usable form (i.e., paste, gel) and therefore influences their application in starch-based food
products (Wang, Xu et al., 2020). Changes in pasting profiles after ultrasonication are attributed
to modifications caused to starch structure, and to the minor components. The structural
changes that happen during gelatinization include the melting of crystalline regions and
unwinding of double-helices, absorption of water in the amorphous regions, displacement of
amylopectin units and leaching of amylose from the granules (lida et al., 2008). Ultrasounds
present different effects in the modification caused to pasting properties depending on the
source of starch and the parameters employed. For instance, amylose content appears to be
directly correlated with a higher susceptibility to modification, probably related to easier mobility

of amylose chains compared to amylopectin chains (Thomaz et al., 2020).

Pasting temperature (PT) is the temperature at which the viscosity begins to increase during
heating process, which indicates the structural resistance of starches to heat-induced swelling
and rupture in water (Harasym et al., 2020; Wang, Xu et al., 2020). There is no consensus
regarding the effect of US on PT. Some authors have reported an increase of PT after
ultrasonication, which indicates better resistance to high temperature and strong mechanical
shearing force due to US treatments (Hu et al.,, 2019; Sit et al., 2014; Yang, Lu et al., 2019; Zheng
et al., 2013). Increase in PT after US supports the argument that the modification tends to
increase crystalline perfection, resulting from reorientation of starch granules molecules or
chains. The strengthening of intragranular bonded forces makes starch granules to require more
heat and longer time before structural disintegration and paste formation occurs (Babu et al.,
2019; Thomaz et al., 2020). When a significant lowering of PT has been reported, it has been
indicated that ultrasonication caused granule disruption and partial degradation of amylopectin,
which made them more permeable to water and less resistant to swelling (Herceg et al., 2010; Li

et al., 2018; Wang, Xu et al., 2020).

Ultrasounds have not been reported to change pasting profile shapes (Hu et al., 2019; Wang, Xu
et al., 2020), however they have been generally reported to decrease the viscosity achieved during

pasting event (Acevedo et al., 2022; Hu et al., 2019; Luo et al., 2008; Thomaz et al., 2020). The
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reduction of pasting viscosity profiles is attributed to both the physical damage caused to starch
granules, and to changes in starch molecular structure (Falsafi et al., 2019; Zuo et al., 2009).
Starch granules breakdown promotes the penetration of water, while the degradation of the
starch macromolecular chains by sonication causes chains to become shorter, which would result
in lower viscosity during gelatinization. This reduction of the molecular chain length and
molecular weight of starches by cavitation results in weaker interaction force of starch granules
and a partially degraded starch gel network that is less resistant to shear, resulting in lower
viscosity profiles (Hu et al., 2019; Huang et al., 2007; Sujka & Jamroz, 2013; Yang, Kong et al.,
2019).

Because of continuous swell of starch granules, peak viscosity (PV) can be acquired from a
complete rupture of its inherent hierarchical structures (Wang, Xu et al., 2020). The reduction
of PV after sonication indicates that US could weaken the granule structure and integrity and
rigidity due to glycosidic bond cleavage (Chan et al., 2010; Li et al., 2018). The lessened amounts
of crystallites, amorphization of short-range ordered structure and disruption of helical
structures caused by violent physical forces (e.g., micro jets, shear forces, shock waves) and -OH
free radicals during ultrasonication might reduce PV, as the disordered aggregation structures of
starch often show weak resistance when subjected to shearing and heating (Wang, Xu et al.,
2020; Yang, Lu et al., 2019). Breakdown viscosity (BV) reflects the degree of granule disruption
after reaching maximum viscosity value. Lower BV values after ultrasonication suggest stronger
resistance of the starch granules to shear-thinning during cooking and strengthen stability in the
hot paste (Li et al., 2018; Wang, Xu et al., 2020; Wang, Wu et al., 2020). Final viscosity (FV) is a
critical quality parameter that indicates the ability of the sample to form a viscous paste or gel
after heating and cooling (Harasym et al., 2020), while setback viscosity (SV) reflects the
retrogradation capacity of starchy foods, positively correlated with amylose content (Singh et al.,
2007; Wang, Wu et al., 2020). The lower FV and SV values after US are attributed to the decrease
in the degree of polymerization of treated starches, due to degradation and depolymerization of

the leached amylose and long-chain amylopectin (Jin et al., 2020; Yang, Kong et al., 2019).

It is worth mentioning that pasting properties have not always been reported to be reduced by
ultrasonication, since the modification depends on the treatment conditions matrix. Some
authors have indicated no significant changes (Li et al., 2019) or higher values after

ultrasonication (Bernardo et al., 2018; Cao & Gao, 2020; Pinto et al., 2015; Yang, Kong et al.,
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2019). Increased pasting values have been attributed to (a) a possible loosening of the interaction
between amylose and amylopectin chains after ultrasonication (Bernardo et al., 2018), (b) micro-
crystallization and reorientation of starch molecules or chains (Cao & Gao, 2020), and (c) a softer
starch matrix induced by sonication resulting in easier pasting and higher viscosity (Park & Han,
20106). It was said by Herceg et al. (2010) that increasing US power (300 and 400 W) caused a
greater disruption of starch granules and weakening of the crystalline region, causing more water
being entrapped within the starch molecule, which leads to higher viscosity. Increase of SV could
be attributed to higher amount of linear chains after degradation and depolymerization of long-
amylose chains, facilitating the re-association or re-arrangement of starch molecular chains

during cooling (Sit et al., 2014; Wang, Xu et al., 2020).

4.3 Paste clarity

Starch paste clarity is important quality parameter in food applications, as it influences the optical
properties of final product (Falsafi et al., 2019). The transmittance of starch pastes is associated
with the particle size distribution of starch, and the proportion of amylose and amylopectin,
larger expanded particle size and greater amylopectin content tend to increase starch paste
transparency (Hu et al, 2014; Zheng et al,, 2013). Ultrasounds can break the chains of
amylopectin by disrupting covalent bonds, which results in a decrease in association between
starch molecules and causes a paste clarity increase (Hu et al., 2014; Zheng et al., 2013). US
treatments led to an increase in paste clarity of potato (Sujka & Jamroz, 2013), corn (Hu et al,,
2014; Jambrak et al., 2010), sweet potato (Zheng et al., 2013), maize (Bel Haaj et al., 2013), mung
bean (Chung et al., 2002), millet (Li et al., 2019) and rice (Sujka & Jamroz, 2013) starches, which
seems to be improved by longer sonication times (Bel Haaj et al., 2013). The extent of the effect
has been reported to depend on the sonication device used. At the same US frequency, Jambrak
et al. (2010) and Falsafi et al. (2019) reported a greater increase of transmittance when US were
applied using a probe than when a bath was used. It has also been demonstrated that the solvent
used for preparing the suspension influences the effect of US over paste clarity, due to the
medium’s surface tension and the dynamics of bubble formation and implosion. Sujka & Jamroz
(2013) determined that potato starch’s paste clarity was significantly increased after sonication
in water, but it was not modified when sonicated in ethanol. Increase paste clarity probably
results from damage caused by US to the starch particle surface and the crystalline regions,

leading to increased association between starch and water (thereby resulting in decreased
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association between starch molecules) making starch particles to expand easily and increase the
starch paste transparency (Hu et al., 2014). However, some authors have indicated no significant
change (Sit et al, 2014) and even a paste clarity reduction (Bernardo et al., 2018) after
ultrasonication at high US conditions (15 min at 70 % amplitude). A clarity decrease has been
attributed to starch granules disintegration, allowing them to swell more, making the starch paste
more viscous and decreasing the transmittance (Sit et al., 2014). It could also be attributed to the
degradation of amylose and amylopectin, and the fissures formed on starch granules, favoring
the essential linear amylose molecule to leave the starch granule, hence reducing paste clarity

(Bernardo et al., 2018).

5. Effect of ultrasonication on the thermal properties of starches

The onset (To) and conclusion (T¢) temperatures reflect the melting temperatures of the weakest
crystallites and high-perfection crystallites in the starch granules, respectively (Wang, Wu et al.,
2020), while the gelatinization temperature range (AT = Tc — To) represents the extent of
homogeneity of crystallites within the granules (Falsafi et al., 2019). It has been said that power,
time and temperature highly influence the modification caused to gelatinization temperatures
(Amini et al., 2015; Li et al.,, 2019; Yang, Lu et al., 2019; Yu et al., 2013). Some authors have
indicated that US do not lead to significant changes of gelatinization temperatures (Carmona-
Garcia et al., 2016; Jambrak et al., 2010; Monroy et al., 2018; Rahaman et al., 2021; Yang, Kong

et al., 2019), while most of the literature has reported significant modifications.

A significant shift towards higher temperatures has been reported in a wide variety of starches
such as maize (Luo et al., 2008), corn (Amini et al., 2015; Flores-Silva et al., 2017), rice (Park &
Han, 2016), yam (Bernardo et al., 2018), oat (Falsafi et al., 2019), waxy corn (Yang, Lu et al,,
2019), potato (Cao & Gao, 2020; Zhang et al., 2021) and cowpea (Acevedo et al., 2022). The less
ordered double-helical structures within the granules are more prone to disruption during
sonication, reflected by a delay of Toin sonicated samples, requiring higher temperatures to
dissociate the more stable and stronger crystalline structure after treatments (Bernardo et al,,
2018; Luo et al., 2008; Falsafi et al., 2019; Yang, Lu et al., 2019; Zhang et al., 2021). On the
contrary, a significant reduction of gelatinization temperatures has been reported after
ultrasonication of rice (Yu et al., 2013), maize (Flores-Silva et al., 2018), corn (Li et al., 2018),
millet and potato (Hu et al., 2019), chestnut (Wang, Wu et al., 2020) and sweet potato (Wang,
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Xu et al., 2020) starches. It was found by Yu et al. (2013) that To and T values showed an inverse
correlation with the applied US power, which could explain the different results reported in the
literature. Lower gelatinization temperatures could be caused by a change in starch matrix due
to greater mobility of starch polymers after ultrasonication, promoting water entering the interior
of the granules and accelerating the irreversible hydration of the starch (Hu et al., 2019). The
bonds formed between freely moving amylose molecules and amylopectin chains present in
crystalline regions would require less energy to be destroyed (Li et al., 2018). Despite the different
results reported for To, Tp and Tcafter US treatments, there seems to be a general agreement
that AT is significantly reduced after ultrasonication, particularly when applying high US intensity
(Bernardo et al., 2018; Falsafi et al., 2019) and high temperature (Amini et al., 2015). The
narrowing of AT may happen because ultrasound treatments disrupt the ordered double-helical
structures containing flaws and lead to the breakage of crystallites of different stabilities,
decreasing the degree of diversity in the crystals and lowering the dissociation temperature range
(Ding etal., 2019; Luo et al., 2008; Wang, Xu et al., 2020). Said narrowing has also been explained
as distortion of the amorphous and non-organized parts of the starch granule by ultrasonication,
which might enhance the homogeneity of starch granular structure towards a well-ordered

crystalline remnants with narrower AT (Amini et al., 2015).

The gelatinization enthalpy (AH) values reflect the loss of double-helical order in the crystalline
and non-crystalline regions of the granules that unravel and melt during starch gelatinization
(Huang et al., 2007; Jin et al., 2020; Li et al., 2019). The effect of ultrasonication on AH depends
greatly on treatment conditions and sample’s botanical origin (amylose/amylopectin
composition). Yang, Kong et al. (2019) and Yu et al. (2013) determined that the change is
influenced by the applied US power, where low powers (=300 W) leads to reduced AH values,
while an increase of AH was obtained when applying higher powers (=450 W). Higher AH
denotes greater number of double helices with more compact packing (indicating that the
amorphous regions are degraded by US prior to the crystalline regions) (Huang et al., 2007; Li
et al,, 2019), a rearrangement of the molecular packing within the granule microstructure, and
that ultrasonicated starches presented a higher amylopectin content resulting from leaching of
amylose in the liquid medium where treatment was performed (Carmona-Garcia et al., 2016;
Flores-Silva et al., 2017). The amylose/amylopectin composition of the treated matter and the

degree of damage that its amorphous and crystalline regions suffer due to US treatment also
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determine the final effect over AH. Hu et al. (2019) reported that by applying the same treatment
conditions, AH was decreased in potato starch, while it was increased in millet starch. With this
complex array of variables, it is easy to understand why there is not a consensus in the literature
regarding the effect of US treatments on AH. It is worth mentioning, however, that in general
more intense US conditions modify the crystallinity of the starch and reduce the gelatinization

enthalpy (Thomaz et al., 2020).

A decrease of AH after ultrasonication has been attributed to: i) surface damage cause to starch
granules, increasing the diffusion of water molecules into the starch granules and hence their
access to the crystalline regions (Yang, Kong et al., 2019); ii) disintegration of the double helices
present in the crystalline and non-crystalline regions of the granule by cavitation (Huang et al.,
2007; Luo et al., 2008; Zuo et al., 2009); iii) distorting the crystalline regions by H" ions released
during the sonochemical ionization of water molecules (Falsafi et al., 2019). AH has been
positively correlated to branch-chain length of amylopectin. A decrease in AH indicates that
some of the external chains of amylopectin are destroyed after ultrasonication, so the US-treated

starch would require less energy for gelatinization (Yang, Lu et al., 2019; Yang, Kong et al., 2019).
6. Effect of ultrasonication on gels made with treated starches

Starch finds many industrial applications as thickener, colloidal stabilizer, gelling agent, bulking
agent, water retention agent, and adhesive, mainly due to its gelling capacity when heated in
presence of water (Herceg et al., 2010). In the gelatinization process, linear and short-chain
amylose and amylopectin chains are leached out from the granules, forming a highly viscous
continuous matrix, while amylopectin-rich insoluble remnants are dispersed in the continuous
matrix, forming a microstructure with complex rheological response (Flores-Silva et al., 2017).
The rheological behavior and textural properties of the gels depend strongly on starch molecular
structure, such as chain length distributions and ramification degree of leached starch chains
(Flores-Silva et al., 2017), so the fragmentation of amylose chains and debranching of
amylopectin molecules caused by ultrasound waves also modify the structure of the gels formed

with the US-treated starches and flours.

36



0. Effect of ultrasonication on gels made with treated starches

6.1 Rheological properties

Rheology reflects the flow and deformation behaviors of fluid foods, which is typically
determined by processing conditions such as high shearing, stirring, mixing and pumping. The
rheological behavior of starch paste or gel is considered as one of the most important physical
properties for determining the eating quality of starch or starch-based foods and the acceptance
by consumers (Wang, Xu et al., 2020). The rheological properties of starch gels are used as
indicators of processing suitability and gelling properties of food products, and are strongly
dependent on the accessibility and entanglement of amylose and amylopectin, chain length
distributions and ramification degree of leached starch chains, the interactions and tightness
between polymer chains, and the dissolution ability of amylose, which determine the stability of

the formed three-dimensional network structure (Flores-Silva et al., 2017; Wang, Xu et al., 2020).

6.1.1 Steady shear flow behavior

The flow behavior of starch gels is analyzed by measuring its apparent viscosity in a determined
shear rate range (at constant temperature), usually upwards and downwards, to later apply least-
squares fitting to a power-law model (Herschel-Bulkley model, Ostwald de Waele model) that
describes the state flow behaviors of the gels. The flow behavior index (7), the consistency
coefficient (£), and the time-dependence behavior are determined with these models. Rotational
tests allow to analyze the rheological behavior of the gels under large shearing deformations

(Monroy et al., 2018).

It has been indicated that the apparent viscosity of starch gels is decreased by ultrasonication
due to granular structure destruction and depolymerization of the main components
(fragmentation of amylose chains and debranching of amylopectin molecules) caused by the high
shear forces of ultrasound waves in C-O-C linkages (Amini et al., 2015; Azhar & Hamdy, 1979;
Chung et al., 2002; Falsafi et al., 2019; Kang et al., 2016). Flores-Silva et al. (2017) determined
decreasing apparent viscosity values with longer sonication times (see Figure 11), indicative of
weaker gels that reflect the fragmentation of long-chain starch molecules. Kang et al. (20106) also
reported a sharp apparent viscosity decrease at the early stage of sonication and then a slower
reduction reaching a limiting value. This slowdown in the rate of apparent viscosity reduction

reflects how starch molecule chains get shorter with increasing ultrasound exposure, and
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progressively approach the minimum chain length that limits the US degradation process

(Jambrak et al., 2010), which was firstly mentioned by Czechowska-Biskup et al. (2005).
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Figure 11. Behavior of the apparent viscosity of native corn starch and corn starch sonicated
for different times (Flores-Silva et al., 2017).

The flow behavior index (7) and consistency coefficient (£) have been reported to be modified
by ultrasonication at different extents. Starch concentration and sonication amplitude do not
appear to have a significant influence on the value of #» (Amini et al., 2015), while time and
temperature highly influence the effect of US on #. Starches usually present values of 7 < 1,
displaying a pseudo-plastic behavior (Zhang et al., 2021). Kang et al. (20106) reported an increase
of # with sonication time, indicating the formation of weaker gels as the starch dispersion was
subjected to longer US exposure, diminishing pseudoplasticity to the point where starches
showed a Newtonian behavior (# = 1). These results could be due solubilization (disaggregation)
of the aggregated macromolecules in the starch pastes by ultrasonication, so the shear applied
during viscosity measurements will no longer contribute to the break-down of the starch
aggregates resulting in a reduction of the thixotropic behavior (Kang et al., 2016). Starch
molecular size reduction will also result in the transition from a pseudoplastic behavior to a
Newtonian behavior, characteristic of a dilute macromolecular suspension (Kang et al., 2010).

Amini et al. (2015) determined that the effect of ultrasonication on # depends highly on the
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interaction between treatment temperature and time. At temperatures close to 45 °C, sonication
time did not affect the value of » but at lower temperatures, increasing sonication time decreased
the value of 7z In contrast, increasing exposure time at higher temperatures (> 45 °C) caused a
profound increase of 7. Zhang et al. (2021) agreed on this in the study where the ultrasonication
of corn, potato and pea starches was performed at different times and constant temperature

(25 °C), where 7 values were reduced (Zhang et al., 2021).

In the case of consistency coefficient (£), the available literature suggests that temperature is the
main variable determining the modification caused by ultrasonication. Amini et al. (2015)
determined that £ increased in corn starch as the treatment temperature increased up to 45 °C,
while increasing the temperature to 65 °C diminished £ considerably. Also, regarding the
ultrasonication of corn starch, Zhang et al. (2021) concluded that the values of & were increased
by US treatments at different powers (100 — 600 W) and times (5 — 30 min), while Jambrak et al.
(2010) in treatments performed in the same power (100 — 400 W) and time (15 and 30 min)
ranges indicated that £ values were reduced after ultrasonication. The different reported results
are believed to derive from the treatment temperature. In the treatments performed by Zhang
et al. (2021) it is indicated that treatment temperature was 25 °C, which lays in the temperature
range where Amini et al. (2015) said that ultrasonication causes an increase of £ (< 45 °C). In
the treatments performed by Jambrak et al. (2010), however, the treatment temperature is not
indicated, which usually means that it was not controlled, so treatment temperature would have
presumably risen beyond 45 °C, which would agree with the explanation of Amini et al. (2015)
and would lead to a reduction of £. In the cases where Jambrak et al. (2010) obtained an increase
of £ (treatments applied using US bath, and the one performed using a probe at 100 W for 15
min) it is believed that ultrasonication conditions were rather soft (low power and/or short time),
so treatment temperature may not have been significantly increased, possibly laying in the <
45 °C range. Higher £ values suggest gels with high structural strength and resistance to flow,
which might result from the loose internal crystalline structure of sonicated corn starch (Zhang
et al., 2021). The alteration of rheological parameters may be attributed to a combined effect of

starch granule disruption and breakdown of the linear amylose molecules (Amini et al., 2015).
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6.1.2 Dynamic oscillatory assays

6.1.2.1 Strain/Stress sweeps

Strain (or stress) sweeps at constant angular frequency are performed to determine the limit of
linear viscoelasticity of the gels (Wang, Xu et al., 2020). These assays indicate two different
regions in gels behavior, the linear viscoelastic region (LVR), where the elastic (G') and viscous
(G") moduli as well as the loss tangent [tan(d)] are constant, and the non-linear region, where
the gels quickly lose their structure’s integrity. The maximum deformation that gels are able to
resist before disruption of their structure is denoted by Tma, which marks the end of the LVR.
These tests have been used by some authors (Amini et al., 2015; Carmona-Garcia et al., 2016;
Kaur & Gill, 2019; Monroy et al., 2018; Wang, Xu et al., 2020) when studying US-treated starches
to determine the LVR in order to carry out frequency sweeps. However, there have not been
results reported regarding the effect of US treatments on Tma of the cross over point (G' = G"),

despite the valuable information that these parameters give about the gels’ resistance.
6.1.2.2 Frequency sweep

Frequency sweeps are performed on gels to determine their frequency dependence (within the
LVR) at a specific temperature, applying a constant strain (or stress). The viscoelastic properties
of gels as function of frequency are characterized by storage (G') and loss (G") moduli, and loss
tangent [fan(9) = G"/G'], which are used to quantify the strength of starch gels (Amini et al.,
2015). Higher values of G’ than G" show a predominance of the solid/elastic behavior (Kaur &
Gill, 2019). The modification that US treatments cause to the frequency sweep parameters is
influenced by starch granule disruption and breakdown of amylose chains (Amini et al., 2015).
There seems to be a general agreement in the literature that ultrasonication induces starch
macromolecules fragmentation, leading to short polymeric chains in US-treated starches.
However, there is no consensus regarding the association that the shorter chains may have
during gelatinization, and while some sources report increased moduli after treatments, others
indicate the contrary. Treatment time seems to be the main factor influencing the extent of

modification achieved in frequency sweep parameters.

At short treatment times the moduli have been reported to be increased, believed to be due to

weakening of the crystalline regions, causing the molecules to entrap more water which leads to
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higher viscosity (Kaur & Gill, 2019). Within the short time range (< 20 min), Monroy et al.
(2018) concluded that increasing times lead to stronger gels (higher G' values), since starch
polymer chains fragmentation occurs, which would facilitate the gelation process and subsequent
retrogradation phenomenon by reassociation of short polymeric chains through hydrogen-
bonds to form a more elastic three-dimensional network. Zhang et al. (2021) reached a similar
conclusion after ultrasonication of corn, potato and pea starches at different powers and times.
These authors determined increased G’ and G" values after US treatments attributed to
degradation of starch granules by cavitation, making them more permeable to water, and the
tendency of starch molecules (especially amylose) to re-form double helices resulting in a harder
gel (Zhang et al., 2021). Higher G’ values after US could be attributed to the increase of amylose
content, the pores and cracks on granules surface, and the disruption of crystalline and ordered
molecular structure, which enhanced the entanglement and interactions of amylose and
amylopectin and lead to the formation of a strengthened gel network structure (Wang, Xu et al.,
2020). However, at longer ultrasonication times [30 min according to Kaur & Gill (2019)], it has
been indicated that both moduli are reduced, attributed to the severe damage caused to the starch
granules by the shear forces of cavitation, leading to the straightening out of amylose molecules
that reduce the shear action within the fluid layers and contribute to viscosity decrease. A sharp
decrease of G' was determined by Carmona-Garcia et al. (2016) after 50 min ultrasonication of
plantain and taro starches, suggesting that amylopectin was largely affected by treatment, which
generated lineal chains that were not able to form a consolidated compact network during

gelatinization (Carmona-Garcia et al., 2010).

Loss tangent [7an(0)] gives information about the strength of the gel, which indicates the ratio of
energy lost to the energy stored (G''/G"). The lower the value of zan(d), the higher the strength
of the gel (Wang, Xu et al., 2020). Despite the different results reported for G'and G" depending
on the applied time, the available literature seems to agree about the lowering of zan(5) after
ultrasonication, suggesting that US could change the state of starch pastes to more solid-like
(Zhang et al., 2021). Reduced values of the Zan(d) have been reported after ultrasonication of a
wide variety of starches (wheat, barley, rice, maize, plantain, taro, corn, potato, pea and sweet
potato) (Carmona-Garcia et al., 2016; Kaur & Gill, 2019; Wang, Xu et al., 2020; Zhang et al.,
2021). Lower tan(5) values have been indicated for longer treatment times, while at shorter times

only slight variations (or even no change at all) have been reported (Amini et al., 2015; Carmona-
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Garcia et al., 2016; Kaur & Gill, 2019). Amini et al. (2015) obtained an increase of the value of
tan(d) in corn starch ultrasonicated at 65 °C, which is clearly caused by the high treatment
temperature and not by ultrasonication, given that treatments at lower temperatures did not
show the same effect. In that study, the treatment temperature was beyond T, of the native starch
(64.8 °C), which could have caused the Zan(5) increase. When there is a rise in temperature, the
molecules absorb translational energy and gradually cease to retain their hydration, which causes
the lowering of viscosity (Kaur & Gill, 2019). The effect of ultrasonication in reducing Za#(0)
could be attributed to structural rearrangement, straightening out of amylose, and disruption of
starch granules in sonicated samples (Zhang et al., 2021). It has been said that ultrasonicated
starches could be utilized as strong gelling agents in food industry given the higher strength of

gel showed by 7an(9) (Wang, Xu et al., 2020).
6.2 Textural properties

Gel’s texture profile is usually characterized by hardness, cohesiveness, adhesiveness,
springiness, gumminess, and chewiness (Babu et al., 2019). Gel hardness is mainly caused by
retrograding starch, associated with water syneresis and amylopectin crystallization loss (Herceg
et al., 2010). The available literature has demonstrated that ultrasonication led to lower hardness
in gels prepared from corn, (Hu et al., 2014), oat (Falsafi et al., 2019), and foxtail millet starches
(Babu et al., 2019). Cohesiveness, springiness (Babu et al., 2019), elasticity, conglutination degree,
chewiness, and recoverability (Hu et al., 2014) have also been reported to been reduced by
ultrasonication. The intramolecular hydrogen bonding of starches can be broken due to
mechanical vibration, thermal and ultrasonic effects, thus the molecular structures become loose
and molecular winding nodes are reduced (Hu et al., 2014). Larger texture properties reductions
are reported for higher frequency and longer sonication times, since starch granules become
further disrupted and depolymerized by greater sonication exposure (Babu et al., 2019). The
liberation of low molecular weight short glucan fractions from amylose and amylopectin
following cavitation reduces the ability of starch to form homogenous gel structures. Chains
with a polymerization degree below 12 negatively affect the gel formation ability of starches
(Falsafi et al., 2019). The study carried out by Herceg et al. (2010), on the other hand, reported
higher values of hardness, adhesiveness, cohesiveness, springiness, and gumminess on gels made
with US-treated corn starch. In this case, these apparently contrary results are believed to be

explained by the temperature reached by the starch dispersions during treatments. As it has been
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mentioned before, temperature is an important treatment parameter determining the
modification caused to starches and the gels made with them. In the treatments performed by
Herceg et al. (2010) temperature was not controlled and, given the US powers (100 — 400 W)
and times (15 and 30 min) that these authors studied, there was surely a temperature rise during
ultrasonication which must have probably caused an annealing effect. This combined annealing-
ultrasound treatment would lead to significantly different results than what is obtained only by
US (Amini et al., 2015; Hu et al., 2019). In the study presented by Babu et al. (2019) comparing
the texture properties obtained in gels made with foxtail millet starch modified by US and
annealing treatments separately and by a combination of both (annealing+ultrasound and
ultrasound+annealing), they determined that by applying ultrasound alone the hardness of the
gel decreased, but when applying annealing after ultrasonication the hardness was increased.
Sonication prompted high pressure gradients and high local velocities that contributed to
damaging granules and cutting long chains into appropriate length ones, which further get re-
associated during annealing and retrogradation process, forming harder gels (Babu et al., 2019).
If there was in fact a temperature rise during the ultrasound treatments performed by Herceg et
al. (2010), resulting in simultaneous ultrasounds-annealing treatments, the explanation provided
by Babu et al. (2019) could justify the determined hardness increase, opposite to the generally

reported tendency of reduced gel hardness after ultrasonication.
7. Effect of ultrasonication on starch digestibility

Starch digestion properties are important because of their extensive use in food, brewing
fermentation, and pharmaceutical and chemical industries (Ding et al., 2019). Starch i vitro
digestion properties are commonly evaluated following the procedure of Englyst et al. (1999),
that simulates human gastrointestinal tract digestion, where starch samples are incubated with
pancreatin from porcine pancreas and amyloglucosidase enzymes at 37 °C for 120 min. For
nutritional applications, starch comprises three portions: rapidly digestible starch (RDS) is the
fraction digested within 20 min, slowly digestible starch (SDS) is the fraction digested between
20 and 120 min, and resistant starch (RS), the remaining fraction after 120 min (Zhang et al,,
2021). RDS is digested in the mouth and small intestine, resulting in a rapid increase of
postprandial blood sugar level, whereas SDS is digested slowly in the small intestine, leading to
stable postprandial blood sugar levels (Zhang et al., 2021). RS is not digested in the small

intestine and does not contribute to blood glucose level, becoming a substrate for the intestinal
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microbiota, thus providing health benefits and reducing risk factors for diet-related diseases (risk
of developing type II diabetes, obesity, and cardiovascular disease) (Ding et al., 2019; Zhang et
al., 2021). Starch digestion properties can be evaluated in raw and in gelatinized starches, where

gelatinized samples present lower values than their raw counterparts due to cooking (Kaur &

Gill, 2019).
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Figure 12. Digestion profile of native and sonicated corn, potato and pea starches under
different ultrasonic powers and times; A-B, native and sonicated corn starch (CS); C-D. native
and sonicated potato starch (PtS); E-F, native and sonicated pea starch (PS). Different letters
upon the pillars of the same color indicate statistical differences (p < 0.05) (Zhang et al., 2021).
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Some authors have not reported a significant difference of RDS after ultrasonication (Acevedo
et al., 2022; Flores-Silva et al., 2017), while others reported an RDS increase (Cao & Gao, 2020;
Flores-Silva et al., 2017; Kaur & Gill, 2019). RDS content of different US-treated starches
(wheat, barley, rice, and maize) increased with increasing sonication time, both in raw and
gelatinized starches (Kaur & Gill, 2019). This direct correlation of increasing RDS values with
sonication time could be explained by the holes and cracks formed on granules due to
ultrasonication, making the porous surface more susceptible to enzymatic attack. Crystalline
regions are more compactly arranged than amorphous regions and thus less susceptible of attack
by digestive enzymes, but after sonication the double-helix structure of starches might be
disrupted, allowing easier access of enzymes to the inside of starch granules (Flores-Silva et al.,
2017; Kaur & Gill, 2019). The RDS increase in gelatinized starch might also be explained by the
increased availability of short-length chains obtained from the fragmentation of amylose chains
and debranching of amylopectin molecules, which are more amenable for enzymatic degradation
(Flores-Silva et al., 2017). In the case of SDS, there is not a definite effect of US treatments.
While some studies have reported a significant decrease (Cao & Gao, 2020; Kaur & Gill, 2019),
others indicated an increase after ultrasonication (Acevedo et al., 2022). SDS is associated with
positive health effects including improved glycemic control, reduction of postprandial circulated
free fatty acids and reduction of oxidative stress (Acevedo et al., 2022). US treatments could
increase the digestion of starch (RDS and SDS) due to the partial loss of starch crystallinity
caused by the disruption of double helices, and promotion of polymer degradation by cavitation

(Acevedo et al., 2022; Zhang et al., 2021).

RS content has said to increase after US treatments (Babu et al., 2019; Cao & Gao, 2020; Flores-
Silva et al., 2017; Kaur & Gill, 2019), possibly due to interactions between different chains of
starch or different microconstituents (such as amylose and amylopectin, amylose and protein,
amylopectin and lipid, etcetera), and the rearrangement and formation of hydrogen bonds within
starch inner structure (Cao & Gao, 2020). It was determined by Zhang et al. (2021), however,
that such increase would only happen in a specific US power range. In ultrasonication of corn
starch, Zhang et al. (2021) determined that RS content increased significantly at low powers (100
— 300 W), while with further power increase (400 — 600 W) the RS content was reduced. It is
believed that sonicating starch at low power led to a rearrangement of starch molecules that

resulted in increased RS content (Zhang et al., 2021). However, excess power resulted in a
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decrease of RS content, possibly because it caused more serious physical destruction within the
starch granules and broke the crystalline molecular structure to a state that was easily accessible
to enzymes. These results revealed that the rearrangement and destruction of starch structures
occur simultaneously during the US treatment, and that the destruction plays the dominant role

at high power ultrasonication (Zhang et al., 2021).

The effect of ultrasonication on starch digestion properties are complex and depend on the
applied treatment parameters, such as time (Flores-Silva et al., 2017), power (Zhang et al., 2021),
starch botanical origin (Zhang et al.,, 2021) and even granule size (Kaur & Gill, 2019) (see
Figure 12). Granule size may also affect starch digestibility since smaller size starches exhibit
higher digestibility rate, due to their increased surface area for specific volume, subsequently, the
chance of enzymatic attack on substrate increases (Kaur & Gill, 2019). Further research is needed

to reach solid conclusions regarding the effect of US on starch digestion properties.

46



References

References

Acevedo, B. A., Villanueva, M., Chaves, M. G., Avanza, M. V., & Ronda, F. (2022). Modification
of structural and physicochemical properties of cowpea (Vigna wunguicnlata) starch by
hydrothermal and ultrasound treatments. Food Hydrocolloids, 124.
https://doi.org/10.1016/j.foodhyd.2021.107266

Amini, A. M., Razavi, S. M. A., & Mortazavi, S. A. (2015). Morphological, physicochemical, and
viscoelastic properties of sonicated corn starch. Carbohydrate Polymers, 122, 282-292.
https://doi.org/10.1016/j.carbpol.2015.01.020

Ashokkumar, M. (2015). Applications of ultrasound in food and bioprocessing. Ultrasonics
Sonochemistry, 25(1), 17-23. https:/ /doi.org/10.1016/j.ultsonch.2014.08.012

Babu, A. S., Mohan, R. J., & Parimalavalli, R. (2019). Effect of single and dual-modifications on
stability and structural characteristics of foxtail millet starch. Food Chemistry, 271, 457-465.
https://doi.org/10.1016/j.foodchem.2018.07.197

Bai, W., Hébraud, P., Ashokkumar, M., & Hemar, Y. (2017). Investigation on the pitting of potato

starch granules during high frequency ultrasound treatment. Ultrasonics Sonochemistry, 35,
547-555. https://doi.org/10.1016/j.ultsonch.2016.05.022

Bel Haaj, S., Magnin, A., Pétrier, C., & Boulfi, S. (2013). Starch nanoparticles formation via high
power ultrasonication. Carbohydrate Polymers, 92(2), 1625-1632.
https://doi.org/10.1016/j.carbpol.2012.11.022

Bernardo, C. O., Ascheri, J. L. R., Chavez, D. W. H., & Carvalho, C. W. P. (2018). Ultrasound
Assisted Extraction of Yam (Dioscorea bulbifera) Starch: Effect on Morphology and
Functional Propetties. Starch/ Staerke, 70(5-6). https://doi.org/10.1002/star.201700185

Cao, M., & Gao, Q. (2020). Effect of dual modification with ultrasonic and electric field on
potato  starch.  International  Journal  of  Biological ~ Macromolecules, 150, 637—643.
https://doi.org/10.1016/j.jjbiomac.2020.02.008

Carmona-Garcia, R., Bello-Pérez, L. A., Aguirre-Cruz, A., Aparicio-Saguilan, A., Hernandez-
Torres, J., & Alvarez-Ramirez, J. (2016). Effect of ultrasonic treatment on the
morphological, physicochemical, functional, and rheological properties of starches with
different granule size. Starch/ Staerke, 68(9-10), 972-979.
https://doi.org/10.1002/star.201600019

Chan, H. T\, Bhat, R., & Karim, A. A. (2010). Effects of sodium dodecyl sulphate and sonication
treatment on physicochemical properties of starch. Food Chemistry, 120(3), 703-709.
https://doi.org/10.1016/j.foodchem.2009.10.066

Chemat, F., Zill-E-Huma, & Khan, M. K. (2011). Applications of ultrasound in food technology:
Processing, preservation and extraction. Ultrasonics  Sonochemistry, 18(4), 813-835.
https://doi.org/10.1016/j.ultsonch.2010.11.023

47



I Introduction

Chung, K. M., Moon, T. W., Kim, H., & Chun, J. K. (2002). Physicochemical properties of
sonicated mung bean, potato, and rice starches. Cereal Chenistry, 79(5), 631-633.
https://doi.org/10.1094/CCHEM.2002.79.5.631

Czechowska-Biskup, R., Rokita, B., Lotty, S., Ulanski, P., & Rosiak, J. M. (2005). Degradation of
chitosan and starch by 360-kHz ultrasound. Carbobydrate Polymers, 60(2), 175-184.
https://doi.org/10.1016/j.carbpol.2004.12.001

Degrois, M., Gallant, D., Baldo, P., & Guilbot, A. (1974). The effects of ultrasound on starch
grains. Ultrasonics, 129—131.

Ding, Y., Luo, F., & Lin, Q. (2019). Insights into the relations between the molecular structures
and digestion properties of retrograded starch after ultrasonic treatment. Food Chemistry, 294,
248-259. https://doi.org/10.1016/j.foodchem.2019.05.050

Englyst, K. N., Englyst, H. N., Hudson, G. K., Cole, T. J., & Cummings, J. H. (1999). Rapidly
available glucose in foods: an zz vitro measurement that reflects the glycemic response. The
American Journal of Clinical Nutrition, 69(3), 448-454.
https://doi.org/https://doi.org/10.1093/ajcn/69.3.448

Falsafi, S. R., Maghsoudlou, Y., Rostamabadi, H., Rostamabadi, M. M., Hamedi, H., & Hosseini,
S. M. H. (2019). Preparation of physically modified oat starch with different sonication
treatments. Food Hydrocolloids, 89, 311-320. https://doi.org/10.1016/j.foodhyd.2018.10.046

Flores-Silva, P. C., Alvarez-Ramirez, J., & Bello-Perez, L. A. (2018). Effect of Dual Modification
Order with Ultrasound and Hydrothermal Treatments on Starch Digestibility.
Starch/ Staerke, 70(5-06). https://doi.org/10.1002/star.201700284

Flores-Silva, P. C., Roldan-Cruz, C. A., Chavez-Esquivel, G., Vernon-Carter, E. J., Bello-Perez,
L. A., & Alvarez-Ramirez, J. (2017). In vitro digestibility of ultrasound-treated corn starch.
Starch/ Staerke, 69(9—10). https://doi.org/10.1002/star.201700040

Gallant, D., Degrois, M., Sterling, C., & Guilbot, M. (1972). Microscopic effects of ultrasound
on the structure of potato starch Preliminary study. Starch-Starke, 24(4), 116-123.
https://doi.org/https://doi.org/10.1002/star.19720240405

Harasym, J., Satta, E., & Kaim, U. (2020). Ultrasound treatment of buckwheat grains impacts
important  functional  properties  of  resulting  flour.  Molecules,  25(13).
https://doi.org/10.3390/molecules25133012

Hemwimol, S., Pavasant, P., & Shotipruk, A. (20006). Ultrasound-assisted extraction of
anthraquinones from roots of Morinda citrifolia. Ultrasonics Sonochemistry, 13(6), 543—548.

https://doi.org/10.1016/j.ultsonch.2005.09.009

Herceg, 1. L., Jambrak, A. R, Subari¢, D., Bradi¢, M., Brndi¢, S. R., Badanjak, M., Tripalo, B.,
Jezek, D., Novotni, D., & Herceg, Z. (2010). Texture and Pasting Properties of
Ultrasonically Treated Corn Starch. In Czech J. Food Sci (Vol. 28, Issue 2).

48



References

Hu, A, Jiao, S., Zheng, J., Li, L., Fan, Y., Chen, L., & Zhang, Z. (2015). Ultrasonic frequency
effect on corn starch and its cavitaton. LWT, 602), 941-947.
https://doi.org/10.1016/j.1wt.2014.10.048

Hu, A, Li, L., Zheng, J., Lu, J., Meng, X., & Liu, Y. (2014). Different-frequency ultrasonic effects
on properties and structure of corn starch. Journal of the Science of Food and Agriculture, 94(14),
2929-2934. https://doi.org/10.1002/jsfa.6636

Hu, A, Li, Y., & Zheng, J. (2019). Dual-frequency ultrasonic effect on the structure and
properties  of  starch  with  different  size. = LIWT, 106,  254-2062.
https://doi.org/10.1016/j.1wt.2019.02.040

Huang, Q., Li, L., & Fu, X. (2007). Ultrasound effects on the structure and chemical reactivity of
cornstarch granules. Starch/ Staerke, 59(8), 371-378.
https://doi.org/10.1002/star.200700614

lida, Y., Tuziuti, T., Yasui, K., Towata, A., & Kozuka, T. (2008). Control of viscosity in starch
and polysaccharide solutions with ultrasound after gelatinization. Innovative Food Science and
Emerging Technologies, 9(2), 140—146. https://doi.org/10.1016/j.ifset.2007.03.029

Isono, Y., Watanabe, T., & Kumagai, T. (1994). Ultrasonic Degradation of Waxy Rice Starch.
Bioscience, Biotechnology, and Biochemistry, 58(10), 1799-1802.
https://doi.org/10.1271/bbb.58.1799

Jambrak, A. R., Herceg, Z., Subari¢, D., Babig, J., Brncié, M., Brncié, S. R., Bosiljkov, T., Cvek,
D., Tripalo, B., & Gelo, J. (2010). Ultrasound effect on physical properties of corn starch.
Carbohydrate Polymers, 79(1), 91-100. https://doi.org/10.1016/j.catbpol.2009.07.051

Jin, J., Lin, H., Yagoub, A. E. G. A., Xiong, S., Xu, L., & Udenigwe, C. C. (2020). Effects of high
power ultrasound on the enzymolysis and structures of sweet potato starch. Journal of the
Science of Food and Agriculture, 100(8), 3498-3506. https://doi.org/10.1002/jsfa.10390

Kang, N., Zuo, Y. J., Hilliou, L., Ashokkumar, M., & Hemar, Y. (2016). Viscosity and
hydrodynamic radius relationship of high-power ultrasound depolymerised starch pastes
with different amylose content. Food — Hydrocolloids, 52, 183-191.
https://doi.org/10.1016/j.foodhyd.2015.06.017

Karwasra, B. L., Kaur, M., & Gill, B. S. (2020). Impact of ultrasonication on functional and
structural properties of Indian wheat (T7iticum aestivum 1..) cultivar starches. International
Journal of Biological Macromolecules, 164, 1858-18066.
https://doi.org/10.1016/j.jjbiomac.2020.08.013

Kaur, H., & Gill, B. S. (2019). Effect of high-intensity ultrasound treatment on nutritional,
rheological and structural properties of starches obtained from different cereals. International
Journal of Biological Macromolecules, 126, 367-375.
https://doi.org/10.1016/j.jjbiomac.2018.12.149

49



I Introduction

Li, M., Li, J., & Zhu, C. (2018). Effect of ultrasound pretreatment on enzymolysis and
physicochemical properties of corn starch. International Journal of Biological Macromolecutes, 111,
848-856. https://doi.org/10.1016/j.jjbiomac.2017.12.156

Li, Y., Hu, A.,, Zheng, J., & Wang, X. (2019). Comparative studies on structure and
physiochemical changes of millet starch under microwave and ultrasound at the same
power. International — Journal ~ of  Biological ~ Macromolecules, 141, 76—84.
https://doi.org/10.1016/].jjbiomac.2019.08.218

Luo, Z., Fu, X., He, X., Luo, F., Gao, Q., & Yu, S. (2008). Effect of ultrasonic treatment on the
physicochemical properties of maize starches differing in amylose content. Starch/Staertke,
60(11), 646—-653. https://doi.org/10.1002/star.200800014

Manchun, S., Nunthanid, J., Limmatvapirat, S., & Sriamornsak, P. (2012). Effect of ultrasonic
treatment on physical properties of tapioca starch. Advanced Materials Research, 506, 294-297.
https://doi.org/10.4028 /www.scientific.net/ AMR.506.294

Miles, M. J., Mottis, V. J., Orford, P. D., & Ring, S. G. (1985). The roles of amylose and
amylopectin in the gelation and retrogradation of starch. Carbohydrate Research, 135, 271-281.

Minakawa, A. F. K., Faria-Tischer, P. C. S., & Mali, S. (2019). Simple ultrasound method to obtain
starch micro- and nanoparticles from cassava, corn and yam starches. Food Chemistry, 283,
11-18. https://doi.org/10.1016/j.foodchem.2019.01.015

Monroy, Y., Rivero, S., & Garcia, M. A. (2018). Microstructural and techno-functional properties
of cassava starch modified by ultrasound. Ultrasonics  Sonochemistry, 42, 795-804.
https://doi.org/10.1016/j.ultsonch.2017.12.048

Park, D. J., & Han, J. A. (2016). Quality controlling of brown rice by ultrasound treatment and
its  effect on  isolated  starch. Carbobydrate  Polymers, 137,  30-38.
https://doi.org/10.1016/j.carbpol.2015.10.045

Patist, A., & Bates, D. (2008). Ultrasonic innovations in the food industry: From the laboratory
to commercial production. Innovative Food Science and Emerging Technologies, 9(2), 147—-154.
https://doi.org/10.1016/].ifset.2007.07.004

Pinto, V. Z., Vanier, N. L., Deon, V. G., Moomand, K., el Halal, S. L. M., Zavareze, E. D. R,
Lim, L. T., & Dias, A. R. G. (2015). Effects of single and dual physical modifications on
pinhao starch. Food Chemistry, 187, 98-105.
https://doi.org/10.1016/j.foodchem.2015.04.037

Rahaman, A., Kumari, A., Zeng, X. A., Adil Farooq, M., Siddique, R., Khalifa, 1., Siddeeg, A.,
Ali, M., & Faisal Manzoor, M. (2021). Ultrasound based modification and structural-

functional analysis of corn and cassava starch. Ultrasonics ~ Sonochemistry, — 80.
https://doi.org/10.1016/j.ultsonch.2021.105795

Seguchi, M., Higasa, T., & Mori, T. (1994). Study of wheat starch structures by sonication
treatment. Cereal Chemistry, 71, 636—639.

50



References

Singh, J., Kaur, L., & McCarthy, O. J. (2007). Factors influencing the physico-chemical,
morphological, thermal and rheological properties of some chemically modified starches for
food applications-A review. In Food Hydrocolloids (Vol. 21, Issue 1, pp. 1-22).
https://doi.org/10.1016/j.foodhyd.2006.02.006

Sit, N., Misra, S., & Deka, S. C. (2014). Yield and Functional Properties of Taro Starch as Affected
by Ultrasound. Food and  Bioprocess Technology, 7(7), 1950-1958.
https://doi.org/10.1007/s11947-013-1192-7

Solaesa, A. G., Villanueva, M., Vela, A. J., & Ronda, F. (2020). Protein and lipid enrichment of
quinoa (cv.Titicaca) by dry fractionation. Techno-functional, thermal and rheological
properties of milling fractions. Food Hydrocollozds, 105.
https://doi.org/10.1016/j.foodhyd.2020.105770

Sujka, M. (2017). Ultrasonic modification of starch — Impact on granules porosity. Ultrasonics
Sonochemistry, 37, 424—429. https:/ /doi.org/10.1016/j.ultsonch.2017.02.001

Sujka, M., & Jamroz, J. (2013). Ultrasound-treated starch: SEM and TEM imaging, and functional
behaviour. Food Hydrocolloids, 31(2), 413-419.
https://doi.org/10.1016/j.foodhyd.2012.11.027

Thomaz, L., Ito, V. C., Malucelli, L. C., da Silva Carvalho Filho, M. A., Demiate, 1. M., Bet, C.
D., Marinho, M. T., Schnitzler, E., & Lacerda, L. G. (2020). Effects of dual modification on
thermal, structural and pasting properties of taro (Colocasia esculenta L..) starch. Journal of
Thermal Analysis and Calorimetry, 139(5), 3123-3132. https://doi.org/10.1007/s10973-019-
08728-1

Wang, H., Xu, K., Ma, Y., Liang, Y., Zhang, H., & Chen, L. (2020). Impact of ultrasonication on
the aggregation structure and physicochemical characteristics of sweet potato starch.
Ultrasonics Sonochemistry, 63. https://doi.org/10.1016/j.ultsonch.2019.104868

Wang, L., Wang, M., Zhou, Y., Wu, Y., & Ouyang, J. (2022). Influence of ultrasound and
microwave treatments on the structural and thermal properties of normal maize starch and

potato starch: A comparative study. Food Chemistry, 377.
https://doi.org/10.1016/j.foodchem.2021.131990

Wang, M., Wu, Y., Liu, Y., & Ouyang, J. (2020). Effect of ultrasonic and microwave dual-
treatment on the physicochemical properties of chestnut starch. Polymers, 12(8).
https://doi.org/10.3390/POLYM12081718

Yang, Q.-Y., Lu, X.-X., Chen, Y.-Z., Luo, Z.-G., & Xiao, Z.-G. (2019). Fine structure, crystalline
and physicochemical properties of waxy corn starch treated by ultrasound irradiation.
Ultrasonics Sonochemistry, 51, 350-358. https://doi.org/10.1016/j.ultsonch.2018.09.001

Yang, W., Kong, X., Zheng, Y., Sun, W., Chen, S., Liu, D., Zhang, H., Fang, H., Tian, J., & Ye,
X. (2019). Controlled ultrasound treatments modify the morphology and physical properties
of rice starch rather than the fine structure. Ultrasonics ~ Sonochemistry, 59.
https://doi.org/10.1016/j.ultsonch.2019.104709

51



I Introduction

Yu, S., Zhang, Y., Ge, Y., Zhang, Y., Sun, T., Jiao, Y., & Zheng, X. Q. (2013). Effects of
ultrasound processing on the thermal and retrogradation properties of nonwaxy rice starch.
Journal of Food Process Engineering, 36(6), 793—802. https://doi.org/10.1111/jfpe.12048

Zhang, B., Xiao, Y., Wu, X., Luo, F., Lin, Q., & Ding, Y. (2021). Changes in structural, digestive,
and rheological properties of corn, potato, and pea starches as influenced by different
ultrasonic treatments. International Journal of Biological Macromolecules, 185, 206-218.
https://doi.org/10.1016/j.jjbiomac.2021.06.127

Zheng, J., Li, Q., Hu, A., Yang, L., Lu, J., Zhang, X., & Lin, Q. (2013). Dual-frequency ultrasound
effect on structure and properties of sweet potato starch. Starch/ Staerke, 65(7-8), 621-627.
https://doi.org/10.1002/star.201200197

Zhu, F. (2015). Impact of ultrasound on structure, physicochemical properties, modifications,
and applications of starch. In Trends in Food Science and Technology (Vol. 43, Issue 1, pp. 1-17).
Elsevier Ltd. https://doi.org/10.1016/j.tifs.2014.12.008

Zhu, J., Li, L., Chen, L., & Li, X. (2012). Study on supramolecular structural changes of ultrasonic
treated  potato  starch  granules.  Food  Hydrocolloids, — 29(1),  116-122.
https://doi.org/10.1016/j.foodhyd.2012.02.004

Zuo, J. Y., Knoerzer, K., Mawson, R., Kentish, S., & Ashokkumar, M. (2009). The pasting
properties of sonicated waxy rice starch suspensions. Ultrasonics Sonochemistry, 16(4), 462—
468. https://doi.org/10.1016/j.ultsonch.2009.01.002

Zuo, Y.Y.]., Hébraud, P., Hemar, Y., & Ashokkumar, M. (2012). Quantification of high-power
ultrasound induced damage on potato starch granules using licht microscopy. Ultrasonics
Sonochemistry, 19(3), 421-426. https:/ /doi.org/10.1016/j.ultsonch.2011.08.006

52



II OBJECTIVES

The use of ultrasonication in the modification of starches has been greatly covered, however
flours have not been deeply covered by the literature. Flours are more complex matrixes than
starches given the presence of other components (proteins, lipids, and other carbohydrates) that
interact with starch. The main objective of this research was to gain deeper understanding of the
effect of ultrasound treatments on the modification of gluten-free flours, and to stablish the
impact that key treatment parameters (time, concentration, temperature, and botanical origin of
the flour) have on the extent of the modification achieved. To reach the main objective, the

following specific objectives and working plan were proposed:

¢ Study the influence that sonication time and flour concentration have on the extent of

modification achieved by US treatments.

With that purpose rice flour was studied for being the most suitable ingredient in gluten-
free formulations due to its natural lack of gluten, hypoallergenic properties, bland taste,
and white color. Ultrasound treatments were performed on at a constant frequency of 24
kHz, maximum power of 180 W, 80 % on-off cycle, and temperature of 20 °C. Time was
varied from 2 to 60 minutes, while flour concentration was studied in the range from 5 to
30 % (w/w). The modifications achieved were quantified in morphological, techno-
functional, hydration, structural, thermal, and pasting properties of the flours, and

rheological properties of gels made with the flours. This study is presented in Chapter 1.

¢ Determine the influence that temperature has on treatments, and differentiate the
modification caused exclusively by the treatment temperature (ANN) from the combination

of US and ANN.

To accomplish this aim, rice flour was modified at a constant frequency of 24 kHz,

maximum power of 180 W, 80 % on-off cycle, concentration of 10 % (w/w) and time of
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60 min. The studied temperatures were 20, 40, 50 and 60 °C. A set of samples were modified
exclusively by ANN, by keeping the rice flour at 90 % (w/w) water during 60 min at the
designated temperature, while the other set was also sonicated, resulting in combined
US+ANN treatments. The results of both samples sets were compared, as well as with the
native rice flour. The modifications were quantified in morphological, techno-functional,
hydration, structural, thermal, and pasting properties of the flours, and the rheological

properties of the gels made with the flours. This study is presented in Chapter 2.

Evaluate the influence of temperature in the modification of nutritionally more complex

flours by US treatment.

To achieve this objective, the modification of two varieties of tef flours (white and brown)
was performed by ultrasonication. In this study the sonication parameters were kept
constant at 24 kHz, maximum power of 180 W, 80 % on-off cycle, time of 10 min and
concentration at 25 % (w/w), while temperature was varied from 20 to 55 °C. The
modification caused to the flours was quantified in their morphological, techno-functional,
hydration, and pasting properties of the flours, and the rheological properties of the gels
made with the flours. Part of this research was carried out at Purdue University (U.S.A.)

under the supervision of Dr. Hamaker. This study is presented in Chapter 3.

Analyze the impact of ultrasonication on the microstructure of two varieties of tef flours

(white and brown), modified at different temperatures.

For that purpose, the modification of the two previously studied varieties of tef flours (white
and brown) was characterized by changes in their microstructure, using X-ray diffraction,
size exclusion chromatography, Fourier transform infrared spectroscopy, proton nuclear
magnetic resonance spectroscopy, and thermal properties. Part of this research was carried
out at Purdue University (U.S.A.) under the supervision of Dr. Hamaker. This study is

presented in Chapter 4.
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¢ Study the influence of drying method on the modification achieved by ultrasound

treatments in gluten-free flours from different botanical origin.
g g

To achieve this objective, 4 gluten-free flours (rice, tef, corn and quinoa) were modified by
the same ultrasonication conditions [frequency of 24 kHz, concentration of 25 % (w/w),
time of 10 min and temperature of 20 °C]. After treatment, a set of flours were dried by
freeze-drying and another set was dried by sedimentation by centrifugation followed by air-
drying at 40 °C. The modification achieved in the flours was quantified by the
morphological, techno-functional, thermal, and pasting properties of the flours, and the

rheological properties of the gels made with the flours. This study is presented in Chapter 5.

¢ Study the effect of the incorporation of US-treated flours in the development of gluten-free

breads.

To reach this goal, rice breads were elaborated, in which 30 % of the native flour was
replaced with ultrasonicated flour at different times. Based on the previously determined
results, flours were modified at a constant frequency of 24 kHz, maximum power of 180 W,
80 % on-off cycle, concentration of 25 % (w/w), temperature of 20 °C and times of 2, 5, 10
and 20 minutes. The modification achieved by the incorporation of US-treated flours was
determined by changes in the doughs’ rheological properties and the physical parameters of

the elaborated breads. This study is presented in Chapter 0.

All the chapters presented in the present study correspond to scientific publications. A schematic

representation of the properties studied in each chapter is presented in Table 13.
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CHAPTER 1

Impact of high-intensity ultrasound
waves on structural, functional, thermal
and rheological properties of rice flour
and its biopolymers structural features
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CHAPTER 2

Low-frequency ultrasonication
modulates the impact of annealing
on physicochemical and functional
properties of rice flour
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CHAPTER 3

Modification of the microstructure of tef
[Eragrostis tef (Zucc.) Trotter] flour
ultrasonicated at different temperatures.
Impact on its techno-functional and
rheological properties
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Abstract

Ultrasound (US) energy is an environment-friendly technology used in the present study to
physically modify rice flour and improve its poor bread-making performance. The treatment was

performed at different times (2, 5, 10 and 20 min) on an aqueous flour dispersion (25 g rice

flour/100 g). The sonicated dispersion was used to substitute 30 % native (untreated) rice flour in

the gluten-free bread control formulation. The breadmaking performance was characterized by
doughs’ pasting, thermal, and rheological properties, and physical quality of the resulting gluten-
free breads. Ultrasonication time presented a direct correlation with particle fragmentation that
led to a significant reduction of the onset and conclusion gelatinization temperatures, reflecting
starch molecular rearrangement. Doughs’ rheology presented reduced 7ar(5); values and improved
recovery after the application of a stress, denoting an enhanced elastic behavior in doughs
containing sonicated rice flour. The partial depolymerization of starch by US facilitated yeast
accessibility to simpler sugars, accelerating the generation of CO; and a higher dough development
during proofing. The incorporation of US-treated flours led to breads with higher specific volumes
(up to 24 %) and softer crumbs, showing a maximum effect at treatment of 10 min. The use of
sonicated flour also delayed the hardening of bread during storage. In conclusion, short
ultrasonication times can lead to significant improvement of the viscoelastic behavior and

breadmaking performance of rice flour doughs.

Keywords: Dough rheology, Gluten-free bread; Rice flour; Thermal properties; Ultrasound

treatment
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6.1 Introduction

The gluten free (GF) market has been increasingly growing in recent years due to an increasing
population diagnosed with celiac disease, and a popular trend of reducing gluten ingesta for
considering it as a healthy improvement (Witczak et al., 2016). The development of GI products
with a comparable quality to the traditional wheat-based products represents a difficult challenge
due to structural problems derived from the limited baking capacity and natural characteristics of
the raw GF ingredients. The lack of gluten leads to liquid batters rather than doughs, and result
in baked breads with a crumbling texture, poor color, and inability to sufficiently retain gas bubbles
during fermentation (Villanueva et al., 2019). Breads without gluten can only retain the gas
generated during fermentation using additives in the formulation. The GF sources greatly depend
on starch to provide structure and texture to the products made with them. The proprieties of
native starch usually do not fulfill the industry’s specific requirements because of limitations such
as low shear and thermal resistance, and high tendency towards retrogradation (Singh et al., 2007).
A strategy adopted by the food industry is the application of modifications by different means
(i.e., genetic, mechanical, physical, chemical, or enzymatic) to alter the natural physicochemical
properties of GF sources (starches and flours) so they can adapt better to the requirements of the
industry (Yang, Kong et al., 2019; Zhu, 2015). It has been demonstrated that the characteristics
of starch granules have a strong influence on processing and quality of the final products, derived
from the interaction that starch has with other compounds present in the bread system (Witczak
etal., 20106). Processing of the raw GI ingredients prior the dough making is important to improve

the quality of the bread.

Physical modifications are well perceived in the food industry for being environmentally
respectful, regarded as “clean label”. These modifications impact water absorption and rheological
properties of the doughs, degree of starch gelatinization, texture of the bread, and allow obtaining
recipes with well controlled properties (Villanueva et al., 2019; Witczak et al., 2016). Among the
physical modification methods of starches and flours, ultrasound (US) treatments have been
recognized as a promising approach, attributed to its higher selectivity and efficiency, and reduced
processing time (Amini et al., 2015; Yang, Kong et al., 2019). Ultrasounds can be classified into
two categories: low intensity (1 W/cm?) with a frequency of 5-10 MHz, and high intensity
(10-1000 W/cm?) with a frequency of 20-100 kHz (Vera et al., 2019). The energy from US acoustic

waves is transformed into a chemically feasible form by the cavitation effect, in which multiple
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collapsing bubbles induce high pressure gradients and high local velocities of liquid layers,
resulting in shear forces and microjets that cause granular damage and alter the molecular structure
of starches and proteins (Amini et al., 2015; Jambrak et al., 2010; Vera et al., 2019; Yang, Kong et
al., 2019). The extent of modification caused by ultrasonication depends on treatment parameters
(frequency, power, time, temperature, and starch/flour concentration in the suspension) and the
nature of the treated matter (composition and type of starch). The structural damage after
ultrasonication modifies the interaction that flours have with water as consequence of increased
surface area after particle fragmentation, resulting in modification of the water-dependent
properties, such as swelling power, solubility, thermal, pasting, and rheological properties (Amini

et al., 2015; Kaur & Gill, 2019; Yang, Kong et al., 2019).

Rice (Oryza sativa L) flour is one of the leading crops in the world, and the most suitable ingredient
in GF bakery formulation given its natural lack of gluten, hypoallergenic properties, bland taste,
white color, low protein and sodium content, and the presence of easily digested carbohydrates
(Kim & Shin, 2014; Villanueva et al., 2019). Previous studies have shown the suitability of US
technology to modify the physicochemical properties of rice flour, resulting in significant
differences in the thermal, pasting, and rheological properties (Vela, Villanueva, & Ronda, 2021;
Vela, Villanueva, Solaesa, et al., 2021). Modifications in rice starch and proteins after US
treatments led to the formation of stronger gels able to resist higher stress before the disruption
of their structure (Vela, Villanueva, Solaesa, et al., 2021). It is important to investigate the influence
that this physical modification technique has in the performance that this raw ingredient will have
when developing new food products. According to our knowledge, the incorporation of
ultrasonicated flours in bread recipes is unexplored. The aim of this research was to incorporate
US-modified rice flour treated at a high concentration (25 % w/w) at different times (2, 5, 10, and
20 min) in the formulation of GF breads, to determine the influence of high intensity
ultrasonication on the doughs’ rheological properties, and the physical quality of the breads

obtained, as function of ultrasonication time.
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6.2 Materials and methods

6.2.1 Rice flour

Indica rice flour used in this study was kindly supplied by Herba Ricemills S.L.U. (Herba Ricemills
S.L.U., Valencia, Spain). It presented the following composition: moisture content: 12.62 %,
proteins: 6.5 %, fat: < 1 %, ash: < 0.9 %, provided by the manufacturer. The flour was kept at

4 °C until use.

6.2.2  Ultrasound treatment

An ultrasonicator Hielscher UP400St (Hielscher Ultrasonics, Teltow, Germany) coupled with a
$24d22D titanium tip was used for flour modification. Treatment conditions were a frequency of
24 kHz, on-off pulse of 80 %, and maximum output power of 180 W. Rice flour dispersions
(400 g) at a concentration of 25 % (w/w) were US-treated in a glass jacket containing recirculating
water from a RA12 LAUDA water bath (LAUDA, Lauda-Koénigshofen, Germany) to keep the
treatment temperature constant (20 °C). Ultrasound treatments were performed for 2, 5, 10, and
20 minutes. Dispersions were stirred during treatments to avoid flour sedimentation, and to ensure
a homogenous temperature and ultrasonication effect. The whole sonicated aqueous dispersion
(flour + water) was used in dough formation. For the particle size distribution analysis
(section 6.2.3), the sonicates dispersion were freeze-dried using a Telstar Lyoquest equipment
(Telstar, Terrassa, Spain) to retrieve the ultrasonicated flour, which was subsequently sieved to

< 250 um. Untreated rice flour was used as control in the study.
0.2.3  Particle size distribution

Granulometry of the flours was determined using a Mastersizer 2000 coupled with a dry dispersion
unit (Malvern Panalytical, Malvern, U.K.). The median diameter (Ds;) and span values
[(Doo-D1o)/Dso] are reported as indicators of particles’ dispersion, according to Abebe et al. (2015).

Samples were measured in triplicate.
6.2.4 Formulation and elaboration of doughs and breads

For dough and bread formulation, the following formula on a 100 g rice flour (13 % moisture)
basis was used: 5 % sugar, 1.5 % salt, 2 % HPMC, 6 % sunflower oil, 90 % water and 3 % dry
yeast (all amounts are expressed as % flour). Yeast was only included in the preparation of doughs

destined to the elaboration of breads and for the proofing test with rheofermentometer; not in
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those used to study the properties of the dough. In doughs and breads containing US-treated rice
flour, the whole aqueous flour dispersion was incorporated in the formulation after treatment,

which substituted 30 % of the native rice flour, and 86.2 % of the required water.

Yeast was rehydrated in water and mixed with the previously homogenized dry ingredients (flour,
sugar, salt and HPMC) for 2 min using a KitchenAid Professional mixer (KitchenAid, Benton
Harbor, MI, U.S.A.) with a K45DH dough hook at speed 2. Sunflower was added to the dough
and the mixing continued for 8 min at speed 4. To study doughs rheological and fermentative
properties, the doughs were evaluated right after being prepared, while for the study of the thermal
and pasting properties, doughs were freeze-dried using a Telstar Lyoquest equipment (Telstar,

Terrassa, Spain) and ground prior measurements.

To prepare the breads, 160 g of the dough was placed into an aluminum pan, followed by
fermentation at 32 °C and 80 % RH for 50 min in a HPP260eco Memmert constant climate
chamber (Memmert GmbH, Buechenbachm, Germany), and baking at 170 °C for 20 min in a
S400 Sveba Dahlen oven (Sveba Dahlen AB, Fristad, Sweden). Breads were left to cool down for
60 min at room temperature before the measurement of their physical characteristics. All bread

elaborations were studied in duplicate.

6.2.5 Dough measurements

6.2.5.1 Pasting properties

Pasting properties of the doughs were determined using a Rapid Visco Analyzer 4500 equipment
(PerkinElmer Inc., Waltham, MA, U.S.A.) following the AACC International Method 76-21.02
Standard 1 (AACC International Approved Methods, 2017). The freeze-dried dough sample
(3.50 g on a moisture basis of 14 %) was placed in the RVA canister with 25 mL of distilled water.
The paddle speed was set to rotate at 960 rpm for the first 10 s to disperse the sample, and
continued at 160 rpm the rest of the essay. The parameters determined were pasting temperature
(PT), peak viscosity (PV), trough viscosity (TV), breakdown viscosity (BV), final viscosity (FV)
and setback viscosity (SV), using TCW?3 software (PerkinElmer Inc., Waltham, U.S.A.). Samples

were measured in duplicate.
6.2.5.2 'Thermal properties
Thermal properties of the doughs were studied using a DSC3 equipment (Mettler Toledo,

Barcelona, Spain). Freeze-dried doughs samples (~ 6 mg) were placed in 40 pL aluminum pans
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with the corresponding amount of deionized water to reach the original moisture content of the
doughs (50.4 %). The sealed pans were kept at room temperature for 60 min to allow moisture
homogenization before measurements. The scan was performed from 0 to 120 °C at 5 °C/min
using an empty pan as reference. A first scan was performed to determine the gelatinization
enthalpy (AH, J/g of dry matter, dm) and temperatures [Onset (To), peak (1p), and conclusion
(T¢) temperatures (°C)] of the doughs. A second run was performed after 7 days of sample storage
at 4 °C to study the retrogradation parameters. The dissociation of the amylose-lipid complex was

determined in both runs. Each dough was measured in duplicate.
0.2.5.3 Rheological characterization of doughs

Oscillatory measurements were performed using a Kinexus Pro+ rheometer (Malvern Panalytical,
Malvern, UK) with a parallel serrated plate geometry (40 mm diameter, 1 mm gap), coupled with

a Peltier KNX2002 C25P plate temperature control at 25 °C.
a. Frequency and oscillation sweeps

Before measurement, the doughs were placed in the plate and left for 5 min to allow relaxation.
Strain sweeps were performed from 0.01 to 200 % strain at constant frequency of 1 Hz, while
frequency tests were performed at a range of 10 — 1 Hz and 0.05 % strain, within the linear
viscoelastic region (LVR). Frequency sweeps data were fitted to the potential equations indicated
by Ronda et al. (2014). The coefficients G';, G"; and fan(d); of power law obtained from fitting
represent the elastic and viscous moduli and the loss tangent, respectively, at a frequency of 1 Hz,
while the exponents a, b and ¢ quantify the dependence of these parameters to the oscillation

frequency (w). All doughs were evaluated in duplicate.
b. Creep-recovery assays

Creep-recovery measurements were performed applying a constant stress of 10 Pa (outside of the
LVR) to the dough for 60 s, followed by removal of the stress and a strain recovery phase for
180 s. The obtained data were analyzed and fitted to the 4-parameter (creep) and 3-parameter
(recovery) Burgers models, as described by Villanueva et al. (2019), using Statgraphics Centurion
XVIII software (Statgraphics Technologies Inc., The Plains, VA, U.S.A.). The recovery (%) was
calculated as the ratio Jseady/Jmas (elastic recovery). Whete Jma is the maximum creep compliance

obtained at the end of the creep step and Jeady is the steady-state compliance in recovery step, that
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was calculated by substracting the compliance value at the terminal region of curve (where dough

recovery reached equilibrium) from the Jm.. All measurements were performed in triplicate.
0.2.5.4 Rheofermentometer

Development and gas production of the doughs was measured using a Chopin
rheofermentometer I3 (Chopin Technologies, Villenueve-La-Garenne, France). In contrast to the
traditional method, the weight of dough was reduced to 160 g and the four weights of 0.5 kg were
removed adapted to dough softness. Fermentation was performed at 32 °C for 180 min. The
determined parameters were: Hy, height at the maximum development of the dough (mm); Ti,
time required for the maximum development of the dough (min); Dough tolerance, time in which
the dough is stable at a volume beyond 90 % of H., (min); H's, maximum heigh of CO; production
(mm); T': time corresponding to H'n (min); 17, total volume of CO, produced (mL); Iz, total
volume of CO; retained by the dough (mL); "xg, total volume of CO; not retained by the dough
(mL); Re, CO; retention coefficient I'z/ 11 (%); T, time of appearance of dough’s porosity (min),
in which all the CO; generated is no longer retained by the dough (Villanueva et al., 2015). All

samples were measured in duplicate.

0.2.6  Evaluation of bread quality
0.2.6.1 Bread appearance

A PowerShot SX410 IS camera (Canon, Tokyo, Japan) was used to photograph the breads

elaborated and the slices obtained from them.
6.2.6.2 Bake loss

Breads were weighted immediately after removal from the pan using a COBOS precision scale
(COBOS, Barcelona, Spain). The baking loss was stablished as the percentual weight difference
between the weight of the bread and the weight of the dough placed in the pans before proofing
and baking (160 g).

6.2.6.3 Volume

The volume of breads was determined using a Volscan profiler 300 (Stable Microsystems,
Godalming, U.K.) analyzer. The specific volume was calculated as the ratio between the bread
volume and its weight (mL/g). Two different breads were measured in each elaboration (four

measurements in total for each formulation).
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6.2.6.4 Color

Color parameters of crust and crumb were measured using a PCE-CSM 2 colorimeter (PCE
Instruments, Spain), controlled with the 3nh Color Quality Controller System (CQCS3) (Shenzhen
ThreeNH Technology Co. Ltd, Shenzhen, China) software. Results were obtained in the CIE L*
a* b* and CIE L* C* ) coordinates using the D65 standard illuminant and the 10 © standard
observer. Five measurements were made for the evaluation of the crust, while the crumb was
measured in quadruplicate. The color difference (AE) of the crust and the crumb of each bread

containing US-modified rice flour with respect to the control bread was calculated using the

equation: AE = [(AL¥? + (Aa®)? + (Ab%7]>.
6.2.6.5 Texture

Crumb texture was determined with a “Texture Profile Analysis” (TPA) double compression test
using a TA-XT?2 texture analyzer (Stable Microsystems, Godalming, U.K.) provided with the
Texture Expert software (Villanueva et al., 2019). Analyses were carried out on bread slices of
20 mm thickness taken from the center of the loaf. A 20 mm diameter cylindrical aluminum probe
was used to penetrate 50 % depth, at a speed of 1 mm/s, with 30 s delay between compressions.
Hardness (IN), springiness, cohesiveness, chewiness (N), and resilience were determined from the
TPA graphs. The hardness was also evaluated after 7 days of bread storage at 4 °C in hermetic

bags. Samples were evaluated in quadruplicate.

0.2.7  Statistical analysis
Statgraphics Centurion XVIII software (Statgraphics Technologies Inc., The Plains, VA, U.S.A.)
was used to model the creep-recovery data into the 3- and 4-parameter Burger models, and to

perform analysis of variance (ANOVA) by Least Significant Differences (LSD) test at

p-value < 0.05 to evaluate statistical differences between samples.
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6.3 Results and discussion

6.3.1 Particle size of sonicated rice flour

The determined values of median particle diameter (Dsg) and size dispersion [(Do-Dio)/ Dso] of
the control and ultrasonicated flours are presented in Table 6.1, and their size distributions are
shown in Figure 6.1. Results showed a direct correlation of median size reduction with longer US
exposure, increasing the proportion of particles with a diameter < 50 um, leading to greater size
dispersion values. Longer ultrasound treatments have been indicated to intensify the damage
induced to the treated particles (Cui & Zhu, 2020). Particle fragmentation has been reported to
happen due to mechanical collision and high shear forces caused by the cavitation phenomenon,
that progressively erodes the particles’ surface until fragmentation (Bel Haaj et al., 2013). Besides
particle fragmentation, another effect of cavitation’s mechanical degradation has been said to be
the partial depolymerization of starch due to the fast formation and collapse of the cavitation
bubbles (Chemat et al., 2011), modifying the molecular structure of starch and the chain length
distributions after ultrasonication (Yang, Lu et al., 2019). This fine structure modification would
consequently lead to changes of the techno-functional properties of the US-treated flours and

their performance in starch-based food product development.
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Figure 6.1. Particle size distribution of the native rice flour and flours sonicated at different
times.
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Table 6.1. Median diameter (Dso) and size dispetsion [(Do-D1g)/ Dsg] of native and sonicated
flours.

US time (1’1’111’1) Ds (me) (D()o—Dm)/ D5

0 (Control) 190e 1.70a

2 160d 1.99b

5 133c 2.35¢

10 107b 2.79d

20 56a 4.30e

SE 1 0.02

Analysis of variance and significance (p-values)
shokok sfofok

SE: Pooled standard error from ANOVA. Different letters in the same column indicate
statistically significant differences between means at p < 0.05.
Analysis of variance and significance: *** p < 0.001. ** p < 0.01. * p < 0.05. ns: not significant.

0.3.2  Effect of incorporating US-treated flours in dough properties

6.3.2.1 Pasting properties

The pasting properties of the studied freeze-dried doughs are presented on Table 6.2, and the
pasting profiles are shown in Supplementary Figure 6.1. The structure changes that take place
during starch gelatinization in RVA analysis include a crystallite melting and double-helix
unwinding, water absorption in the amorphous regions, displacement of amylopectin units and
leaching of amylose from the grains (lida et al., 2008). Results obtained showed that pasting
temperature (PT), the temperature at which gel formation begins and paste viscosity development
starts, was significantly increased by US treatments, where doughs containing flour treated at 5,
10 and 20 min presented equal values, about 2 °C higher than the control. It has been reported
that ultrasonication causes a delay in PT in rice flour, with the same result independently of
exposure time in the range from 5 to 60 min (Vela, Villanueva, Solaesa, et al., 2021), which could
explain the uniform effect observed in the freeze-dried doughs. The obtained results showed that
the delay reported for flours can also be determined in dough, even in the studied formulations
where the US-modified flour only represented 30 % of the total flour used, meaning most of the
flour was in the native state exactly as in the control dough. The higher PT values indicate
reorganization of starch structures that require more energy for structural disintegration and paste
formation, suggesting a denser cross-linking within the starch granules after US treatments

(Villanueva et al., 2019).
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The profiles obtained after the incorporation of US-treated flour presented significantly lower
peak (PV) and trough (TV) viscosities, while the final (FV), breakdown (BV) and setback (SV)
viscosities were not significantly different to the values obtained in the control dough. Ultrasound
can rupture the macromolecular chains of starch, and destroy its crystalline structure, which would
decrease the viscous resistance of starch paste, leading to reduced values of PV (Li et al., 2018).
The unaffected BV values indicate that doughs containing US-treated flours still presented the
same stability to heating and stirring as the control dough containing exclusively native rice flour.
During cooling, the starch molecules begin to reassociate into an ordered structure and undergo
retrogradation of amylose. FV results showed that the samples containing US-treated flours were
able to form an equally viscous structure after amylose retrogradation as the native dough. These
results might surge from partial depolymerization of starch components caused by US treatment,
as other studies have demonstrated (Amini et al., 2015; Falsafi et al., 2019; Vela et al., 2023),
diminishing the starch ability to develop viscosity during gelling, but allowing a significantly equal
retrogradation capacity due to higher availability of linear chains from the release of side chains

of amylopectin or cleavage of chains of amylose.

0.3.2.2 'Thermal properties

The thermal properties of the studied freeze-dried doughs are presented in Table 6.2. Two scans
were performed on the studied doughs to characterize their gelatinization (first) and
retrogradation (second) properties. The thermograms obtained from the first scan presented two
endothermic peaks, a bigger first one due to starch gelatinization, and a smaller peak at higher
temperatures corresponding to amylose-lipid complex dissociation (Vela, Villanueva, & Ronda,
2021). Starch gelatinization enthalpy (AH,,) was not significantly affected by the incorporation of
ultrasonicated rice flour. AH,, values reflect the disruption of hydrogen bonds or double helices
in the crystalline regions of the granules (Li et al., 2019). The fact that no significant modification
of AH,, was determined after the addition of ultrasonicated flour indicates that US treatment did
not have an important impact on the number of those ordered structures. It is believed that
ultrasonication has a higher impact on linear amylose chains of the amorphous regions, while the
highly branched amylopectin molecules are more resistant and require greater energy to be
affected, either high US power or longer sonication exposure (Amini et al., 2015; Kaur & Gill,
2019; Li et al,, 2019).
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The onset gelatinization temperature (To.,) represents the melting temperature of the weakest
crystallites in the starch granules (Wang et al., 2020). Results showed a significant decrease of To.
when US-treated flour was used. It was demonstrated by Yu et al. (2013) that To, in rice starch
was constantly reduced by increasing sonication times in treatments below 60 min, attributed to
breakage of polymeric chains and damage caused to the starch granule. In the present study, it is
possible that the incorporation of US-treated flours at 30 % in the doughs had a dilution effect,
hiding the effect of longer exposure on leading to greater modification of To... Lower To,values
could result from a change in starch matrix, allowing greater mobility of starch polymers after US
treatments, promoting water entering the interior of the starch granules and accelerating the
gelatinization (Hu et al., 2019). The conclusion temperature (Tc,,) was not significantly modified

by US treatments.

The enthalpy determined for the second peak obtained in the first scan (AH,,.;), corresponding
to the amylose-lipid complex dissociation, was found to be significantly reduced by the
incorporation of US-treated flour in the doughs. These results indicate that ultrasonication led to
the formation of less stable amylose-lipid complexes, and probably also lower amounts, as has
been determined in chemically modified starches (Eliasson, 1994). The amylose-lipid complex is
described as a helical inclusion complex with amylose forming a helix around the hydrophobic
chain of the ligand (Eliasson, 1994). It was indicated by Eliasson (1994) that each monoacyl chain
would require a helix composed of at least 18 glucosyl residues to form the amylose-lipid complex.
In the present study, it could be possible that the fragmentation of linear chains by cavitation
would lead to short chains that were unable to form a complex, resulting in lower total amount of

complexes, hence reducing the AH,,.;, values in doughs incorporating sonicated flour.

The second scan performed after 7 days of sample storage at 4 °C allowed the analysis of the
extent of amylopectin recrystallization. The melting enthalpy of retrograded amylopectin (AH.,.)
was not modified by US treatments, suggesting that the crystalline regions of starch were not
significantly affected by ultrasonication, in agreement with the results obtained in AH,. However,
the onset melting temperature of retrograded samples (To..) was significantly increased in US-10
and US-20, in agreement with the results reported by Yu et al. (2013) after ultrasonication of rice
starch. The conclusion melting temperature of retrograded samples (Tc.) was slightly reduced
when applying US-treatments. Both To...and T, results illustrate a lower degree of heterogeneity

in the retrograded structure when US-treated flour was incorporated in the doughs.
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Table 6.2. Pasting and thermal properties of the studied doughs.

Analysis of

Freeze dried US-0 US-2 US-5 US-10 US-20 SE  variance and

dough properties significance
PT (°C) 84.0a  85.4b 86.2b 86.2b 86.0b 0.4 *
PV (cP) 2271b  2126a 2125a 2167a 2172a 23 *
TV (cP) 1998b  1863a 1876a  1920ab  1911a 23 *
BV (cP) 274a 264a 249a 265a 261a 12 ns
FV (cP) 3252ab  3213ab  3144a  3251ab  3279b 36 ns
SV (cP) 12552 1350a 1268a 1295a 1369a 35 ns
AH,; (J/g) 8.6a 8.3a 8.2a 8.4a 8.4a 0.2 ns
To. (°C) 67.4c  66.8ab 06.7a 66.9ab 67.0b 0.1 ok
Tr. (°C) 83.1b  83.1b 82.4a 83.7¢c 83.1b 0.2 ok
Tew (°C) 99.1b  98.8ab  98.6ab  98.7ab 98.4a 0.2 ns
AH,i (J/2) 1.03d  1.02cd  0.83ab 0.80a 0.93bc  0.04 ok
Tp.anip (°C) 113.0c  110.7a  112abc  112.4bc 111.3ab 0.5 ns
AH,, (J/g) 6.7ab  6.7ab 6.7ab 6.4a 6.9b 0.1 ns
To.. (°C) 352ab  35.1a 36.1bc  36.5cd 36.9d 0.3 ok
Tr. °C) 49.6ab  49.4ab 48.8a 49.1ab 50.2b 0.4 ns
Ten (°C) 69.8b  69.2a 09.5ab  69.5ab 09.1a 0.2 *
AH i iiprer (]/g) 0.6a 0.6a 0.82a 0.8a 0.8a 0.2 ns
Tp.aniprr (°C) 108.0b  106.4a  106.2a  1059a  106.4a 04 ok

PT = Pasting Temperature. PV = Peak Viscosity. TV = Trough Viscosity. BV = Breakdown Viscosity.
FV = Final Viscosity. SV = Setback Viscosity. AH,s = Enthalpy of dough gelatinization. To-, 1p.y,
T = Onset, peak and conclusion temperatures of gelatinization. AH,,.;» = Enthalpy of the amylose-
lipid dissociation. Tp..;; = Peak temperature of the amylose-lipid complex dissociation. AH,, =
Enthalpy of melting of retrograded dough. To., Tp.rer, Tcrs = Onset, peak and conclusion temperatures
of melting of retrograded amylopectin. AH,.;p-. = Enthalpy of the amylose-lipid dissociation at the
second scan. Tpanipre = Peak temperature of the amylose-lipid complex dissociation at the second
scan. AHy AHuniip, AH oy and AH - are referred to dry matter.

SE: Pooled standard error from ANOVA. Different letters in the same column indicate statistically
significant differences between means at p < 0.05.

Analysis of variance and significance: *** p < 0.001. ** p < 0.01. * p < 0.05. ns: not significant.
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Table 6.3. Oscillatory tests, creep-recovery parameters and rheofermentometer data obtained

for the studied doughs.

Analysis of
Dough properties ~ US-0 US-2 US-5 US-10  US-20 SE variance and

significance
Tmax (P2) 1.4a 1.5a 1.7a 1.8a 1.9a 0.2 ns
Cross over (Pa) 7a 6a 8a 7a 8a 1 ns
G's (Pa) 908a 767a 903a 787a 919a 48 ns
a 0.341c ~ 0.336bc 0.313a  0.318ab 0.317ab  0.006 *
G'"; (Pa) 564c 436ab 514bc 406a 497abc 28 *
b 0.450b  0.431ab  0.442ab  0.437ab  0.426a 0.006 ns
tan(b)y 0.647b 0.638b 0.5806a 0.581a  0.574a 0.007 ok
¢ 0.124ab  0.115ab  0.129ab  0.139b  0.114a 0.007 ns
Joe (10 Pa™) 31.8d 28.5¢ 25.5b 26.3bc 22.4a 0.7 ok
Jic (107 Pa™) 34b 33b 26a 22a 24a 1 ok
Ae 5.3a 6.5b 6.1b 6.0b 6.1b 0.2
to (10° Pa-s) 2.1a 2.0a 2.6b 2.8b 2.8b 0.1
(Joc + J10) / Jomas 51a 56b 57b 56b 57b 1 ok
Jor (10 Pa™ 42b 40b 34a 34a 33a 1 ok
Jie (107 Pa™) 5.66d 5.25¢ 4.92b 4.80b 4.38a 0.05 ok
A (8) 18.4a 19.9b 21.5¢ 22.2cd 23.3d 0.3 X
Recovery (%) 15.1a 15.5ab 16.6ab 17.2b 17.0b 0.6 ns
H, (mm) 62bc 58ab 58a 6labc 64c 1 *
T; (min) 113b 110ab 105a 110ab 112b 2 ns
Doughtolerance 550, 5334 5485 555 608c 09 o
(min)
H', (mm) 72.8a 74.5ab 75.6bc 74.5ab 78.1c 0.8 *
T'; (min) 70c 65b 63ab 64b 59a 1 ok
71 (mL) 1282a 1279a 1284a 1278a 1303a 17 ns
Ik (mL) 1170a 1199b 1203b 1201b 1198b 6 *
Inr (mL) 101.5d 94.5¢ 95.0c 87.5b 85.0a 0.4 X
Re (%) 92.15a 92.55b 92.60b 93.15c  93.45¢ 0.09 ok
T (min) 71b 56ab 51a 62ab 51a 5 ns

Tmax an1d the cross over were obtained from strain sweeps. The power law model was fitted to experimental results

from frequency sweeps. G'=G'rw; G"'=G" 1 wb; tan(@)=tan(d)r we. tan(d); was calculated as G";/G';, and ¢ as b-a.
Jo and J1 indicate the instantaneous and retarded elastic compliances. A is the retardation time and po the steady
state viscosity. Subsctipt "c" refers to parameters in the creep phase; Subscript "t" refers to parameters in the
recovery phase. Recovery is the elastic recovery obtained in the recovery phase expressed as percentage of the
maximum compliance. H,: Height at the maximum development of the dough. T7: time corresponding to H,,.
H',; Maximum height of CO; production. T";: time cotresponding to H',. 177 total volume of CO; produced.
I"k: Total volume of CO; retained by the dough. I”nr: Total volume of CO; not retained by the dough. Re: CO»
retention coefficient. T.: time of appearance of dough’s porosity.
SE: Pooled standard error from ANOVA. Different letters in the same column indicate statistically significant
differences between means at p < 0.05.

Analysis of variance and significance: *** p < 0.001. ** p < 0.01. * p < 0.05. ns: not significant.
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0.3.2.3 Doughs' rheological properties

a. Dynamic oscillatory rheology

The rheological properties derived from the dynamic oscillatory tests determined for the studied
doughs are presented in Table 6.3. Strain sweep tests allow the determination of the maximum
stress that the doughs were able to resist before the collapse of the structure (Tma), which marks
the end of the linear viscoelastic region (ILVR), and the cross over point, where the elastic modulus
matches the viscous modulus (G' = G"). Results showed that tm. and the cross over point of the
doughs were not significantly changed by the ultrasonicated flour, indicative that the structural
damage caused to starch molecular structure by cavitation was faded due to the high amount of
native flour (70 %) in the formulations, resulting in an equal resistance to deformation as the one

presented by the control dough.

Frequency sweep tests were performed to determine the frequency dependence of the viscoelastic
moduli and the loss tangent of studied doughs within the LVR. The determined parameters from
fitting the frequency sweep data to the power-law model were: the coefficients G, G";, and
tan(6);= G";/ G';, that represent the elastic and viscous moduli and the loss tangent at 1 Hz, and
are used to quantify the strength of the doughs (Amini et al., 2015), and the exponents @, b, and ¢
that quantify the variation of G', G", and #an(5) to oscillation frequency, respectively, and inform
about the stability of dough structure versus the rate of deformation. For all the studied samples
the elastic modulus was above the viscous one, resulting in Za#(6); < 1, denoting the predominant
solid/elastic behavior in the doughs (Villanueva et al., 2019). While there were not clear
differences found in G’ and G";with the incorporation of US-treated flours, zan(9); was constantly
reduced with extended ultrasonication exposure, suggesting an improved structuring effect with
increasing treatment times. The Zan(9); value determined in the dough containing rice flour
sonicated by 20 min (0.574) was 11 % lower than that determined for the control (0.647), which
indicates an important effect of ultrasonication, given that the substitution in the dough was just
30 %. In the rheological study of gels entirely made with US-treated rice flours, it was reported by
Vela, Villanueva, Solaesa, et al. (2021) that ultrasonication led to lower values of zan(5), for longer
treatment times. In both matrices (doughs and gels), this behavior could be related to starch
macromolecules fragmentation leading to short polymeric chains capable to reassociate to form a
more elastic network (Monroy et al., 2018). In the case of the studied doughs, however, the

changes caused to the molecular structure of starch in rice flours by ultrasonication would also
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alter its interactions with the rest of the components present in the matrix (i.e., proteins, sugar,
oil, and HPMC), so the lower values of Zn(5); cannot be exclusively attributed to the starch
macromolecules fragmentation. The exponents 4, & and ¢ indicated that the dependance of the
moduli and the loss tangent on angular frequency was not particularly affected by ultrasonicated

flour.

b. Creep-recovery tests

The creep-recovery tests were performed at 10 Pa, outside of the LVR, where the stress applied
overpasses the maximum stress the doughs could stand without breaking their structure. During
baking process (i.e., mixing, molding, fermentation, baking) the doughs are subjected to stress
outside the LVR, so these conditions are useful to predict the deformation that the doughs will
experience during processing (Villanueva et al., 2018). The parameters determined after adjusting
the creep-recovery tests data to the Burgers models are presented in Table 6.3. The studied doughs
showed a typical viscoelastic behavior (data not shown), as was previously reported for rice flour
doughs (Perez-Quirce et al., 2018; Villanueva et al., 2019). The instantaneous compliance (Jo) is
related to the energy of elastic stretching of the bonds, when stress is applied, and vanishes
immediately after its removal, while the retarded elastic compliance (J;) is related to the disruption
and conversion of the bonds (Witczak et al., 2012). Results showed that the incorporation of
ultrasonicated flours in the doughs led to a significant decrease of Jo and Ji values, both in creep
and recovery phases, associated to stiffer doughs with lower dough deformation when submitted
to a constant stress, and a higher recovery when stress was removed (Perez-Quirce et al., 2018;
Ronda et al.,, 2014). This effect of sonication on dough elastic compliances increased with
increasing sonication exposure, where Joc, Jic, Jor and Ji. determined for US-20 showed a reduction
of 30 %, 29 %, 21 % and 23 %, respectively, compared to the values presented by the control
dough. The [(Joc + J1c) / Jmax] values represent the elastic (instantaneous + retarded) to total (elastic
+ viscous) compliance ratio (Villanueva et al., 2018). A significant increase of the (Joc + Jic) / Jmax
values was determined with the incorporation of US-treated flours. These results indicate a higher
elastic deformation with respect to the total (elastic + viscous) deformation, and confirm the
higher elasticity of the doughs made with 30 % sonicated rice flour in comparison with that of the
control dough (100 % untreated rice flour). This is of relevance given the gas retention capacity

of a dough needs a well-structured matrix with enough elastic behavior (Lazaridou et al., 2007).
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Higher retardation times were determined in both creep () and recovery (A.) phases of tests
performed on doughs made with sonicated flour. Higher A values mean more time needed to
obtain the viscoelastic deformation of the dough (Villanueva et al., 2019). Retardation times in the
creep tests (o) were equally improved by the incorporation of ultrasonicated flours, regardless of
the treatment time. The increased retardation times were probably due to the increased swelling
ability derived from particle fragmentation which allows a higher interaction with water (see
section 6.3.1) (Vela, Villanueva, Solaesa, et al., 2021; Witczak et al., 2012). A major factor in the
growth of doughs’ elasticity is water capacity, which depends on the flour particle size and number
of damaged starch granules (Witczak et al., 2012), which according to previous research is greatly
modified by the US treatments via the cavitation effect (Vela, Villanueva, & Ronda, 2021; Vela,
Villanueva, Solaesa, et al., 2021). Changes in water binding ability lead to changes in the structure
of the dough because hydration of starch determines its shape and interconnectivity (Witczak et

al,, 2012).

The highest values of the steady state viscosity (uo) were determined for US-10 and US-20,
statistically equal to that presented by US-5, while the value determined for US-2 was not
significantly different to the control. A proper consistency in gluten-free doughs, with high enough
o, helps to hold the carbon dioxide produced during fermentation (Ronda et al., 2014). Dough
viscosity increase might be attributed to higher water retention capacity (Perez-Quirce et al., 2018),
associated to particle rupture and disintegration of starch intermolecular bonds by ultrasonication,

which allows water molecules to bind with the free hydroxyl groups of amylose and amylopectin

(Kaur & Gill, 2019).

The recovery capacity of the doughs after applying the stress is related to the contribution of the
elastic deformation with respect to the total deformation (Villanueva et al., 2019). Results indicated
that recovery capacity was slightly improved using US-treated flour, where US-10 and US-20 were
significantly different than the control. The increased recovery values reflect improved bonding
between the structural elements of the dough, resulting from higher elastic behavior, in agreement

with the reduced 7an(6); values determined.
0.3.2.4 Fermentative properties of the doughs

The fermentative properties of the studied doughs were evaluated using a rheofermentometer, the

obtained results are presented in Table 6.3. During essays, the volume increase was measured
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(related to the development of the dough) as well as the gas produced and retained by the dough
(see Figure 6.2 and 6.3, respectively). H, and T; indicate the height at the maximum development
of the dough, and the time at which it is achieved, respectively. Results showed that both
properties were not particularly affected by the incorporation of ultrasonicated flours. The dough
tolerance, however, showed a positive correlation with sonication time in the treated flours,
reaching a value of 60.8 min in US-20, which represents an increase of 21.6 % with respect to the
value determined for the control dough (50.0 min). This property indicates the time that dough
remains stable at a volume beyond 90 % of H,.. Dough stability during fermentation depends on
the amount of CO; produced and the rheological properties of the dough, which both seemed to

be improved by the incorporation of US-treated flours.

70

60

50

40

30

Dough development (mm)

20

10

0 20 40 60 80 100 120 140 160 180
Time (min)

—US-0 —US-2 —US-5 —US-10 —US-20

Figure 6.2. Development of the studied doughs during fermentation.
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Figure 6.3. Gas production (discontinuous line) and gas retention (continuous line) in the
studied doughs during fermentation.

Regarding the gas generated, results showed that the use of US-treated flours in the doughs
increased the maximum heights of CO; produced during fermentation (H',), and that they were
achieved at shorter times (1";) compared to the control dough. It is believed that this improved
CO: production derives from starch molecule fragmentation caused by cavitation (Czechowska-
Biskup et al., 2005; Vela et al., 2023). The fragmentation of linear chains would result in the
generation of simpler sugar in the US-modified rice flours, facilitating their accessibility to yeast
during proofing, accelerating the generation of CO, and achieving a higher amount of CO,
produced. The total volume of CO, produced (I7), on the other hand, was not altered by the use
of ultrasonicated flours, while the total volume of CO, retained (') was significantly increase,
resulting in increased values of the retention coefficient (Re= &/ 7). Rc measures the fraction
of CO; generated and retained by the dough; therefore, is related to the porosity of the dough

(Villanueva et al., 2015). These greater values obtained in doughs containing US-treated flours
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result from the faster generation of CO, and the improved elastic behavior and increased viscosity
in those doughs, allowing them to better retain the gas generated during proofing. The time of
appearance of dough porosity (1) was shorted in doughs containing US-treated flours, also related
to the improved generation of CO; in these flours, giving an accelerated profile when compared

to the control dough.

0.3.3  Effect of incorporating US-treated flours in bread physical properties
0.3.3.1 Bake loss and specific volume of the breads

The determined values of bake loss and specific volume of the studied breads are presented in
Table 6.4. Results showed that the incorporation of US-treated flour in the doughs led to
significantly higher values of bake loss and specific volumes in the obtained breads, for all the
evaluated ultrasonication times. The higher volumes achieved by doughs containing US-treated
flours (4.23 — 4.63 mL/g vs. 3.71 mL/g) could be related to the pattial depolymetrization due to
cavitation, leading to improved fermentation and higher CO, produced, retained in these doughs
(see section 0.3.2.4) thanks to its enhanced viscoelastic properties. It was demonstrated by Aoki
et al. (2020) that amylose plays an important role in achieving a high loaf volume in rice breads,
after comparing the volumes obtained in breads using rice flours with amylose contents ranging
from 9 to 22 %. These authors determined that the amylose content was positively correlated with
the specific volume of the rice breads. The linear chain fragmentation induced by ultrasonication
(Czechowska-Biskup et al., 2005; Vela et al., 2023) would result in the generation of amylose-like
structures that could have shown a similar behavior as that of increasing amylose content indicated
by Aoki et al. (2020). Results seem to indicate that when the US doughs containing a higher
amount of gas in their structure and a higher development were baked, an easier evaporation of
water was obtained probably due to a higher surface exposed to dryness in the oven (Villanueva
et al.,, 2019). The upper and side photographs of these breads, as well as a photograph of a slice,
are presented in Figure 6.4; significantly bigger pieces are clearly observed after the incorporation
of ultrasonicated flours. The highest specific volume was determined for US-10, which represents
a volume increase of 24 % with respect to the control bread. The pasting properties of the dough
are also related to the bread volume and baking loss. The higher pasting temperatures (see
section 6.3.2.1) in doughs with US-treated flours in their formulation would allow a greater
development of the doughs during baking before the fixation of the crumb structure upon baking,

allowing as well longer time for water to evaporate during proofing (Villanueva et al., 2019).
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6.3.3.2 Color

The color parameters determined for the crust and crumb of the studied breads are presented in
Table 6.4. Results showed that lightness (I *..us0), redness (a*us) and yellowness (4%cs) of the crust
were reduced by the incorporation of ultrasonicated flours, where significant differences were
found at treatment times = 5 min with respect to the control values. The color of the crust results
from the Maillard reaction and caramelization of sugars during baking, which depends directly on
the available water and the concentration of carbonyl groups from reducing sugars (Villanueva et
al.,, 2019). The lower I*... values in breads containing US-treated flours indicate a darker crust as
consequence of Maillard reaction to a greater extent. Particle fragmentation and partial starch
depolymerization caused by cavitation may be the precursor of increased Maillard reaction due to
higher availability of simpler sugars that increased the reaction potential. Lower values of a*us
and b*...: and the concomitant reduction in C* indicate less vivid colors in the crust of the breads
containing ultrasonicated rice flours. Park et al. (2014) reported a decrease of a*euse and H*cruse
values in breads made using fine rice flour fractions, in agreement with the results of the present
study, suggesting that the change of these color properties could be related to the reduced particle
sizes after US treatments (see section 6.3.1). The values determined for [ ¥, ¥ and b%ust
were very similar among US breads, despite the applied sonication time, which could be due to
presence of 70 % of native flour in all breads containing US-treated flour, hiding the possible
effect of increasing ultrasonication time, resulting in very uniform values. AE..s, which combines
these three parameters, showed an increasing trend with increasing sonication time. However,
none of the determined differences represented a significant difference from a sensory point of
view, since a difference of at least 5 would be required to be sensory noticeable (Gutiérrez et al.,
2022). This parameter demonstrated that there was not a linear trend with treatment time, but
rather an increase that was faster at short times (+0.714 when going from US-2 to US-5) and
slowed down at longer times (+0.190 when going from US-10 to US-20). The hue (erus) of the
crust was increased by the incorporation of ultrasonicated flours which indicates a slight increase

towards more yellow tones.

The color parameters determined for the crumb were also significantly modified by the use of
ultrasonicated flours, mainly by longer treatment times. The color of the crumb is mainly related
to the color of the ingredients (Pérez-Quirce et al., 2014), so the determined differences could be

related to alterations of US treatment to the rice flour. I ¥,umb» values were not particularly affected

89



Results and discussion

(only in US-20), while in C*.umb a significant decrease was found at US-10 and US-20, resulting

from the reduction of #*ump and &*..ump values, indicative of less vivid colors for the crumb of

breads containing flours exposed to longer US times. The values of Jcumbp were significantly

increased starting at 5 min of ultrasonication, indicative of more yellowish hues. The highest

AEcumby was determined for US-20, as well as in AE.uq, which was also not relevant at a sensory

point of view.

Table 6.4. Effect of incorporation of 30 % US-treated rice flour at different times on rice flour
bread quality properties.

Analysis of

Bread properties US-0  US-2 US-5 US-10  US-20 SE variance and
significance
Bake loss (%0) 192 214d  20.8cd  20.3bc  19.7ab 0.3 X
Specificvolume 571, 423b 452 463 449 0.05 ok
(mL/g)
LFeruse 62.3¢  61.3ab  60.9a 61.5ab  61.3ab 0.4 *
¥ rust 15.6c  153bc  14.8ab 14.6a 14.7a 0.2 ork
¥ cruse 31.7d  31.4cd  30.9bc  30.4ab 30.2a 0.3 Rk
C¥eust 35.5¢  349bc  34.4b 33.5a 33.6a 0.4 ork
herust 63.72  63.8ab  064.3cd 64.4d 64.1bc 0.2 otk
AFE - 1.1 1.8 1.8 2.0 - -
L coumbs 68.9b  (69.4b 69.4b 68.9b 67.8a 0.3 ok
@ rumb 0.408c 0.345bc 0.258ab  0.201a  0.304b  0.04 ork
[ 5.56c  5.55c 5.40c 5.17b 4.93a 0.09 rofox
C¥erumb 5.57¢  5.55¢  5.40c 5.18b 4.95a 0.09 ork
Drerums 85.8a  86.0a 87.4b 88b 86.9b 0.4 rofox
AFE b - 0.50 0.55 0.44 1.27 - -
Hardness (N) 1.00c  0.69a  0.75ab 0.79b 0.74ab 0.79 Hokok
Springiness 091ab  0.89a  0.91ab 0.93b 0.92ab  0.01 ns
Cohesiveness 0.536a 0.599¢ 0.581b  0.589bc  0.619d  0.005 ok
Chewiness N) ~ 0.51c ~ 0.37a  0.40ab  0.43b 0.43b 0.02 X
Resilience 0.228a 0.275cd 0.261b  0.268bc  0.285d  0.004 Hok
Hardness7d  551c 319c  238a 285 2478 0.06 ook

™)

L*, a* b* CIELAB colotr coordinates, C* chroma; 4: hue; AE: Difference of color between each
sample and the control.
SE: Pooled standard error from ANOVA. Different letters in the same column indicate statistically

significant differences between means at p < 0.05.

Analysis of variance and significance: *** p < 0.001. ** p < 0.01. * p < 0.05. ns: not significant.
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Figure 6.4. Effect of US treated-rice flour addition on the external appearance and internal
structure of gluten-free breads depending on sonication time. 1) US-0, 2) US-2, 3) US-5,
4) US-10, 5) US-20. A) Upper surface, B) Side surface, C) Bread crumb structure.
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6.3.3.3 Texture

The use of US-treated rice flour led to breads with a softer crumb (see Table 6.4). The lack of
gluten in rice breads increases the role of starch in providing structure and texture (Witczak et al.,
2016). Crumb hardness decreased from 1.00 N in the control to values ranging between 0.69 N
and 0.79 N in breads incorporating ultrasonicated flours. The effect of sonication time could not
be observed in this property, since all crumb hardness of breads containing US-treated samples
were equal. Lower values of hardness were related to the higher bread volume, due to higher
amount of air retained in the dough structure during proofing and baking (Pérez-Quirce et al.,
2014; Villanueva et al., 2019). The same trend was observed for chewiness, probably because this
parameter is mainly affected by hardness. Flour granulation and uniformity of particle size are also
important factors that also affect the processing performance of the flours by determining their
hydration and pasting properties (Abebe et al., 2015). As it was mentioned before (section 6.3.1),
ultrasonication led to particle fragmentation, so doughs made with 30 % US-treated flour and
70 % native flour contained a mixture of normal-size and small-size particles. It is believed that
the presence of particles of smaller size (both starch and proteins) had a Pickering stabilization
effect that helped the doughs to better retain the gas generated during proofing, hence reducing
the bread’s hardness. Nanoscale particles have been indicated to perform good stabilizing droplets
and gas bubbles in food applications (Dickinson, 2012). Resilience and cohesiveness increased
significantly in the breads made with sonicated flour which demonstrate the higher recovery
capacity (instantaneous or retarded, respectively) after a compression of their bread crumbs with
respect to the control bread, indicative of freshness and a higher elastic behavior (Ronda, Quilez,

et al., 2014). Springiness was not found to be affected by ultrasonication.

Hardness determined after 7 days of bread storage showed that the use of sonicated flour delayed
the hardening of bread during storage (see Table 6.4). The hardening of the crumb is a complex
phenomenon in which multiple mechanisms operate, involving starch recrystallization and
moisture loss (Pérez-Quirce et al.,, 2014; Villanueva et al.,, 2015). Considering the hardness
stablished for the fresh crumbs, the values determined after storage represented an increase of
221 N, 250 N, 1.63 N, 2.06 N and 1.73 N, for the control, US-2, US-5, US-10, and US-20,
respectively. This retarded hardening could derive from particle fragmentation caused by US

treatments, enhancing interaction with water and favoring crumb moist over time.
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6.4 Conclusion

Ultrasound treatments demonstrated to be a technology capable of modifying the
physicochemical properties of rice flour and influence its breadmaking performance, even at
treatments performed at short times, of 5 — 10 min, and high flour concentration, of 25 %. US
treatments led to particle fragmentation and molecular reorganization of starch by the action of
cavitation, that caused a significant increase of pasting temperature, a reduction of To,s and
improved elasticity when 30 % of the US-treated flours were incorporated to dough formulations.
It is believed that the linear chain fragmentation allowed an improved fermentation by easier
accessibility of yeast to simpler sugars, accelerating the generation of CO; and achieving a higher
amount of CO; produced. The partial depolymerization and its consecutive increased generation
of CO; were also confirmed in the breads obtained, where the incorporation of ultrasonicated
flours led to higher volumes and softer crumbs, and lower L* values in the crust, all indicative of
higher availability of simpler sugars in the US-treated flours. The breads containing ultrasonicated
flours presented a crumb with a lower tendency towards staling, possibly due to improved

interaction of smaller particles with water, better preserving their moist.
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Supplementary Figure 6.1. Pasting profiles of the studied doughs.
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IV CONCLUSIONS

The research carried out about the physical modification of gluten-free flours by ultrasound

treatments indicates clear changes in the physicochemical properties, where the treatment
parameters and the botanical origin of the flour have shown to be decisive in the extent of
modification achieved. The extent of modification achieved depends on the effect of ultrasound
cavitation on the treated particles and their molecular configuration, which could be controlled by

adjusting the treatment conditions.

The following conclusions can be highlighted:

¢ There is not a constant increasing impact of ultrasonication with increasing sonication
exposure. After reaching a summit, few effects are determined with longer treatment times.
In the case of rice flour, said limit was seen to be 10 min of ultrasonication.

¢ Flour concentration during US treatments did not show to be highly influential in the final
properties obtained for the ultrasonicated flours, while treatment temperature was a
parameter that greatly determined the impact of the ultrasound treatment.

¢ Ultrasound cavitation leads to particle rupture and molecular fragmentation, which alter their
interaction with water and, consequently, the properties that derive from said interaction
(hydration, thermal, pasting, and rheological properties).

¢ The closer the treatment temperature to the onset gelatinization temperature of the native
flour, the more marked changes obtained by the modification.

¢ Ultrasound treatments performed at higher temperatures led to a narrowing of the
gelatinization temperature range, indicative of a more homogeneous starch structure after the
molecular rearrangement due to higher mobility induced by annealing, and increased
interactions of the amorphous regions due to chain fragmentation.

¢ Cavitation led to molecular depolymerization in both amylose and amylopectin, with
preferential chain fragmentation on the «-(1,4) glycosidic bonds leading to increased

proportions of intermediate length amylose chains (DP 300 — 1600).
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¢ The method employed to remove water after ultrasound treatment greatly defines the
physicochemical properties of the modified flour, mainly due to the differences in the final
composition of the flour after the elimination of the soluble compounds when freeze-drying
is not applied.

¢ The rheological properties of gels made with ultrasonicated flours indicated higher
consistency after treatments, with improved ability to withstand stress (Tma) and lower values
of tan(6); reflecting a higher solid-like behavior and higher strength of the gel.

¢ The particle fragmentation and partial depolymerization induced by ultrasonication allowed
an improved fermentation in the elaboration of bread by easier accessibility of yeast to simpler
sugars, accelerating the generation of CO, and enhancing its retention within the dough. This
effect resulted in breads with lower lightness (improved Maillard reaction), higher volumes
and softer crumbs. The breads containing ultrasonicated flours presented a crumb with a

lower tendency towards hardening.

Ultrasound treatments demonstrated to be a feasible technology to modify the physicochemical
properties of gluten-free flours from different botanical origins. Treatment temperature was the
most important variable determining the extent of modification achieved, magnifying the effect

of ultrasonication due to a combined effect with annealing.

Further chemical analyses to characterize potential changes in other constituents of flours
different than starch, and the impact of the treatment on the nutritional value in treated flours
would be interesting to widen the scope and perspective of ultrasound modification of flours.
Regarding breadmaking, the use of ultrasonicated flours from different botanical origins would
be needed to determine if the beneficial effect observed with rice flour is extensive to other
complex matrixes, and to gain deeper information about the influence that the different
components in the flours could have on the quality of the obtained breads. It would also be
interesting to investigate the use of other levels of sustitution of ultrasonicated flour in gluten-free
bread formulations, particularly higher amounts, to determine if the beneficial effect seen at a
dosification of 30 % can also be obtained at other substitutions. Given the beneficial effect in the
volume of breads containing ultrasonicated flours, and their improved capacity to retain COy, it
would be interesting to further investigate the possibility of using reduced amounts of additives

in formulations containing US-treated flours.
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