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Chapter 10
High Hydrostatic Pressure Treatment
of Starch

Lorena Deladino, Aline Schneider-Teixeira,
and Antonio Diego Molina-Garcia

10.1 Introduction

High pressure technology has experienced a distinct increase in the last decades,
whether the number of industrial installations dedicated to food processing, or the
annual production are considered. Many high pressure-treated food products of all
types are currently in the market and the associated fresher, healthier, and chemicals-
free labels make them widely appreciated by consumers.

High hydrostatic pressure (HHP) is an expanding technology that is quickly
developing in worldwide food technology. However, the term “novel technology” is
not really adequate, as the application of HHP to food is now over a century old,
after the first food-related pressure studies (Bridgman, 1964). Pressure is a key
property determining the states of matter, in a similar way to temperature. But,
while thermal treatments’ effects include chemical reactions acceleration, pressure
does not have this effect. Pressure in term of MPa (10° Pa) are usually employed as
hydrostatic pressure units (1 Pascal, the ST derived pressure unit, equals 1 kgm™!s°2,
1 MPa equals to 10 bar or 9.86923 atmospheres).

HHP treatments are currently applied to food because they are non-thermal and
chemical-free processes, and so, they have a smaller energy consumption associated,
while the undesired effect of added chemicals is avoided. Nevertheless, the
instrumental investment required is significant. Figure 10.1 shows a scheme of a
laboratory/pilot plant HHP processing equipment, while Fig. 10.2 depicts an
industrial semi-continuous device. In both cases, samples/products are introduced

L. Deladino (P<)) - A. Schneider-Teixeira

Centro de Investigacion y Desarrollo en Criotecnologia de los Alimentos (CIDCA),
CONICET, Facultad de Ciencias Exactas, Universidad Nacional de la Plata,

La Plata, Argentina

A. D. Molina-Garcia
Instituto de Ciencia y Tecnologia de Alimentos y Nutricién (ICTAN-CSIC), Madrid, Spain

© The Author(s), under exclusive license to Springer Nature 225
Switzerland AG 2023

V. S. Sharanagat et al. (eds.), Starch: Advances in Modifications, Technologies

and Applications, https://doi.org/10.1007/978-3-031-35843-2_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-35843-2_10&domain=pdf
https://doi.org/10.1007/978-3-031-35843-2_10#DOI

226 L. Deladino et al.

Fig. 10.1 Cartoon showing a research food high hydrostatic pressure processing unit. HHP pro-
cessing equipment, whether at a laboratory, pilot plant, or full industrial scale, is heavy, bulky and
expensive. However, the total cost per food unit (weight or volume) is not too high, as there are
considerably less energetic expenses. Additionally, water consumption is scarce and there are no
wastes associated with the process

Laboratory equipment can be obtained at many different sizes and designs, but always the princi-
ples of Figs. 10.1 and 10.2 are followed: water (or a suitable food-compatible fluid) is injected by
means of pumps and hydraulic pressure intensifiers into a metal cylindrical chamber, where the
sample is pressurized. Steel is usually employed, although other alloys, such as copper-beryllium
can be used in smaller vessels. Additives common for avoiding freezing problems are sometimes
used (often the food-compatible propylene glycol). Freezing (which can be deleterious for the
equipment) can take place upon decompression if work is carried out at temperatures a few degrees
over the freezing point, as the adiabatic cooling can cause over 10 degrees temperature reduction.
However, this fluid is not in contact with food. A flexible wall container, allowing pressure trans-
mission, but still being a barrier for the external fluid, to avoid contamination, must be employed.
This means plastic, although there is active research going on in developing biodegradable packag-
ing materials fit for HHP use (e.g., Marcos et al., 2008). Even starch has been proposed as a source
of biodegradable plastic packaging: starch-made packages could be used to pressurize starchy
foods (e.g., Khan et al., 2017)

into a steel chamber (of considerable thickness and weight, to withstand the pres-
sures applied, several times those of the deepest abyssal marine trench). Pressure is
supplied by different pumping systems and pressure intensifiers, which basically
inject pressurizing fluid into the chamber (a pressure-transmitting fluid is required,
as well as a suitable elastic container to separate external fluid from actual food, see
below and Figs. 10.1 and 10.2 legend). Despite a large number of industrial
applications of high pressure technology being directed to extend food self-life
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Fig. 10.2 Cartoon showing an industrial semi-continuous food high hydrostatic pressure pro-
cessing unit

HHP processing is basically a batch process: although equipment has been designed for industri-
ally processing liquid foods, its working principle is essentially semi-continuous. Industrial equip-
ment, as that shown in Fig. 10.2, loads a train of pre-packed food through one end of the pressure
chamber. Then it is closed, pressure is built and held for a given time, and afterward, quickly
released, for the load exiting through the other end. For industrial use, the processing time is short.
The shorter the treatment duration, the cheaper it results. And it has been found that often a few
minutes are enough to get the desired effect.

HHP laboratory equipment often allows thermal control, to choose the processing temperature. It
can go from as high as 110 °C to as low as —20 °C. Measuring systems (often thermocouples) give
information on temperature, even in different locations within the vessel. However, industrial scale
equipment does not have these thermal control systems, and influx fixed temperature water is
employed.

Starch gelatinization is a process in which hydrogen bonds among starch polysaccharide chains are
interchanged with those of water. This water required for the gelatinization process acts as an
internal pressure-transmitting medium

through microorganisms elimination, HHP offers many other effects of technologi-
cal interest, such as enzyme activity modulation or inactivation, freezing-under-
pressure transformations, or induction of structural and textural changes.

It must be noted that (actually, as well as with thermal processes) pressure treat-
ments by themselves induce only reversible changes in matter: i.e., once the pressure
is released and atmospheric conditions recovered, the changes that may have occurred
are reverted. Even the adiabatic heating, a phenomenon by which temperature rises
upon pressure increments (and that, depending on the physicochemical nature of
each material, can increment temperature over 10 °C or more), are reverted, with a
similar temperature reduction upon decompression (further details on adiabatic heat-
ing can be obtained in, for example, Otero et al., 2000).
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Biological polymers are especially sensitive to high hydrostatic pressure.
Meanwhile, small molecules, such as those mainly responsible for food taste, color,
aroma or nutritional properties, are scarcely affected, at the pressure levels currently
employed in food industry (up to 600 MPa) (Tauscher, 1995). This is due among
other factors, to the existence of alternative conformations for biopolymers,
energetically similar to the native ones. These conformations are often involved in
the biomolecule physiological function. On the other hand, other biopolymers, such
as cellulose, are scarcely affected by pressure.

The complex behavior of corn starch under pressure has been extensively studied
(Douzalset al., 1998; Buckow et al., 2007, 2009; Oh et al., 2008; Kim et al., 2012;
Okur et al., 2019, Rahman et al., 2020, Castro et al., 2020, Heydari et al., 2021).
Starches from many biological origins have been investigated, since their pressure-
behavior is depending on its origin (Belmiro et al., 2020; Conde et al., 2022; Leite
et al., 2017). However, this chapter will refer primarily to corn (maize) starch, the
most studied starch type, as a model for other sources.

In practice, and especially in such products as food, with a large number of
highly concentrated ingredients, reversibility is impaired by many unspecific
changes. Thermal processes add the disturbing effect of increased Brownian clashes
among molecules in suspensions/solutions, and this gives rise to molecular drifts
that alter structures, taking them often far from the original one, which impairs the
recovery of the original conformation upon return to atmospheric pressure. Pressure
treatments are freer from drift but (as well as thermal ones) cause easily the
unspecific aggregation of structures altered by pressure.

All effects induced by changes of hydrostatic pressure are driven by the conse-
quent volume changes associated: pressure increase occasions a volume reduction
to minimize the free energy of the system, as described by Le Chatelier’s principle.
Van’t Hoff equation describes the dependence of the equilibrium constant with pres-
sure, in relation with the volume change in the process, within thermodynamic,
equilibrium conditions. A similar relation can be found for non-equilibrium, kinetic
processes, in which the reaction activation volume (volume difference with the acti-
vated intermediate state) relates pressure with the rate constant. For details of these
equations see, for example: Heremans and Smeller (1998), Molina-Garcia (2002) or
Knorr et al. (2006).

The volume increments associated to a number of processes driven by pressure
are known, but it must be noted that the volume to be considered is that of the global
system, including hydration or solvation layers, which makes difficult to obtain
accurate data and to extrapolate them for different treatment conditions. Moreover,
unavoidable thermal fluctuations, as well as pressure (and temperature) dependent
second order thermodynamic derivative properties, and molecular mobility related
factors (viscosity, diffusivity), impair the practical use of volume changes to predict
the effect of HHP on food systems. Additionally, pH and ionic dissociation, in
general, are affected by HHP (Molina-Garcia, 2002).

Moreover, while protein pressure unfolding can be, under certain circumstances,
related with relative ease, to the volume changes induced by pressure, the behavior
of starch under HHP is even more difficult to predict, as starch gelatinization is a
multi-step process, including irreversible stages.
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Proteins undertake somehow similar phenomena when submitted to thermal
treatments or to HHP: partial or total (reversible or irreversible) unfolding,
dissociation of monomers, denaturation. However, the process and the resulting
modified state are not quite the same, for the two perturbations (Heremans &
Smeller, 1998). Starch behaves likewise, giving rise to similar but not identical
modified products.

10.2 Modification Mechanism and Methodology

The result of HHP treatment of starch aqueous suspensions is its gelatinization, i.e.,
the well-known phenomenon in which water hydrogen bonds substitutes the
intermolecular ones that keep the tight starch granular structure in its place (Muhr
et al.,, 1982). Several observations follow: (1) Water is required for starch to
gelatinize under pressure, in the same way that it is needed for thermal gelatinization.
Pressure treatment at the levels usually employed for food processing, i.e., up to
600 MPa, in the absence of water (for example, suspending starch in ethanol), have
no significant consequences on the granules (Molina-Garcia, unpublished data). (2)
No rupture of the starch amylose or amylopectin chains can be expected: the energy
for breaking a covalent bond being much higher than that provided to the system by
the previously mentioned pressure levels (Heremans & Smeller, 1998; Katopo et al.,
2002). (3) Hydrostatic, isostatic pressure is always considered, i.e., a fluid is required
to transmit pressure quasi-instantaneously and uniformly for all points in the vessel.
For food uses, water is employed (with food-compatible additives in case the
treatment involves temperatures close to freezing, to avoid mechanical damages in
the pressure equipment). Pressure treatments in dry state cannot be considered
hydrostatic: in them, pressure depends of directional vectors, scissor forces are
generated and pressure has not a single and constant value over the whole pressure
vessel (making possible, in this case, covalent bonds breaking).

Starch gelatinization is a well-known and exhaustively studied process, in which
intermolecular hydrogen bonds are replaced by those with water. Gelatinization is
essential for allowing accessibility of starch chains to digestive enzymes, as well as
for most industrial uses of this product. It carries an associated crystallinity
reduction, irreversible granule swelling and partial or total amylose chains release
(Waigh et al., 1997). The complex and condensed starch structure is disentangled in
a number of steps, some of them irreversible, which endows the whole process of
irreversibility.

Figure 10.3 shows a cartoon focusing on two of the phenomena associated to
starch pressure gelatinization: granule swelling and reorganization of polysaccharide
chains. During gelatinization, starch basic polymeric chains gradually become
released from the granules (causing them to swell), interacting with chains from
other granules, which gives rise to gels, even when the whole granules are not com-
pletely dissolved, still keeping their individual character.

Granule swelling and the interaction of amylose protruding chains from different
granules causes large viscosity increases and gelification. However, pressure-treated
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Fig. 10.3 Cartoon showing two phenomena associated to starch pressure gelatinization: granule
swelling and reorganization of polysaccharide chains. Starch granules incorporate water and
polysaccharide chains become increasingly separated as gelatinization proceeds. Water-
amylopectin hydrogen bonds substitutes previous bonds between amylopectin chains within the
granule. Interaction among granules, mediated by the protruding amylopectin chains, increases
viscosity, creates strong gels and, eventually, causes the complete granule disorganization. While
in thermally gelatinized starch the exit of amylopectin from granules and its intergranular
interaction is the main cause of viscosity increases, in HHP gelatinized starch viscosity is more
dependent on granular swelling

starch granules preserve their individuality (Figure 10.4b, c) (as a difference with
thermally gelatinized ones), with a scarce degree of amylose complete solubiliza-
tion (Figure 10.4d). Pressure-treated granules can preserve a good part of their crys-
talline character, even after intense treatments (Katopo et al., 2002). A-crystalline
pattern starch (proper of cereals starches) has been observed to change to B (more
common in tuber starches), as a result of pressure-induced reorganizations (Yang
et al., 2013). A consequence of the interactions among chains from different gran-
ules being less extended and part of the crystalline structure still retained in pres-
sure-generated starches, is the weaker character of pressure gels (as compared to
thermally induced ones).

Pressure has a synergic effect with temperature (Fig. 10.5) and the pressure level
required for starch gelatinization is lower at higher temperatures. As well and in the
same order as for thermal treatments, starch gelatinization pressures are depending
on the biological origin of the starch (Knorr et al., 2006). Treatment time is also a
parameter to be considered (Stolt et al., 2000). It has special relevance in industrial
contexts where very short pressure processing times are favored. Although some of
the effects of hydrostatic pressure are basically instantaneous, the kinetically
controlled phases of starch gelatinization are reflected in a progress of the process
in time. Figure 10.6 shows a comparison of DSC thermograms for starch treated at
the same temperature and pressure but differing in duration. It can be appreciated
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Fig. 10.4 Microscopic observations of corn starch granules: (A) Optical micrograph of native
granules (untreated); (B) SEM micrograph of samples treated at 400 MPa, 40% w/v starch
concentration, 35 min at 40 °C; (C) Optical micrograph of the same treatment as B, (D) Cryo-SEM
micrograph of the same treatment as B with higher magnification. A small water content remaining
in the starch cryo-SEM preparation allowed visualization of the amylopectin network protruding
from granules, normally not visible in SEM micrographs. The bars correspond to 50 pm (A—C) or
20 pm (D)

that, while gelatinization temperature peak and onset are scarcely affected, the area
of the gelatinization peak (proportional to the energy of thermally completing the
gelatinization of the still ungelatinized starch fraction) is further reduced as
treatment time increases.

Starch pressure gelatinization can be studied by different techniques, which can
give information on the progress of the different steps of this process. Transient
information (during pressure processing itself) is difficult to obtain in HHP
treatments. But treated starch suspensions can be studied just after treatment (and
before other processes -thermal, drying, retrogradation- have a chance to alter the
HHP outcome) by techniques focusing on chemical groups interactions (RMN or
FTIR), energetic balance of the thermal gelatinization still to be completed (DSC),
crystallinity related ones, such as loss in birefringence, or molecular mobility and
viscosity (Stolt et al., 2000).

Especially useful is DSC, as it has been shown that it can be employed to study
starch in different gelatinization states, after drying to powder the resulting
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Fig. 10.5 Starch gelatinization pressure-temperature phase diagram: cartoon after several authors
(Douzals et al., 1998; Bauer & Knorr, 2005; Knorr et al., 2006; Buckow et al., 2008). A synergy
exists between temperature and pressure, so that starch gelatinization at a given pressure is
facilitated by higher temperatures. Other factors of relevance are not considered here, such as time
under pressure, starch/water ratio or water incubation previous to pressure treatment

pressure-treated suspensions and later reconstituting with water (Teixeira et al.,
2018). X-ray diffraction can also be performed in the dry state to obtain important
information on crystallinity.

10.3 Starch Modifications by Pressure

10.3.1 Molecular Weight

Based on the gel permeation chromatography results, ultrahigh hydrostatic pressure
treatments (690 MPa) did not change the molecular weight distribution of starch
samples (Katopo et al., 2002). As already mentioned, hydrostatic pressure treatments
average compression energy by means of the pressure transmitting medium. Without
these media, pressure effects would be uneven. The average compression energy is
not sufficient to break starch covalent bonds. However, in real foods, starch may
coexist with amylolytic enzymes. These enzymes could degrade starch
polysaccharide chains, once pressure gelatinization has facilitated its digestion.

Another high-pressure food technological process, not to be mistaken with HHP,
is high pressure homogenization. In it, sample solutions or suspensions are forced
through small perforations at high pressure. This gives rise to extreme scissor forces
and can degrade starch granule reducing the size of polysaccharide chains
(Apostolides & Mandala, 2020).
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Fig. 10.6 Comparison of Differential Scanning Calorimetry thermograms for starch treated at the
same temperature and pressure but differing in treatment duration. Thermal starch gelatinization is
globally a two-step process, although its irreversible stages make the global process also irreversible
(as shown by the curve wide from). The initial and final states can be seen to be clearly different as
having a very distinct heat capacity (position of the baselines before and after gelatinization). In
this experiment, corn starch suspensions were partially pressure gelatinized (400 MPa, 25 °C), for
different times: 1-0 min, 2—15 min, 3-30 min, 4-60-min. The position of the gelatinization event
in the temperature axis (onset and peak temperatures), related to the gelatinization mechanism, are
not changing with time. But as time proceeds, the process enthalpy (proportional to the area over
the curve), which is related to the number of intramolecular bonds replaced for those with water,
is smaller, as a result of pressure gelatinization having advanced, and a smaller fraction of starch
being still not gelatinized

10.3.2 Structure and Morphology

Gelatinization implies starch structural alterations, such as a progressive degrada-
tion of the granule crystalline regions, based on the double helix arrangement of
amylopectin, from initial distortions caused by incipient hydration to a later water
intrusion in the crystalline core, for its subsequent complete hydration (Lund, 1984;
Oh et al., 2008). Starch crystallinity and micro- and macro-structural properties
alterations are closely related to thermal properties (Lemos et al., 2018; Rahman
et al., 2020).

The progress of gelatinization is visibly evidenced by changes in the morphology
of starch granule. Corn starch granules have polyhedral shape, irregular sizes, and a
relatively smooth surface. Granules contain specific channels and cavities
penetrating its interior, connected to open surface pores (Fannon et al., 1993; van de
Velde et al., 2002). These granule morphological parameters show only slight
changes, as observed by scanning electron microscopy (SEM), after moderate HHP



234 L. Deladino et al.

treatments (300 MPa during 15-30 min, Rahman et al., 2020, or 400 MPa at 38 °C
for 35 min, Deladino et al., 2015), when size is slightly increased, and surface gets
faceted and rougher. At the latter conditions, the alteration of pores connecting
surface and granule inner core is observed by confocal laser scanning microscopy,
which also allowed observing the increased granule size, due to a limited swelling.
A higher level of penetration of FITC dye was attributed to these pores and to the
presence of voids and fractures due to incomplete HHP-induced gelatinization
(Teixeira et al., 2015).

At these intermediate pressure levels, a narrowing in the profile of native starch
pore size (from 8 to 60 nm, with a maximum number of pores between 8 and 12 nm,
to pore diameters ranging from 4 to 10 nm), accompanied of an increased of the
total pore volume, is reported, as determined by mercury intrusion. Moreover, when
using the nitrogen adsorption/desorption technique, HHP treated starch showed a
decrease in pore size distribution and changes in the distribution curve shape, with
an increase in the number of smallest pores. The BET surface area increased from
0.277 m?/g for native starch to 0.407 m*g for the HHP treated starch, showing an
increase of 47% due to HHP treatment (Deladino et al., 2015). These results were
attributed to granule reorganization induced by high pressure, which may enhance
the connection between external pores with interior channels that were not accessible
in untreated starch.

Higher pressures can alter granular surface, creating cracks, flattening granules,
which collapse at its center, and completely disintegrating granules (Btaszczak
et al., 2005; Douzals et al., 1998; Heydari et al., 2021; Rahman et al., 2020). After
Okur et al. (2019), morphological changes develop slowly, in lengthy treatments, at
pressures over 500 MPa.

The observation of the gelatinization process by light microscopy photographs of
I2 solution-dyed starch treated at 400 MPa (at 40 °C for 15 min), showed a high level
of disorder at the center of the granule while the classic non-gelatinized granular
ordering of native starch was intact at the external layers. However, at more drastic
conditions (700 MPa, at 35 °C, for 25 min) the erosion of the surface and the granule
integrity loss and the formation of a gel network, are the features appreciated
(Teixeira et al., 2018) and might be associated to the hydration of the amorphous
phase and/or melting of crystallinity (Wang et al., 2008). Rahman et al. (2020) also
observed by SEM that maize starch granules were completely disintegrated and
gelatinized, showing large starch granules and lamellar structure when treated at
500 MPa for 15 and 30 min.

Starch crystallinity is based on the double helix arrangement of amylopectin.
X-ray diffraction provides information on these crystalline domains. It allows the
classification of native different biological origin starches as A-type (cereals: rice,
corn), B-type (tubers: potato) and C-type (tapioca, pea) starches (Cheetham & Tao,
1998; Hibi et al., 1993; Le Bail et al., 1999; Zobel, 1988). Starch crystalline helices
are more compact in A than in B-type, which has a more hydrated core. C-type is
often considered as a mixture of both A and B-types (Teixeira et al., 2018).

Li et al. (2011) reported a weakening of diffraction peaks with increasing pres-
sure, related to the destruction of crystalline structure in gelatinization. B-type
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starches resist pressure more than A- or C-type starches (Katopo et al., 2002; Oh
et al., 2008; Rahman et al., 2020; Rubens et al., 1999; Stute et al., 1996). A-type
could have more scattered and flexible branching amylopectin structures than
B-type, and can be rearranged under pressure, generating channels letting water
molecules in, which triggers the pressure-induced transformation from A to B-type
(Katopo et al., 2002; Yang et al., 2016; Teixeira et al., 2018). Actually, Teixeira
et al., (2018) found that peaks characteristics from A-type and B-type patterns
coexist after HHP treatment, evidencing the partial gelatinization transformation.
Similarly, Rahman et al. (2020) detected the decrease of intensity of A-type peaks
and the appearance of peaks typical of B-type pattern in treatments at 500 MPa and
attributed the transformation of the diffraction pattern from A-type to B-type to the
disruption of the crystalline regions of maize starch granules.

The crystallinity fraction (CF) is closely related to the molecular structure and
contents of both of amylopectin and amylose (including chain length, branching
and polydispersity). It is also related to starch interesting properties, such as pasting
and starch digestibility (Irani et al., 2017). CF is reduced after HHP treatments, as
follows from crystalline structure weakening and destruction (Heydari et al., 2021).
Native corn starch CF, 24%, as derived from X-ray diffraction data (Teixeira et al.,
2015), is reduced by nearly a 50% by HHP treatments at moderate pressures
(400 MPa, 30 °C, 15 or 35 min), while higher pressures (700 MPa) leave a residual
CF of 2.8%, only a 11.7% of the native crystallinity (Teixeira et al., 2018). Other
authors also found a similar loss of native crystalline structure and molecular order
(Katopo et al., 2002). At the same type, the B-type crystallite increased, more
drastically at the more elevated pressures (in good agreement with the GD obtained
from DSC measurements) (Teixeira et al., 2018). This A and B-type patterns mixture
resulting from HHP treatment was suggested to be induced by recrystallization
(Choi et al., 2009), just after pressure-gelatinization. Different starch/water ratio
(SWR) are not correlated to significant modifications in peak positions and
intensities, or CF (Teixeira et al., 2018).

In samples submitted to very high pressure (700 MPa) or long treatment times at
400 MPa, an additional X-ray diffraction pattern, V, was detected. V-diffraction
pattern reflects the presence of complexes of amylose with lipids and similar
molecules (Cheetham & Tao, 1998; Shi et al., 2017). The preservation of starch
structure after harsher pressure treatments (9 min at 650 MPa), although its
crystallinity decreased, has been justified resorting to V-pattern, in high amylose
samples also containing lipids, whose complexes would impair swelling stabilizing
the granular structure (Katopo et al., 2002; Teixeira et al., 2018; Wang et al., 2008).
Peaks characteristic of V-pattern (Shamai et al., 2003) have intensities increasing
with treatment time and SWR at moderate pressures (Teixeira et al., 2018). More
extreme conditions (700 MPa, 25 min, 30 °C), gave rise to a high intensity for this
peak. This implies also a reduced amylose leach, as it is complexed in the granule
(Teixeira et al., 2018). Similar results were obtained by Le Bail et al. (1999).

Addition of hydrocolloids before pressure treatments does not alter starch crys-
talline fraction. However, V-type polymorph X-ray peak intensity increases, in cor-
relation with lower amylose concentration in solution. The formation of the
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V-crystalline complex would be favored, as hydrocolloids, linear polysaccharides,
could contribute to amylose stabilization, leading to lower amylose release of HHP
treated starch (Katopo et al., 2002; Teixeira et al., 2018).

HHP affects starch component chemical bonding, and this can reflect on FTIR
spectra (Cui & Zhu, 2019). HHP treatment respects corn starch FTIR spectra major
peaks but there is a clear effect on peak intensity. Broadbands (3100-3700 cm™) are
related to starch OH— stretching (Jiang et al., 2011). Corn starch OH — stretching
band width and intensity was reportedly reduced after HHP treatments at 500 MPa,
while unaffected at low (100 MPa) or medium (300 MPa) pressures, although there
are significant changes in the fingerprint area. Moreover, the asymmetric C—H
stretching band also shows peak lowering and narrowing, reflecting changes in
conformation and crystallinity of amylose-amylopectin (Kizil et al., 2002; Rahman
et al., 2020). Other peaks, related to firmly bound water and characteristic of the
anhydrous glucose ring C-O stretch, had also their intensity reduced after pressure
treatment (Fang et al., 2002).

RMN T2 transverse relaxation time studies suggest that longer HHP treatments
at elevated temperatures have a complex effect, in terms of hydration and starch
structural changes. T2 increases after HHP treatments, meanwhile heat-induced
gelatinization is associated to T2 decreases (Okur et al., 2019; Ozel et al., 2017).
Other heat and HHP-induced starch gelatinization differences can also contribute to
the reverse effect on T2, such as the shear forces associated to stirring, usually
absent in HHP treatments (BeMiller & Huber, 2015). The apparition of B-type
crystals in pressure-induced gelatinization implies reduced double helix dissociation
(while heat gelatinization causes intense double helix dissociation) (Pei-Ling et al.,
2010), which produced less swollen starch granules due to reduced amylose leaching
(Yang et al., 2016).

10.3.3 Swelling and Solubility

Gelatinization gives rise to hydration of starch amorphous regions, causing granular
swelling. A second step of this process implies further granule weakening and
swelling, release of amylose chains and interaction among these from different
granules, with loss of granule identity, in the way to gel formation: a dispersion of
free amylose and amylopectin including granule remnants (BeMiller & Whistler,
1996; Lund, 1984; Oh et al., 2008). HHP gelatinized starch shows differences from
the heat-induced product, including less amylose release, and reduced starch granule
swelling and disintegration (Knorr et al., 2006; Stute et al., 1996).

Granule birefringence under polarized light is closely associated to swelling and
loss of internal structure. Its characteristic Maltese cross is due to amylopectin
double helix radial orientation in starch crystalline regions (Castro et al., 2020;
Deng et al., 2014). While potato starch retains birefringence after a strong pressure
treatment (600 MPa, 30 min), corn and tapioca starches loss this property totally or
partially at these pressures. At lower pressures (150-300 MPa), birefringence was
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still shown. However, at intermedium values (400-450 MPa), birefringence
reduction was noted, while it was partially maintained (Castro et al., 2020; Oh et al.,
2008; Teixeira et al., 2015). In a similar way to other starch properties related to
structure, or to its thermal parameters, swelling behavior after HHP depends on
starch biological origin and treatment parameters (Oh et al., 2008). Some authors
consider it dependent on granule size and its distribution, and on the amylose
content (Heydari et al., 2021; Oh et al., 2008).

The swelling power of HHP treated starches has been reported as higher than in
native starch (Heydari et al., 2021) and, contrariwise, lower than in untreated starch
(Okuretal.,2019). Ohetal. (2008) found an 18% swelling degree after pressurization
at 400 MPa for corn starch. In a similar way, Deladino et al. (2017) found that HHP
almost doubled the swelling power of corn starch treated at 400 MPa (at 38 °C, for
30 min), over a thermal gelatinization value around 8%. However, Rahman et al.
(2020) found that both solubility and swelling power of maize starch were
significantly decreased with increasing pressure (0.1 to 500 MPa) in comparison
with native starch. Corn starch swelling at 600 MPa was under 50% (Oh et al., 2008;
Stute et al., 1996). Some starches including corn, have a reduced swelling associated
to HHP treatment, perhaps related to a lower thermal drift effect, as compared to
thermal gelatinization. On its hand, waxy corn starch was not found to swell
considerably at intermediate pressures (400 MPa), while achieving 100% swelling
at 600 MPa. Potato starch was much less affected by swelling (Oh et al., 2008).
Some authors (Li et al., 2012), consider swelling as caused by amylopectin, as
amylose would be scarcely solubilized, as most granules would be still intact. A
limited granular swelling is usually taking place after HHP treatments (Stolt et al.,
1999; Heydari et al., 2021).

Some authors (Katopo et al., 2002; Teixeira et al., 2018), observed (by scanning
electron microscopy) a retention of granular identity in corn starch, even after HHP
treatment at 690 MPa. Lower amylose release and less water binding could justify
this granular preservation (Douzals et al., 1998), while amylose-lipid complexes
could have a role in restricting swelling (Katopo et al., 2002; Liu et al., 2016).

Amylose solubilization, taking place at the more advanced gelatinization phases,
can also be affected by HHP treatments, either increasing or limiting it, through the
amylose-amylopectin interaction (Liu et al., 2016). Different balances of inter-
associative forces within starch amorphous and crystalline domains, amylose/
amylopectin ratio and their branching characteristics, together with the role of other
minor starch components may be the cause of these solubilization differences
(Kumoro et al., 2012; Liu et al., 2016). Corn starch gelatinized under HHP conserve
most of its granule independence and the solubilization of amylose is limited
(Douzals et al., 1998; Knorr et al., 2006; Stolt et al., 2000; Teixeira et al., 2018).
Birefringence reveals only some granules gelatinized and swollen at moderate
pressures and temperatures (400 MPa, 30 °C), while harsher treatments (700 MPa)
affect most granules, whose integrity is lost, while a gel network can be detected
(Oh et al., 2008; Teixeira et al., 2018).

The main differences of HHP gelatinized starches with thermally treated ones
can be summarized in a smaller amount of amylose released from the granules, a
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limited granule swelling and starch granules appearing intact or just partially disin-
tegrated (Knorr et al., 2006; Teixeira et al., 2018).

10.3.4 Thermal Properties

Thermal parameters are a suitable measurement of the gelatinization progress. A
DSC experiment with native starch produces a single endotherm, providing the
SWR under 30%. At higher SWR values, gelatinization, basically a reaction with
water, is incomplete, and additional thermal transitions are obtained. Meanwhile,
higher water contents ensures a complete gelatinization, practically independent of
the actual ratio (Wang et al., 2014, 2016). Some concerns about the availability of
water for starch gelatinization in HHP treatments have been addressed elsewhere
(Teixeira et al., 2018).

The endotherm is roughly symmetrical, though not completely, reflecting the
nonreversible character of gelatinization. The temperature at which it takes place:
onset temperature (T,) (the endotherm starts, usually considered the gelatinization
temperature) is a measurement of the stability of the initial starch state. T, and
Tenaserr reflect starch heterogeneity, which widens the transition. The area under the
thermogram, the endotherm enthalpy (AH), corresponds to the energy exchange in
the process. Both enthalpy and temperatures are characteristic of each starch type.

A DSC thermogram of previously treated starch informs of the extent of the
gelatinization undergone (the gelatinization degree, GD) and the remaining intra-
molecular bonds, still not replaced by hydration (Oh et al., 2008). After a given HHP
(or thermal) treatment, the AH is reduced, indicating partial gelatinization. If the pro-
cess is complete, no endotherm will be observed. For corn, depending on authors,
varieties and other process parameters, this takes place between 500 and 700 MPa
(Teixeira et al., 2018). This enthalpy decrease reflects the energy employed in break-
ing the intramolecular hydrogen bonds in helical chains of the crystalline regions and,
therefore, the progress in the crystallinity and internal granule order destruction by the
different treatments leading ultimately to gelatinization (Castro et al., 2020).

While the decrease of enthalpy upon treatments inducing gelatinization is widely
accepted, in dependence of treatment pressure, duration and starch biological origin
(Stolt et al., 2000; Bauer & Knorr, 2005; Kawai et al., 2007a, b; Teixeira et al., 2018;
Cui & Zhu, 2019), this is not the same with gelatinization temperature. Many factors
related to starch origin, amylose/amylopectin composition, crystalline degree, etc.,
are involved, and results differ for different cases and authors. The actual extent of
gelatinization may be also a crucial factor. Justification of this temperature drift can
be based in the destabilization of crystalline structure by partial gelatinization
(which would contribute to T, decrease), or in the preferential gelatinization of the
smaller (less resistant) granules, leaving intact the larger and more stable ones
(which would cause T, increase) (Castro et al., 2020; Teixeira et al., 2018). According
to some authors, starches with higher crystallinity degrees would exhibit higher AH
and T, (Heydari et al., 2021).
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HHP treated (600 MPa) corn starch T, was reported to increase over that of native
starch (Katopo et al., 2002; Oh et al., 2008). However, Rahman et al. (2020) found
a significant decrease at treatments at 300 MPa (with a widened T, range), while at
500 MPa, no endotherm was reported. Similar results were observed in other
biological origin starches (Guo et al., 2015; Heydari et al., 2021; Li & Zhu, 2018).
The decrease in T, has been ascribed to granule structure disruption and crystallinity
reductions (Bfaszczak et al., 2005). Other authors report virtually no change (or
only a slight reduction) in T, for potato varieties starch (Cui & Zhu, 2019) and corn
at moderate pressures (300400 MPa), while at 700 MPa, T, could be seen to
decrease (Teixeira et al., 2018; Heydari et al., 2021).

The degree of starch gelatinization measured by DSC increased accordingly with
the intensity (pressure level and exposure time) of the HHP treatment. The data
from several studies is summarized in Table 10.1, which shows that HHP treatment
may have a range of effects on starch, including inducing gelatinization, altering
crystalline structure, rheology and improving the thermal stability.

Achieving only a partial gelatinization degree through HHP treatment is not
always a failure: partially gelatinized starch shows mixed properties: granular
identity and independence, but incipient interactions among the partially degraded
granules and with other molecules. HHP provides more homogeneous and better-
defined partially gelatinized products, with a specific crystallinity degree, in a
process easier to monitorize (Heydari et al., 2021; Knorr et al., 2006; Teixeira
et al., 2018).

The presence of hydrocolloids did not introduce significant differences in these
parameters (Teixeira et al., 2018; Tester & Sommerville, 2003). However, for
thermal gelatinization, a possible stabilization of the granular structure by
hydrocolloid has been reported (Biliaderis et al., 1997). On the other hand, enthalpy
may be reduced by bacterial cellulose fibrils (Diaz-Calderén et al., 2018).

10.3.5 Pasting Properties

Several studies support the fact that the application of pressure imparts structural
changes on starch, restricting the leaching of amylose and amylopectin, increasing
pasting temperature and reducing viscosity (Ahmed & Thomas, 2017; Heydari
et al., 2021; Hoover et al., 2010; Liu et al., 2016). Pasting temperature agrees with
the temperature at which gelatinization of starch begins. Li and Zhu (2018) reported
that the pasting temperature decreased at 600 MPa for corn starch, whereas the peak
pasting temperature was increased, agreeing with the result previously informed by
Oh et al. (2008) for normal and waxy corn starch.

Regarding viscosity, Oh et al. (2008) found that the initial viscosity for waxy
corn starch increased from 5.7 MPa s' before pressure treatment to 3530 MPa s!
after pressure treatment at 600 MPa. BeMiller (2019) also reported that the viscosity
increased in association to the increase in swollen starch granules and its maximum
values corresponded to the formation of complexes among different granules.
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10.3.6 In Vitro Digestibility

Starch can be divided into three groups according to its digestion rate: resistant
starch (RS), rapidly digestible starch (RDS), and slowly digestible starch (SDS).
Digestion of SDS occurs at a lower rate than RDS, so SDS raises blood-glucose
levels more slowly than RDS, being helpful in preventing hyperglycemia-related
diseases (Okur et al., 2019). Accordingly, SDS would be the more appropriate
type of dietary starch, since its digestion in the small intestine is retarded and it
would reduce postprandial blood glucose levels (Huang et al., 2020). Shen et al.
(2018) studied the effect of high-pressure treatment on the internal structure of
high amylose corn starch and its influence on digestion. They found that HHP
treatment at 200 and 400 MPa led to a lower digestion rate compared to native
starch. But HHP treatment at 600, 800 and 1000 MPa resulted in a significantly
enhanced digestion rate. In the same way, HHP caused a significant decrease at
400 and 500 MPa for RS content of corn starch, while SDS content increased
significantly (Okur et al., 2019). Papathanasiou et al. (2015) measured the avail-
able glucose content after the enzymatic digestion of starch type A, B, C and
resistant starch was examined. The pressurized starch suspensions were treated,
achieving different gelatinization degrees (from 25% to 100%) and they released
less amount of glucose after enzymatic digestion in comparison to the equivalent
thermally treated samples. Among the studies samples, resistant and waxy corn
starch exhibited the lowest levels of released glucose after enzymatic digestion.
So, they could be used to produce starch-based low-glucose foods. Besides, the
effect of freeze-drying on their available glucose content after enzymatic diges-
tion was not significant, meaning that treated starches tolerated one of the typical
industrial procedures. Meanwhile, pressure-gelatinized (600 MPa, 15 min) sam-
ples of normal and waxy corn starches showed a rise in resistant starch content
and relative crystallinity degree with the increase in storage time. These retro-
graded starches also showed restricted starch swelling power and lower pasting
viscosities.

Moreover, different moisture contents (30—70%) digestion rates of high amylose
corn starch did not change significantly at pressures in the range 200-800 MPa but
did at 1000 MPa, suggesting that applied pressure plays an important role rather
than moisture content in altering starch digestion (Shen et al., 2018).

According to these studies, treatments at low pressure would lead to the reorder-
ing of crystalline structure or molecular chains, to make the internal structure of
starch granules more organized than its native state. However, a high-pressure
application can destroy the internal arrangement, giving rise to a less-organized
structure, which enhances the susceptibility of starch molecules to enzymatic
hydrolysis.
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10.4 Applications

Many of the structural changes that HHP provokes on starch granules positively
impact its functional and nutritional properties, diversifying its uses in food, medical
or pharmaceutical applications. Figure 10.7 reviews some potential applications of
HHP treated corn starches.

10.5 Previous and Recent Trends in Feasibility
and Utilization of Modified Starch

HHP induces modifications on biopolymers and represents a workable opportunity
to avoid chemical or genetically modified ingredients in health and food-related
industries, attending to consumers’ claims on chemical-free, clean, and/or green
technologies.

High hydrostatic pressure commercialized products are mainly sterilized or pas-
teurized stuff, such as processed meat, fish, juices, fruit-based preparations and
ready-to-eat products in general, products where the microbial safety is important
(restricts microbial spoilage in fruit juices and milk). Also, it has been adopted in
emulsion processing (reduction in droplet size contributes to emulsion increased
stability) and pharmaceuticals (O/W emulsions employed in drug delivery to
increase bioavailability) (Aganovic et al., 2021; Dumay et al., 2013; Raghunathan
et al., 2021). Figure 10.8 summarizes the regulation institutions and the current
legal status of HHP worldwide.

10.6 Case Studies

Several combinations of pressure and temperature have been performed while
studying the effect of HHP on corn carrying properties (Deladino et al., 2015, 2017;
Teixeira et al., 2015, 2018). The different treatments were applied on 10 g/100 mL
corn starch aqueous suspensions. The crystalline fraction (CF) was calculated from
X-ray diffraction (XRD) patterns as the ratio between the absorption peaks and the
total diffractogram area, expressed as a percentage (%) (Teixeira et al., 2015). The
degree of gelatinization of starches was determined by DSC (Tp: peak temperature
(starch gelatinization temperature); AG: enthalpy of gelatinization on dry basis).
Table 10.2 summarizes the most important effects of HHP treatments on carrying
ability of corn starches and/or their potential for the design of new ingredients for
food formulations with nutritional and functional added value.

High pressure caused partial granule gelatinization and increased the granule
specific surface area (Table 10.2). This increase in surface was due to the generation
of pores, which favored the adsorption of the yerba mate hydrosoluble polyphenols
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Carrier systems.

®* Metal carriers: High pressure
gelatinized starch (400 MPa, 35
min, 40°C) was used as a
vehicle for the inclusion of
metals (zinc and magnesium)
for food products applications
(Fernandez et al. 2008); when
HHP treatment was performed
simultaneously with alkali, the
high pore volume created more
binding sites to load high
amounts of minerals, such as
zinc and magnesium (Deladino
etal., 2017).

®* Natural antioxidants:  the
increase of the specific surface
area of granules by HHP (400
MPa, 35 min, 40°C) favored the
adsorption of the yerba mate
hydrosoluble polyphenols
(Deladino et al., 2014).

* Combined systems: zinc and
magnesium combined with
natural  antioxidants  were
successfully vehiculized by
HHP treated corn starch (400
MPa, 35 min, 40°C) (Teixeira et
al., 2015).

* Theophylline: starch-based
matrices prepared via high
hydrostatic pressure (650 MPa,
9 min, 30°C) exhibited
controlled drug release
(Btaszczak et al., 2015).

Resistant starch production.

RS type 3 (RS3): it can be obtained by HHP
leading to a product with high thermal
stability = and  preserved  nutritional
functionality (Ma et al., 2018).

RS type 5 (RS5): HPP treatment (500 to 600
Mpa, 30 min, 25°C) of lotus seed starch
resulted in the formation of amylose long-
chain fatty acid complexes, defined as type-5
of resistant starch (Guo et al. (2019).

Food ingredients.

Improved flours: High pressure treatment
(600 MPa, 5 min, 40 °C) applied to raw
materials (corn starch and rice flour) was used
to better gluten-free bread shelf-life, the
presence of HHP treated corn starch or rice
flour was effective in slowing down the
staling rate of bread crumb (Cappa et al.,
2016).

Fat replacer: HHP-treated starches (600 MPa,
20 min, concentration> 10%) presented a
creamy texture with high stability during
storage, and appropriate viscosity, so they can
replace fat in many food systems, especially,
in food emulsions (Heydari et al., 2021).
On-demand special-purpose starches.

HHP treated starches (600 MPa, 20 min,
concentration> 10%) showed high swelling
power and oil absorbance levels, so consumer
claims for chemical-free, clean, and/or green
technologies could be attended by adding
these modified starches in the formulation of
food emulsions for producing low-calorie
foodstuff emulsions (Heydari et al., 2021).

Hydrogels.

® The incorporation of glycerol as humectant was explored, starch-based hydrogels
have potential use in pharma and cosmetic sectors to produce creams, gels and
ointments. Also useful in the food industry as functional foods and products for
personalized nutrition. The concentration of 5% glycerol was the critical value to
obtain stable HPP hydrogels (600 MPa) with good rheological and texture properties

(Larrea-Wachtendorff et al., 2020).

® Obtention of natural products for use in applications where either creamy or gummy
structures are needed. Both, the processing time and starch source, had an effect on
the formation of gels from starch suspensions affecting the physical characteristics
of HPP hydrogels (600 MPa, applied at a compression rate of 8.4 MPa/s for 5 and 15
min, 25°C). Rice, wheat, and corn starch HPP hydrogels showed a cream-like
structure (Larrea-Wachtendorff et. al., 2021).

Fig. 10.7 Potential applications of high hydrostatic pressure treated starch
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Fig. 10.8 Regulation institutions and legal aspects of HHP

(Deladino et al., 2015). Alkali treatment also increased the number of pores in the
granules whereas the combined procedures (HHP + alkali) led to a central disruption
and an enlarged deep pore number (Fig. 10.9). Accordingly, the high pore volume
found in alkali-treated starches created more binding sites to load high amounts of
zinc and magnesium (Teixeira et al., 2018). Also, the decrease in temperature and
enthalpy of gelatinization, associated to high pressure granular starch suspensions,
was moderated in alkali-treated samples by the creation of new charged interactions.

The X-ray diffractometry A pattern is associated mainly with cereal starches in
the native granular forms, the C pattern is a mixture of both A and B types, the last
one being more resistant to amylolytic digestion (Liu et al., 2016).

The fact that all samples with hydrocolloids showed higher intensities of V-type
polymorph peak was correlated with a lower amylose concentration in the
supernatants, compared to the HHP treated sample without gum, indicating that the
formation of the V-crystalline complex would be favored by hydrocolloid presence
under pressure (Teixeira et al., 2018). Hydrocolloids, being linear polysaccharides,
would contribute to the lixiviated amylose stabilization, leading to lower amylose
contents in the supernatants of HHP treated samples.
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Table 10.2 Effect of HHP treatment on corn starch properties. Case studies

CF (%)/crystal Tp (°C)/

HHP Treatment | type AG (J/g) | Main improved characteristic/pretended use

400 MPa, 24/ A-type 68.6/9.9 | Porosity increased 47% with respect to native

35 min, 40 °C granules, BET surface area = 0.407 m?/g,
Bimodal narrow profile, pore volume
decreased, and the number of small size pores
was lower in comparison to native starch,
ranging from 3 to 14 nm with maxima at 4 and
8 nm/ Vehiculization of active compounds.

400 MPa, 8%/ A-type 72.6/9 | Bimodal distribution, lower size interval at

35 min, 40 °C 3—17 nm (max. at 6 and 10 nm) and a wider

+ larger size interval at 26—-87 nm (max. at

NaOH 52 nm)/ higher extent of gelatinization, both
the small and large size pores increased in
number compared to the native granules and
the larger size pores reached diameters that
qualifies as macropores with a pore volume
four-fold higher/ Vehiculization of minerals.

400 MPa, 13.6%/C + V-type | 68.5/8.5 | The presence of hydrocolloids in the

35 min, 40 °C suspension during HHP processing would

+ guarantee water availability. Higher intensities

Carragenan gum of a peak corresponding to the V-type

400 MPa, 14.2%)/ 67.7/8.8 | polymorph, in comparison to the control

35 min, 40 °C | C + V-type without hydrocolloid addition. Lower

+ concentrations of amylose released.

Guar gum The V-crystalline complex formation would be
favored by hydrocolloid presence under
pressure / So, hydrocolloids could contribute to
the lixiviated amylose stabilization, leading to
lower amylose contents in the supernatants of
HHP treated samples.

400 MPa, 15.8%/ 67.9/9.2 | Gelatinization degree was lower in starch with

35 min, 40 °C | C + V-type added xanthan gum in comparison to the other

+ hydrocolloids (p < 0.05) / Stabilization effect

Xanthan gum of this gum on the starch granular structure
during gelatinization.

400 MPa, 8.3%/V-type 67.7/6.2 | Increase in gelatinization degree and V-type

120 min, 30 °C polymorph peaks, maintaining integrity.

700 MPa, 2.8%/B + V-type |60.3/4.2 | Highly gelatinized samples (>60%), loss of

25 min, 35 °C integrity/extremely drastic treatment.

10.7 Research Gaps and Scope of Future Studies

Research on HHP-modified starch future trends would be surely bond to both the
developments taking place in HHP-treated food products, as well as the market and
consumer requirements for starch as a main food component, not forgetting the
newest consumer acceptance trends.
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Fig. 10.9 Confocal laser scanning micrographs of corn starch granules: (a) Native granules
(untreated), (b) Alkali-treated starch, (¢) Samples treated at 400 MPa, 10% w/v starch concentration
and 35 min at 40 °C, and (d) HHP treatment as in C + alkali. The bars correspond to 10 pm. Large

and deep pores can be seen developing in pressure-treated samples (¢, d), which can be of interest
for incorporating binding agents (e.g., minerals, nutrients)

An always rich source of new ideas and developments lies on the study of starch
biopolymer within foods, either as a natural component or as an added ingredient
(with nutritional, textural or other purposes). The complexity of HHP effects on
starch gets multiplied when research is focused in complex mixtures, with a limited
water availability and, moreover, when thermal or other simultaneous processes
(may be homogenization, blending, ultrasounds, etc.) are to be considered.

Other source for new products to be studied come from the introduction of dif-
ferent plants in diet, bringing associated different starch types that will have to be
characterized and whose potential applications should be tuned with the more
interesting technological approaches. Starch can be used also as a binder, texture
creator, encapsulating agent and for many other structural derived purposes.
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Combinations of the already known products and their properties with novel ones,
would multiply the richness that this product can endow to food production.

A present trend in consumers is the search for less energy-rich food ingredients
that still preserve the textural and flavor properties of traditional foods. All type of
research studies on HHP starch dwelling on the generation of resistant starch, its
characterization, and the progress in the knowledge of how it behaves in real
nutrition, will find an immediate echo, both in industry and consumers.

Lastly, food properties that are currently carried out by proteins, especially ani-
mal origin ones, are growingly being replaced by different molecules, that could
mimic meat properties in its interactions or, in a very particular case, substitute the
remarkable gluten properties that give rise to the wide bread products family. To
modify starch in ways in which the sought binding, elasticity, gas retaining properties
of meat proteins and gluten can be substituted, is very surely to be one of the trendier
food processing lines in the near future, and HHP-treated starch can have a very
promising role in the achievement of this goal.

10.8 Conclusions

HHP is a chemical free tool to achieve modifications on starch. The broadened uses
of this technology in food industry would counteract the drawback of the high cost
of the equipment, since nowadays companies can rent their pressure equipment,
increasing the accessibility of this technology for obtaining new starch-based
materials. The main advantage of this treatment is the possibility of obtaining tailor-
made ingredients, by modifying the operating conditions (time, pressure) and the
incorporation of other ingredients during the process. Many factors have a strong
influence on starch response to HPP, principally the biological origin, but also a
range of treatment parameters, such as pressure levels, process temperature,
treatment duration and starch to water ratio.

The differences between HHP and thermally gelatinized corn starches can be
summarized in a smaller amount of amylose released from granules, a limited
granule swelling and the partial preservation of granular integrity. The presence of
hydrocolloids does not have a significant influence on HPP induced corn starch
gelatinization, though may give rise to crystallinity changes implying a limited
release of amylose.

The possibilities of achieving only a partial gelatinization degree though HHP
treatment may be of practical interest, as partially gelatinized corn starch shows a
mix of properties: granular identity and independence are preserved, but incipient
interactions among granules and with other molecules are formed. HHP would yield
more homogeneous, better-defined partially gelatinized products with a specific
crystallinity degree than the thermal treatment, in an easily controllable process.

HHP treatments are a valuable resource for increasing the range of starch derived
formulations for applications so different as transport of molecules of nutritional
interest, controllable behavior within complex food products and gelatinization
versatility.
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