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Abstract

Large amounts of different starches are producedidwile since starch is widely used as
a functional component in prepared foods and is @néhe most important sources of
energy for humans. However, in its native formdtattoes not have properties suitable for
processing due to low thermal stability and higttogradation. To promote and enhance
these and other properties, starch is modified hgngcal, physical, or enzymatic
processes. Treatments such as high-pressure pragess be used to break/change non-
covalent chemical linkages in and between starclecntes in order for starch to have the
desired properties. The use of pressure can ireretarch swelling and solubility
depending on the temperature. Higher pressure degeah disrupt the starch granule
morphology, induce the starch gelatinization ane thranules birefringence can
consequently decrease. Pressure can also altdicsigtly the thermal properties of starch,
as well as its pasting properties, the dynamicllasion and steady flow behavior of starch,
and the amount of resistant/fast/slow digestiblercét The use of pressure can also
delay/decrease starch retrogradation and changsgh gialymorphism from type A or C to
type B. However, the change of these propertiedwsays dependent on the pressure level,
solvent type and treatment time used, but also fiteenstarch type and origin. This paper
revises the effect of high pressure on starch ptiggein order to improve their quality to

obtain the desired properties that can promote humealth.

Keywords
Starch pressure modification; thermal and pasthopgrties; starch retrogradatian:vitro

digestion; polymorphism; starch application.
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1. Introduction

Starch is formed by small granules and its proeeréire influenced by the botanical origin,
varying in size, morphology, shape, and size distron of granules. Other factors such as
the cultivation area and climate have also an impacstarch properties. Starch granules
are almost exclusively composed of two polysacdes;i amylose and amylopectin,
making up 98-99% of its dry weight. Along with theminor components such as proteins,
lipids, pentosans, and minerals can also be foBuhi{mer, Jekle, & Becker, 2015).
Amylopectin is usually found in larger quantitiehem compared to amylose, except for
some high amylose starches, waxy starches, anthsetaobtained by genetic modification.
Amylose is a linear carbohydrate formed by gluceessadues linked bw-(1,4) linkages
with a polymerization degree between 1000-1000@aga units, while the amylopectin
can surpass one million units. Aside from ¢h€L,4) linkages, amylopectin also ha$l,6)
linkages and so is a branched carbohydrate (Be206ft7). These structural differences
between amylose and amylopectin give them diffepeaperties. For instance, amylose is
unstable in aqueous solutions, while amylopectistable; amylose is almost insoluble in
water, has low gelatinization temperature, visgosand thickening ability, but possesses
higher retrogradation rate, whereas amylopectinttr®pposite behavior (Schirmetral,
2015). Starch granules are formed by several @teg amorphous and semi-crystalline
concentric growth rings that vary in number ance sézcording to the starch botanical
origin. The amorphous regions are formed by disedi@mylose and amylopectin, while
the semi-crystalline zones are composed of lamaltarnating crystalline and amorphous
regions (Yang, Chaib, Gu, & Hemar, 2017).

The European Union produced 10.7 million tons afdt products in starch equivalents in

2018, which represents an increase of 30% sinced ABuropean Starch Industry
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Association, 2018a, b). Excluding the starch cadpats, the consumption of starch and its
based-products in 2018 reached 9.3 million tonhénEuropean Union, of which 2% was

consumed in feed, 40% in non-food application, 8866 in food. Of the consumed 9.3

million tons, 19% was modified starch, 28% wasvetitarch, and 53% starch sweeteners.
Native starches are unchanged starches that adeiudbe paper and food industries as
binding and thickening agents. Modified starches atered native starches by chemical,
physical or enzymatic processes that are usedrinugindustries, to do sweeteners such
as syrups, isoglucose, dextrose, fructose, maltddsx polyols, and caramels, which are
obtained from starch hydrolysis and are mainly usedthe food, beverage, and

confectionery industries, but also in the fermeatatand pharmaceutical sectors. The
global production of starches generates high ansoohtregetable co-products (around 5
million tons, however highly variable with botanicaigin and processing) and among the
co-products composition, proteins are their mospartant molecules present and
interesting due to its nutritional and functionalue for both animal and human nutrition
(European Starch Industry Association, 2018c).

High pressure (HP) is a non-thermal processingn@dgy for food preservation that

inactivates microorganisms related to foodborneealiss with minimal effects on food

organoleptic and nutritional properties (Yordano\A&gelova, 2010). Since HP is a green
and environmental-friendly technology and can atien-covalent chemical linkages with

minimal effects on covalent linkages, it can bedusemodify starch in order to have tailor-

made desired properties, since the native starels dot have the suitable properties for
processing. In this sense, several studies have ibgestigating the influence of HP on

starch properties (BeMiller & Huber, 2015). To dumowledge, the first study concerning

this subject was published by Thevelein, Asscheeians, & Gerlsma (1981) to study HP
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impact on potato starch gelatinization temperaturé since then, it has been extensively
used to study the HP impact on remaining starcpgites.

This review proposes to collect, comprehend andhggize the impact of HP on starch

fractions content from different starch sourceg] smunderstand the HP effects on starch
properties, in order to develop new research oppdies on the modification of starch by

HP.

2. Starch typesand classification

Starch can be categorized in several different waygsording to Santana & Meireles
(2015), starch can be classified as conventionahar-conventional according to its
botanical source. Some examples of conventionalcesuare corn, wheat or rice, while
chestnut, apple, and pea, among others, are petceag non-conventional. Another
criterion for classifying starch is as rapidly digble, slowly digestible, or resistant starch
according to its hydrolysis velocity by the humarzymes (Jeong, Han, Liu, & Chung,
2019). A third possible way to classify starch daen made based on the absence of
modification (native starch) or modified (modifisthrch), being the latter further subdivide
in physically, chemically, enzymatically, or gemaliy modified starch, according to the

modification technique (Zia-ud-Ding, Xiong, & F&017).

3. High-pressuretechnology: Principlesand fundaments

High pressure is an emerging processing techndloglyrelies on two principles: 1) the

Isostatic principle, which states that no mattez #ize and geometry of the material,
pressure acts in all directions, equally, instaatarsly and homogeneously and 2) on the

Le Chatelier's principle, where for any phenomenwith a decrease of its volume,
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pressure will enhance/lessen it, thus shiftingsystem towards a new state of equilibrium
(Balasubramaniam, Martinez-Monteagudo, & Gupta,520TThe general modification
process of starch by HP can be divided into sampdparation, processing procedures and
the clean-up. Firstly, a starch suspension is pegphy mixing starch and water in plastic
bags to obtain a concentration that is usually betw4 and 33%. Then, the air inside the
plastic bag is removed, sealed, loaded into an E%al that is filled with a pressure-
transmitting liquid medium (usually water) by a bter pump. After the desired pressure is
reached, the starch suspension is processed fde#ieed time. According to the literature,
the usually applied pressures range between 1@D@MPa, the processing times vary
from 2 to 30 min, and pressurizations are perforrmédoom temperature<(30°C)
(Briones-Labarca, Mufioz & Maureira, 2011; Gebal, 2015a; Leite, Jesus, Schmiele,
Tribst & Cristianini, 2017; Li & Zhu, 2018; Let al, 2011). Once the suspension is treated,
the pressure is dropped down to atmospheric pregfut MPa) in a very small period of
time, causing alterations on the non-covalent bofdsse alterations change the functional
properties of polysaccharides by altering theioséary and tertiary structures (Giacometti
et al, 2018; Xi, 2017). After the HP treatment, the shmipags are opened, vacuum-
filtered, and the pressurized starch suspensiorbedreated in two different ways: 1) dried
at 45 °C, passed through a mesh sieve, sealedt@md $n an airtight container at room
temperature, or 2) frozen by liquid nitrogen, freelzied, grounded into a fine powder
through mesh sieve, and stored at room temperd{atepo, Song & Jane (2002) air-dried
the starch samples after HP processing and fowmelsd endothermic peak before the main
peak due to starch retrogradation when evaluatedstdrch thermal properties. However,

Li & Zhu (2018) freeze-dried its starch samples amwdpeak was observed. This may
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indicate that freeze-drying may lead to the retadgtion of the gelatinizes starches to a

smaller extent than the air-drying method.

4. Impact of high pressure on starch content

From the reviewed articles, only a few cast sorgbtlon the impact of HP on the starch
content (Table S1). Ahmed & Al-Attar (2017) perfa&dian investigation to study the
impact of HP at 400, 500, and 600 MPa during 10 omirchestnut flour. They reported that
among the different HP levels non-significant difieces were observed on total (46%),
damaged (0.7%), and resistant (36%) starch yielBsalso did not have a significant effect
on starch content when compared to 0.1 MPa. Thesdts suggested that the crystallite
regions formed by the resistant starch stay undwhrafter treatment. Other authors
extracted first the starch by different methododsgio be processed after by HP. Ahmed,
Thomas, Arfat & Joseph (2018) treated quinoa stdrging 15 min between 450 and 600
MPa and reported that total starch content decdeassggnificantly from 64 to 60% as
pressure increase for 450 and 600 MPa, respectialythese results were significantly
different when compared to the control (73.25%),ileviihe damaged starch content
increased significantly from 15.27% at 450 MPa #39% at 600 MPa, respectively.
These results indicated that starch damages wdgesenere at intermedium and high
pressure, i.e., the occurrence of the destructfaite crystalline region. For total starch,
similar findings were obtained by Liet al. (2016a) and Liu, Wang, Cao, Fan & Wang
(2016b) that treated buckwheat starch during 20 freim 120 to 600 MPa and reported a
significant decrease of the total starch at 600 NitPaelation to 0.1 MPa. Regarding

resistant starch, Ahmed, Thomas, Taher & Joseph6j2@ported that the increased lentil
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resistant starch content between 400 and 600 Mé&ma, 4.47 to 6.80%, respectively could
have been caused by the temperature raising duéhdo adiabatic effect during
pressurization. The temperature and pressure effestd have caused starch nuclei
formation and starch recrystallization, which iraged the resistant starch content. Briones-
Labarcaet al. (2011) and Briones-Labarca, Venegas-Cubillos, zeRortilla, Chacana-
Ojeda & Maureira (2011) conducted studies to evealtlhe impact of treatment time on
digestible and resistant starch contents from ebgar seeds and peeled apple at 500 MPa
between 2 and 10 min. Time effect was not sigmificr the algarrobo seed resistant
starch content, but it was significant for appkatments performed for 4, 8, and 10 min,
which represent an increase of 27%, 76%, and 84%pectively, in relation to the
untreated resistant starch. Concerning the didesgthrch, the treatments performed during
4, 8 and 10 min were significant, increasing frotn6% (untreated) to 19.8%, 17.5% and
31.5%, respectively for algarrobo seed, and frond%b(untreated) to 83.8%, 96.7% and

100.4%, respectively for apple.

5. Effect of high pressureon starch properties

5.1. Hygroscopic properties
Table 1 summarizes the studies concerning the bggpxc properties of native and
pressurized starches at different temperaturesorflioagy to Ahmedet al. (2018), quinoa
starch water holding capacity, solubility indexdahe particle volume fraction increased
with pressure from 300-600 MPa and with temperafiuna 25-70 °C. The increased water
capacity could be associated with the increasedadath starch content, since the forces

responsible for granular restriction were brokemreasing the swelling and consequently
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the holding capacity. The increased solubility xeteindicated that occurred leaching of
components soluble in water during HP processirchwvere reinforced at 70 °C. Ahmed
et al. (2016) also reported that at 25 °C, the holdingewaapacity and volume fraction
properties of lentil starch increased significarityn 0.1 to 600 MPa (p<0.05). However,
the solubility index decreased with pressure and evest at 600 MP&.hese results are
not in agreement with those reported by Ahmed &A&hkr (2017), because the pressure
had no significant effect on the water holding cya solubility index, and volume
fraction of chestnut starch. Additionally, no stéiial differences were observed on the
damage starch content. Gabal. (2015a) reported that swelling and solubility eased
with the temperature from 85 to 95 °C. Increasihg pressure, both swelling, and
solubility of lotus seed starch granules increaseithe range of 55-75 °C when compared
to the native samples. However, at 85-95 °C, valleeseased with the increasing pressure.
These results are similar to those reported byBhi, Mousaa, Zhang & Shen (2012) for
rice starch. From 50 to 90 °C, swelling and soltybihcreased, while at 600 MPa, different
tendencies were seen with the increasing temperafinrese samples had higher swelling
and solubility at lower temperatures (50-60 °C) whempared to native starch, and lower
swelling and solubility at higher temperatures g00°C). Liet al. (2011) reported that
swelling and solubility at 90 °C also decreasechvgitessure from 120 to 600 MPa for
mung bean starch when compared to the native sanmimilar results were reported by
Liu et al. (2018),Li & Zhu (2018), Liet al. (2018), Liet al. (2015), and Litet al. (2016b)
for pea, quinoa and maize, proso millet, red adbekin, and common buckwheat starches,
respectively. Liet al. (2018) explained that the increase of swelling aoblibility with
temperature can be related to the granular dantaging heating and in excess of water,

the hydrogen bonds among amylose and amylopecenbaoken. Once broken, the
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hydroxyl groups of these polysaccharides are foderim bonds with the water molecules,
thus swelling and solubility increases with tempenea Therefore, these parameters offer
valuable precious information about these inteoasti but also about the crystalline and
amorphous regions during heating. let al. (2016a) and Liu, Fan, Cao, Blanchard &
Wang (2016c¢) reported that amylose-lipids crystale formed at lower temperatures,
which limits swelling. Above 85 °C, the crystals Itnand the swelling and solubility
increase. This increment of swelling and solubilay lower temperatures at higher
pressures may be due to amylose aggregation umdssysewhich interferes with the
lipid-starch bounds. At higher temperatures, theregsed swelling and solubility values
can be due to amylose molecular rearrangement.rdicapto Liet al. (2012), swelling is
mainly caused by amylopectin. Because starch geanake often intact or partially
destroyed after HP processing, amylose solubibrais limited. This may be due to the
stabilization of the amylopectin by the remainimgyéose, which prevents some crystalline
structures from melting. Let al. (2018) reported that this swelling and solubifigguction

at a higher temperature and higher pressure cadubeto granular compression and
strengthening of the starch molecular bounds. Questipn that remains unanswered is

how HP effects both solubility and swelling powkiu(et al, 2016b).

5.2. Granule mor phology, particle size, and birefringence
The granule morphology and particle size of natimd pressurized starches are presented
in Table 2. Liet al. (2018) treated proso millet starch with pressuaegying from 150 to
600 MPa, reporting that the native pattern of ttaeck granules was preserved at 150 and

300 MPa retained its native pattern, however at Mib@&, the granules start to lose their
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structure. When granules were subjected at 600 Mfdgaules structure was destroyed and
formed a gel-like structure. Hu, Zhang, Jin, Xu &eb (2017) reported that waxy wheat
starch granules were intact at 300 MPa but goteigéind the surface was wrinkled. At 400
MPa some melting started to occur but still retditieeir native shape, but at 500 MPa
irreversible losses and viscous regions were deslech the granule boundaries. At 600
MPa, the granules were destroyed and lost theipeshAt this pressure level, similar
findings were observed by Liet al. (2016c) for sorghum, Liet al. (2016b) for common
buckwheat, Liuet al. (2016a) for tartary buckwheat, kt al. (2011) for mung bean, lat

al. (2012) and Dengt al. (2014) for rice. Additionally, Guet al. (2015a) verified an
apparent increase (p<0.05) in the volume mean de&marea mean diameter, and
proportion at D10, D50, and D90, which represehésrtumber of starch granules that are
10%, 50%, and 90% smaller than the average grawitle,pressure treatment. Also, the
volume mean diameter values were superior to tka amean diameter for pressurized
samples. This is in accordance with latial. (2018) findings for pea starches, but only
partially in accordance with Leitet al. (2017) results, which observed only a small
reduction (p<0.05) in these parameters at 600 MH=ze particle distribution was
monomodal with an agglomeration of larger partidehigher pressures, explaining why
the volume mean diameter values were superior éoatka mean diameter. The first is
more influenced by larger particles, while thedatis more influenced by smaller ones.
Leite et al. (2017) also studied the effects of HP on pea Istdispersed in water and
ethanol, concluding that the particles dispersedater had higher mean diameter than the
ones dispersed in ethanol, thus validating the mapoe of water to promote gelatinization
under pressure conditions. Ahmed & Al-Attar (20YV@)ified a decrease in D90 (p<0.05)

on chestnut granules treated at 600 MPa due tossixee pressure. In addition to the
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pressure, Btaszczaka, Valverde & Fornala (20059nted for potato starch that increasing
time was responsible for even more destructiorrannigles.

Starch granules also possess birefringence prepertvhich is characterized by the
exhibition of the Maltese cross. These crosse$oaneed due to the radial orientation of the
double helices of amylopectin in the crystallingioes when they are crossed by polarized
light. When starch is treated with HP, the diffusiaf water in these areas is incremented.
This disrupts the amylopectin chains, leading ® disappearance of the Maltese crosses
and the birefringence patterns (Degtgal, 2014). Therefore, this property can be used to
study gelatinization. Table 3 summarizes the ssid@cerning native and pressure-treated
starches birefringence. Et al.(2018) reported that proso millet, native starchilgited the
Maltese cross under the polarized light. At loweessures (150-300 MPa), no special
changes in the birefringence pattern were obsdou¢dt intermedium pressure (450 MPa),
some losses of the birefringence pattern and csossse observed. Finally, authors
reported loss of the birefringence pattern and seesat 600 MPa, indicating complete
gelatinization. These results are in accordanck ®@itoet al. (2015b), Liet al. (2015), Li

et al. (2012) and Dengt al.(2014), and Vallons & Arendt (2009) for lotus sgestl adzuki
bean, rice, and sorghum starches, respectively simecial case, Leitt al. (2017) reported
that pea starch granules were swollen and gelatnat 500 MPa, but almost none
difference on the birefringence was detected dukdantermedium amylose content (33%)

and birefringence was lost at 600 MPa.
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5.3. Texture properties, color, and chemical composition
Table 4 summarizes some recent findings concerthirgstudy of texture properties of
native and pressurized treated starches.etial. (2016a) reported reductions in texture,
namely in hardness, adhesiveness, gumminess, aemingdss of pressurized tartary
buckwheat gels. No differences in springiness witected (p>0.05) and cohesiveness
values were small for all treatment conditions. i&inresults were reported by Liet al.
(2016b) for common buckwheat. Vittadini, Carini, i&@raro, Rovere & Barbanti (2008)
evaluated the effect of pressure on tapioca stgsethtexture properties. These authors
reported that thermal treated fresh gels were hessl than the pressurized ones, the
cohesiveness was similar for all gels, and no adéesss was detected. After one-month
storage, the appearance of the gels stored atwisComparable to the appearance of the
original ones, while storage at -18 °C altered deldure. In terms of hardness, both
refrigerated and frozen gels had similar valuesweéier, the hardness of pressure-treated
frozen gels was significantly higher than the gdrated equivalents. These results are not
completely in accordance witthose ofLi & Zhu (2018), who reported that pressure
treatment had little effects on quinoa and mais g®red at 4 °C for 1 day or 1 week, but
guinoa gel had lower factorability and hardness timaize gel.
Apart from texture, color is another important serad attribute that is closely associated
with food quality and in Table &re reviewed the last studies concerning the afloative
and pressurized treated starches. Ahraedl. (2018) reported that HP conduces to a
reduction inL values and an increase & andb* parametersbeing the lowest, and
highesta* andb* obtained at 600 MPa for quinoa starch. These teguicate that starch
treated at 600 MPa showed lower lightness and @asee red and yellowness. These results

are in partial accordance with Ahmed & Al-Attar {20, whom reported no significant
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changes in thé andb*, buta* values increased at 600MPa for chestnut starc.(QBy.
Ahmedet al. (2016) observed a decreaseLirmndb* values for lentil starch, but the
values increased at 600 MPa, indicating that sthezhbecome less yellow after pressure
treatment.

Besides HP capacity to slightly change the cotoaJso can be used to retain the chemical
composition of starches. In Table 6 are summarizednain findings concerning the study
of the chemical composition of native and pressarigtarches. Liet al. (2016b) reported
that moisture content of common buckwheat staradnedsed with pressure treatment but
was only statistically significant for 600 MPa (8%) when compared to 0.1 MPa (11.2%),
while the protein and fat contents were not siatily affected by the pressure treatment.
Leached amylose content increased significantly wiessure from 30.4% at 120 MPa to
35.4% at 600 MPa in relation to the 0.1 MPa (28.1A6ording to the authors, it was the
result of amylose-amylopectin and amylose-lipicerattions. Amylopectin degradation by
HP was also pointed out as a possible reason fon swcrease. These results are in
accordance with those reported for tartary buckwhtsaches by Liet al. (2016a). Ahmed

& Al-Attar (2017) also reported that changes in staie, ash, protein, and total starch
contents with pressure treatment were not sigmficAhmedet al. (2018) also reported

that pressure treatment did not influence the caitipa of quinoa starch.

5.4. Thermal properties
Table 7 summarizes several results concerning hieemial properties of native and
pressure-treated starches. By using barley st&tcitt, Oinonen & Autio (2001) reported

that the enthalpies decreased as the pressureasectethus the gelatinization degree
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increased for a given processing time. Leital. (2017) reported that pea starch presented
a small degree of gelatinization (31%) when thesguwee reached 400 MPa, causing an
enthalpy reduction from 3.79 to 2.57 J/g (p<0.@)mplete gelatinization was obtained by
using higher pressure (500 and 600 MPa) and notleadnic peak was detected. latal.
(2018) also reported that for a pressurization toh&0 min, the enthalpy of pea starch
decreased significantly from 150 (5.7 J/g) to 450dW3.8 J/g) when compared to the
native sample (6.2 J/g), but no gelatinization gealere detected at 600 MPa. The
reduction of enthalpy is related to the energy edet disrupt the hydrogen intra-helixes
bonds of the crystalline regions. Therefore, therel@se of enthalpy means that less energy
is needed to disrupt these bonds because theltnestagions (degree of crystallinity) get
more disrupted with the increase in pressure treatnThis result is in accordance with
Guoet al. (2015a), Liet al. (2011) and Liet al. (2012) for lotus seed, mung bean, and rice
starches. However, these results are divergent frmse obtained by lat al. (2015) and

Li et al. (2018), which reported that adzuki bean and prosiet were fully gelatinized at
600 MPa after 15 min. According to Ahmetlal. (2018), the destruction of the crystalline
regions requires the disruption of intrahelical togen bonds, which may vary from
different starches. Ahmeet al. (2018) reported that quinoa starch at 600 MPalfmin
was gelatinized, but Li & Zhu (2018Jere capable to fully gelatinized quinoa starcbGa
MPa after 5 min indicating that the usage of smatkatment times is enough to gelatinize
qguinoa starch by HP. Sorghum starch used by Ahened. (2016) was fully gelatinized at
600 MPa for 10 min. Furthermore, some authors eeskeincomplete gelatinization in
some starches. Partial gelatinization of 57% forzenatarch processed at 600 MPa for 5
min (Li & Zhu, 2018), 79% for waxy wheat processed @0 &Pa for 30 min (Het al,

2017), 40% for chestnut treated at 600 MPa for 10 (Ahmed & Al-Attar, 2017), 67%,
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53%, and 62% for tartary buckwheat, sorghum andnecombuckwheat pressurized at 600
MPa for 20 min, respectively (Liet al, 2016a, b, c). All these results indicate that a
combination of higher pressures with higher temipees and/or longer treatment times
might be useful to fully gelatinize starches. Valo& Arendt (2009) observed that the
percentage of starch granules gelatinized for ho#ssure and temperature treatments
followed a sigmoid curve, reaching complete geiasition at 600 MPa or 75 °C.
Additionally, the percentage of damaged starch wasarly related with the degree of
gelatinization (f of 0.9917 and 0.9927 for pressure and temperatceatments,
respectively).

Some authors verified that pressure treatments vedde to alter significantly the
gelatinization temperatures. Let al. (2016b), Liuet al. (2016c), and Liwet al. (2016a)
reported that the decrease of gelatinization teaipezs and the respective range of
gelatinization temperatures was positively coredawith pressure. According to these
authors, with the decrease of starch crystallirfgpnthalpy) less energy is needed to
gelatinize the starch, thus a reduction of the tmaupres is observed. Additionally, the
temperature gelatinization range provides inforaratconcerning the crystalline region
stability. The decreasing range values of tempezatyelatinization according to the
increasing pressure indicated that pressure treatdestroyed the crystalline regions on
starch, thus these regions got more instable Welptessure treatment. These results are in
accordance with the ones obtained by @tal. (2015a), Liet al. (2011), Liuet al. (2018),
and Liet al. (2012), but are only partially in agreement whk tesults obtained by Et al.
(2015) and Liet al. (2018), which observed that the onset and pealpdemture of the
pressure treated starches was superior compared thié native corresponding

temperatures. In the last research work, the asittexplained that the increased
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temperatures could be explained by the formatioramiylose-lipid complexes during
treatment.

Stoltet al. (2001) reported that increasing pressure risepdlag temperature for the same
treatment time and at constant pressure treatnmemgasing treatment time rises the peak
temperature. Vallons & Arendt (2009) observed thatgelatinization temperatures values
increased with increasing pressure and found a goa@lation between the enthalpy and
the peak temperature for pressure and temperaeagrtents (>0.98). Blaszczakat al.
(2005) reported at a pressure of 600 MPa, potatelstwith a 2- and 3-minute treatment
presented lower enthalpies (5.55 and 4.31 J/geosisply) when compared to untreated
starch (15.96 J/g). Leitet al. (2017) reported that gelatinization temperatutenge with
the pressure treatment but with no statisticakddfce, as observed by Ahmed & Al-Attar

(2017).

5.5. Dynamic oscillation and steady flow

Table 8 summarizes the main scientific works comogr the dynamic oscillation
properties of native and pressure-treated staréhasamic oscillation properties structural
information of the starches and distinguish betwienelastic and viscous contributions to
measured stress as a function of frequency by megsstorage G') and loss G”)
moduli, respectively. These tests are performetiwithe linear viscosity region and since
the strain used is small, the structure of the $asnpan be preserved. Gaebal. (2015b)
reported that the dynamic frequency sweep of Isemsd starch indicated th& values
were superior t@s”, with no crossover and were frequency-dependbog tisplaying a

solid-like weak gel. Moduli values increased up@® MPa, but at 600 MPa decreased due
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to excessive pressure treatment. Additionally, dgeé capacity to recover the original
structure under lower shear after high shear cmomdit decrease with pressure, i.e.,
pressure-treated starches were less structureteasctlastic than the native samples. For
chestnut starch suspension, Ahmed & Al-Attar (20418d reported thad’ was superior to
G” and moduli were frequency-dependent, indicatiray tels were solid-like with weak
structure. Moduli values also increased with thespure treatment from 0.1 to 600 MPa.
These results are according to Jiang, Li, Hu, W8Bh#n (2015aandJiang, Li, Shen, Hu &
Wu (2015b) for mung bean and rice starches. Furtbe, the complex viscosity increased
with pressure treatment, indicating an increasénmechanical properties (Ahmed & Al-
Attar 2017). Increasing the pressure from 0.1 0 BIPa, the slope of logarithmic plots of
G’ versus frequency increased from 0.10 to 0.13catihg the viscoelasticity properties of
gels transformed from a solid-like to a liquid-ligel. This is in accordance with Ahmed,
Varshney & Ramaswamy (2009) from lentil dispersidhe slope of logarithmic plots of
G’ versus frequency increased with the pressure.lé\et complex viscosity increased
with pressure as a function of the frequency pladjcating an increase in viscoelasticity
and changing from viscoelastic solid to a fluid oHewever, Ahmeckt al. (2016) reported
different results for its lentil starch. The I8’} vsIn (w) slop curves decreased from 0.36 at
0.1 MPa to 0.06 at 600 MPa. With the increasinggues,G’ dependency of frequency
decreased and at 500 and 600 MPa was independestindicated that the gels formed at
these pressure treatments were stronger gels.

The steady flow behavior of native and pressuratéc starches is summarized in Table 9.
These studies give information about the starchaese in different shear-rate regimes by
measuring apparent viscosity. Jiaagal. (2015a)observed that the mung bean shear-

stress-shear rate curves were convex, where treg shess increased with the pressure
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treatment for the same shear rate. The index vakers lower than 1, indicating that

starches had shear thinning behavior and valueseassd with the increasing pressure
treatment up to 480 MPa. The consistency coeffidimreased with pressure, indicating an
increase in the apparent viscosity at higher pressu~or a given shear rate, apparent
viscosity between 240-480 MPa was higher than #twe starch but dropped at 600 MPa.
Additionally, the hysteresis loop, an index of #eergy needed to destroy the structure,
also increased until 480 MPa but dropped at 600.MBRase results were similar to those
reported by Jiangt al. (2015b) but using rice starch. Gabal. (2015b) also reported that

lotus seed starch had a shear thinning behavioth Wie increasing pressure, the
decreasing index and the increasing consistencfficdeat values indicated that thinning

behavior was reinforced with pressure and the tasig to flow and stress was higher. The
yield stress, that corresponds to the minimum strequired to start flow, decreased with
the treatment pressure. Moreover, Li & Zhu (20i8ported that overall, the pressure
treatment reduced the thinning behavior of bothhgaiand maize starches. The index
values (n<1) of quinoa increased significantly frém4 at 500 MPa to 0.51 at 600 MPa,
but the index values for maize only increased $icamtly at 600 MPa. This indicates that

flow behavior moved towards a Newtonian flow.

5.6. Pasting properties
According toLiu et al. (2016b), the structural changes on starch by pication of
pressure restrict the leaching of amylose and gpeyglin, increasing pasting temperature,
and reducing viscosity. Table 10 shows the studile¢ed to the pasting properties (pasting

temperature, peak time, and viscosity, respectjwalgeveral starch sources.
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Pasting temperature corresponds to the temperatuvlich gelatinization of starch begins
(Schirmeret al, 2015). Liuet al. (2016b), Liuet al. (2016a), Liet al. (2015), Liuet al.
(2016¢c), and Liet al. (2018) reported that pressurized buckwheat, rexbladbean,
sorghum, and proso millet starches had higher mmastémperatures compared to 0.1 MPa
treated starch, showing the highest value at 60@.MF et al. (2015) and Gucet al.
(2015a) also reported that the pasting temperatgreased from 0.1 to 500 MPa and from
0.1 to 600 MPa for both lotus seed and mung beaclsts, respectively. At these high-
pressure levels, the pasting temperature was higheaset al. (2018) reported that pasting
temperature values of pea starch did not changgfisently from 150 to 450 MP, but at
600 MPa the lowest temperature values were obse8igdlar results were reported by Li
& Zhu (2018) for quinoa and maize starches, and\bsnedet al. (2016) for lentil starch
showing that pasting temperature decreased frortro®00 MPa, reaching the lowest value
at 600 MPa.

In relation to the peak time, the time at which maxm intensity of gelatinization is
reached, Liet al. (2016b), Liuet al. (2016a), Liuet al. (2016c), Ahmeckt al. (2016), Liet

al. (2015), and Liet al. (2018) reported that pressurized buckwheat, songhentil, red
adzuki beans, and proso millet starches, respégtivad higher pasting temperatures
compared to 0.1 MPa treated starch, showing thieesigvalue at 600 MPa. Jiaeg al.
(2015b), Jianget al. (2015a), and Let al. (2011) reported that starches treated until 360-
480 MPa had a significantly lower peak time whempared with the native starches, but
increased further with higher pressure treatmesiching increase peak time values and the
highest values were observed at 600 MPa. &uwd. (2015a) and Let al. (2015) reported
that lotus seed and red adzuki bean starchesdraat®00 MPa had the highest peak time

when compared to the other treatments. For legitd. (2017), the peak time for pea starch
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changed non-significantly with the pressure treatm@>0.05). The highest value was
obtained at 600 MPa but was not statistically igamt in relation to the control.

Regarding viscosity, Liet al. (2016b), Liuet al. (2016a), and Liwet al. (2016c) reported
that viscosity of pressured treated buckwheat aghsim starches decreased with the
increasing pressure in comparison to the nativelstand the lowest viscosity values were
observed at 600 MPa. These results are partialcaordance with those reported by Guo
et al. (2015a) for lotus seed starches. From 100-500 Mira,peak, trough, and final
viscosity values increased in relation to the rasvarch, but the breakdown and setback
viscosity values decreased. At 600 MPa, viscos@grelsed and had the lowest values.
Ahmed & Al-Attar (2017) reported that from 0.1 t6OBMPa, the breakdown and setback
viscosities of chestnut starches decreased signific Li et al. (2015) reported that red
adzuki bean starch treated at 600 MPa had the tovigsosity values when compared to
the other pressure and 0.1 MPa treatments.

In general, Jiangt al. (2015a) results showed that mung bean viscosityesaincreased
from 120 to 480 MPa when compared to 0.1 treatmbuat, at 600 MPa decreased
significantly (p<0.05). This is according to L&t al. (2018), who reported an increment of
pea starch viscosity between 150 and 450 MPa, the®@& MPa was observed a decrease.
Jiang et al. (2015b) reported that viscosity increased sigaiftty at 600 MPa when
compared at 0.1 MPa, but the breakdown was notfisignt. Pressure-treated mung starch
starches showed increased viscosity, but the bosakd/iscosity decreased in relation to
the native starch (Let al, 2011). In general, Leitet al. (2017) also reported that the
viscosity values increased from 0.1 to 600 MPa pit@ssure at which the highest viscosity

values were observed.
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5.7. Gelsclarity and Transparency
Li et al. (2015) treated red adzuki bean starch by usingfrdi 150 to 600 MPa and
verified that the pressure-treated starches hadrl@arity (transmittance 6f5.7% at 600
MPa) when compared to the native starch (transntiétaf~6.7%). Additionally, with the
increasing pressure from 150 to 600 MPa the trattence decreased significantly and at
600 MPa was obtained the lowest value. Accordintip¢oauthors, several factors influence
the light transmission and there were less swatarch granules in native starch gels than
the pressure treated ones, leading to higher tistasice of native starch than pressure-
treated ones. Some leaching might occur duringsprestreatment, accelerating the
retrogradation process, thus decreasing transrodtafurthermore, syneresis of gels
increased significantly when the pressure incre&sed 150 to 600 MPa when compared
to the native starch, indicating that pressuretéatarch pastes had higher retrogradation
tendency. These results suggest that HP can betenesting technique for the production
of pasta since can accelerate starch retrogradedien Liet al. (2011) also observed that
mung bean gels had the lowest light transmittara@ees at 600 MPa~R.5%) when
compared to the native starckd(5%) at the beginning of the storage. Additionalhese
authors reported that light transmittance decreésedll gels with storage time from 0 to
120 hours and could be attributed to the creatiojuraction zones that resulted from the
interaction of the leached starch molecules. Theredse of light transmittance was

attributed to the increased retrogradation of &tarc
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5.8. Retrogradation properties

Table 11 summarizes several papers concerning tin@y sof starch retrogradation
properties. Guet al. (2015b) reported that lotus seed starch treatéd pvessure (100-600
MPa at 25°C for 30 min) showed lower recrystall@atrate and bigger Avrami exponent
values when compared to the native starches dstorgge at 4°C, indicating that native
lotus seed starch retrogrades faster than thehswrizeated with pressure. The Avrami
exponent values are an indication of the morpholofgthe starch crystals in a nucleation
process. Huet al. (2011) verified that pressure-treated starch (8B for 30 min) had a
lower recrystallization rate and bigger Avrami emrpot values when compared to
thermally treated starch (boiling water for 30 midyring storage, indicating that
retrogradation of the former was slower than thetaAlso, the pressure used to treat rice
starch led to less amylose leaching than the thHemm@atment, due to the intact granule
structure. When waxy rice starch was analyzed,aasiterified that pressure treatment did
not affect its retrogradation properties and naisicant difference was observed between
both thermal and pressure treatment, due to thdl smaounts of amylose and the
destruction of granules when treated with HP. Mittaet al. (2008) observed reduced
retrogradation in all pressurized treated tapidaeck gels (600 MPa for 10-30 min at 50-
80 °C) as compared to the thermally treated gel°®0or 20 min), for both storage
temperatures (4 and -18 °C). The pressurized ttesttech gels had lower retrogradation
enthalpies and onset temperatures than the thgrtme#ited gels. However, these studies
are not in complete accordance with Stettal. (2001), who reported no significant
differences for barley starch retrogradation betrabietween pressurized (550 MPa at 30
°C for 10, and 60 min) and thermal treated samf@es MPa at 90 °C for 30 min) in

storage, but enthalpy increased with storage tind &C, indicating the formation of

23



540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

amylopectin crystals. Let al. (2018) also observed that proso millet starchtatysity and
retrogradation enthalpies increased with the tiroenf3 to 192 hours at room temperature.
Furthermore, retrogradation studies performed b§ [4dhu (2018) with quinoa and maize
starches after two weeks between 100-600 MPa ah temperature for 5 min, reported
that pressure treatments did not have a signifieffiett on the thermal temperatures and
retrograding enthalpies when compared to the naamaples (p>0.05). For the latter,

qguinoa retrograding enthalpies were significanthaer than the maize enthalpies.

5.9. Starch structure and polymor phism

Starch crystalline structure is related to the rageanent of the amylopectin chains into
double helices and according to the X-ray diffractpattern they are categorized as type A,
B or C. The main difference between the first twahat helices are more compacted in A
than B, but the latter has a more hydrated corsveder, the type-C starch pattern has not
been entirely understood whether is a mixture @etp and -B starch patterns or a
different one (Copeland, Blazek, Salman & Tang 2008e effect of pressure on the X-ray
diffraction peaks of several type-A and -B starches studied by Liet al. (2011) that
concluded that diffraction peaks get weaker witle thcreasing pressure due to the
disruption of the starch structure crystals durgadatinization. Also, the effect of HP is
superior for type-A starches than for type-B. Ihastwords, the gelatinization pressures are
lower for type-A than type-B. X-ray diffraction petns of type-A and C starch tend
towards a type-B after gelatinization induced bgsgure treatment, while B kept their

original pattern as observed by Ahmed & Al-Atta@1Z) for chestnut starch (Table 12).

24



562 Guoet al. (2015a) reported that lotus seed starch was typedthe 14.86°, 17.75° and
563 22.82° peaks had increased intensity at 600 MRhcatng that the X-ray diffraction
564  pattern changed to type-B. Pressure induced polyiniem transition by facilitating the
565 rearrangement of the amylopectin chains and thebgwtion of water and starch
566 molecules. Similar changing of the diffraction patt from type-C to type-B was reported
567 by Li et al. (2011), Ahmecet al. (2016), and Liwet al. (2018) for mung bean, lentil, and
568 pea starches, respectively. Red adzuki bean stasth revealed a type-C pattern but,
569 despite a decrease in the intensity of the diffoacpeaks with the increasing pressure from
570 150 to 600 MPa. Any alteration on the diffracticattprn after the treatment with pressure
571 was observed also by lat al. (2015). According to the authors, these resulidctcde
572  attributed to insufficient pressure or to the coagsive effects in the amorphous regions.
573 Li et al. (2012) reported polymorphism shift of rice staclfiwmm type-A to B, where the
574  15.04°, 23.02°, 26.3°, and 30.26° diffraction pdaks decreased intensity, the 16.84° and
575 17.96 peaks merged, and the 20.02° peak remaingdthnged at 600 MPa. Derg al.
576  (2014) reported that rice starch changed polymamHrom type-A to B at 600 MPa, but
577 the RMN spectrum did no confirmed the X-ray resultse C1 resonances of native rice
578  starch showed a triplet at 98.9, 99.8 and 101.1, go the other at 102.2 ppm, indicating
579 an A-type starch. After pressure treatment, simi&sonances were observed, but with
580 lower intensity. These results suggested presdiget® on the molecular packing in the
581  crystalline regions were insufficient. This residt not in accordance with Guet al.
582  (2015b), who reported that lotus seed starch hadgdd its polymorphism form A-type to
583 a B-type structure at 600 MPa, which had two mageiks at 100 and 101 ppm. Relative
584  crystallinity and intensity of the three peaks @ased with pressure, suggesting a decrease

585 in the amorphous content and thus increased gelaion with pressure. Het al. (2017),
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Li et al. (2018), Liuet al. (2016c), Liuet al. (2016a), and Liwet al. (2016b) observed
changes on the diffraction patterns from type-Aype-B for waxy wheat, proso millet,
sorghum, tartary buckwheat and common buckwhesthsta, respectively. In a special and
extreme case, Ahmeat al. (2018) reported that quinoa starch completelyitsddiffraction

peaks at 600 MPa treatment.

5.10. In-vitro digestibility
Table 13 summarizes studies concerning thevitro starch enzymatic digestibility,
including the digestion conditions used and maimc@gsions reported by authors. idual.
(2017) studied th@n-vitro digestibility of waxy wheat starch, concluding tltantents of
digestible starch content increased from 300 toMB@, while resistance starch decreased.
Similar results were obtained by Deagal. (2014) for rice starch, reporting that despite
not detecting significant differences on thesec$tdiractions between the control and starch
treated at continuous 200 MPa for 30 min, the gustef digestible starch increase and
resistant starch decreased significantly when déttat 600 MPa and discontinuous 200
MPa for 15x2 min. However, these results are natdoordance with those of Liet al.
(2018), who reported that pea starch hydrolysisem®ed with the digestion time. Native
starch had the highest hydrolysis and increasiegptiessure from 150 to 600 MPa, the
hydrolysis and amounts of digestible starch deeawhile the resistant starch content
increased. The treatment at 600 MPa had the lomap&d digestible starch and the highest
resistant starch content levels (54.2% and 36.G%pactively) when compared to the
native starch (58.9% and 24.1%, respectively). ratten of the starch structure was

observed with pressure, i.e. the interactions betmamylose and amylopectin chains, the
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enzymes had lower susceptibility towards the medifstarch, decreasing hydrolysis and
altering starch fraction contents. Let al. (2016a), Liuet al. (2016b), and Liuet al.
(2016c) observed similar results for tartary buckat) common buckwheat, and sorghum
starches, respectively. According to the authdws study of starch digestibility is pertinent
for the glycemic index and on the prevention of mulin dependent diabetes. Therefore,
the starch modified by HP has potential in the pn#éon of chronical illnesses and in
health maintenance. Resistant starch can proteaihstgcolon cancer, maintenance of
cholesterol levels, decrease the glycemic index, @@duce insulinemic responses. The
increase of resistant starch content was an indicatf stronger interactions between
amylose and amylopectin chains. Several factorsafi@et the enzymatic susceptibility of
starch, including the amylose content and stargistalline structure. They found that
amylose content and crystallinity of pressurizeddtes were superior to the native starch,
leading to a lower hydrolysis rate. However, it walsserved an increase in slowly
digestible starch contents with pressure treatmehich could have happened due to the
intact structure of starch granules or the formmatod small quantities of lipid-amylose
complexes. Interestingly, these authors observed fnessure-treated starches had a
different polymorphism (B-type) than the native opetype). Therefore, HP is a good
technology to obtain starches with increased p@tehéalth benefits. Colusst al. (2017)
evaluated the effect the HP processing in comlmnatiith starch retrogradation on potato
starchin-vitro gastro small intestinal digestion. The author®regal a significant reduction
of 10-15% in the hydrolysis of starch modified bycycles of 10 min at 400 MPa with
retrogradation in relation to the native and only processed starch. Similar results were
observed for modification by 3 cycles at 600 MPawéver with lower hydrolysis values.

Additionally, the behavior of the starch modifieg ® cycles at 600 MPa and by 6 cycles at
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400 MPa was similar. This data suggest that HP gasing promoted the formation of
resistant and slowly digestible starch, as obsebyetiu et al. (2016a), Liuet al. (2016b),
and Liuet al. (2016c) for tartary buckwheat, common buckwheatl sorghum starches,

respectively.

6. Conclusion and futur e per spectives

This revision highlights that HP has a significamtpact on starch content, chemical
properties like swelling and solubility, birefringee, thermal, pasting, retrogradation,
polymorphism, and in-vitro enzymatic digestibilif starch, but also on the physical
properties such as grain morphology, crystallidggree, starch color, gels texture and
clarity/transparency. The change of these propeiti@ery dependent on the pressure used
to treat starch, justifying why some authors wexpable to fully gelatinize starches, while
others remained partially gelatinized. Additionallige starch type and origin also have an
important paper on the changes by HP. From theewed articles, one question
encountered that remains opened and needs a @ossiplanation is how swelling and
solubility decreases with pressure at higher teatpegs. Therefore, more studies are
needed to cast some light on this question. Theceffof HP on starches can be useful to
the starch industry in order to improve the stagahlity and to help to obtain the desired

properties and to improve or change nutritional bealth properties.

Acknowledgments
Thanks are due to the Universidade Catélica Poesgby the financial support of the
CBQF Associate Laboratory under the FCT project WOiti/50016/2019 and the project

Multibiorefinery (POCI-01-0145-FEDER-016403) and@lto University of Aveiro and

28



657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

FCT/MCT for the financial support for the QOPNA easch Unit (FCT
UID/QUI/00062/2019) and to  Associate Laboratory MREQUIMTE
(UIDB/50006/2020) through national funds and, whemplicable, co-financed by the
FEDER. Authors Luis M. G. Castro and Elisabete M.Alexandre are grateful for the
financial support of this work from FCT through tBectoral and Post-doctoral Grant

SFRH/BD/136882/2018 and SFRH/BPD/95795/2013, renmty.

Literature Cited

Ahmed, J., & Al-Attar, H. (2017). Structural profies of high-pressure-treated chestnut

flour dispersionsinternational Journal of Food Propertie20(supl), S766-S778.

Ahmed, J., Thomas, L., Arfat, Y. A., & Joseph, 2018). Rheological, structural and
functional properties of high-pressure treated gaistarch in dispersions.
Carbohydrate Polymerd497, 649-657.

Ahmed, J., Varshney, S. K., & Ramaswamy, H. S. @20Bffect of high pressure treatment
on thermal and rheological properties of lentibflslurry.LWT - Food Science and
Technology42(9), 1538-1544.

Ahmed, J., Thomasa, L., Tahera, A., & Joseph, B1&. Impact of high pressure
treatment on functional, rheological, pasting, atrdctural properties of lentil starch
dispersionsCarbohydrate Polymers 152, 639-647.

Balasubramaniam, V. M., Martinez-Monteagudo, & IGupta, R. (2015). Principles and
Application of High Pressure-Based TechnologiethenFood IndustryAnnual
Review of Food Science and Techno)&g¥), 435-462.

Bertoft, E. (2017). Understanding Starch Struct&ecent Progresé\gronomy 7(3), 2—29.

Btaszczaka, W., Valverdeb, S., & Fornal, J. (20B3fect of high pressure on the structure

29



681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

of potato starchCarbohydrate Polymer$9, 377-383.

Briones-Labarca, V., Muiioz, C., & Maureira, H. (2D1Effect of high hydrostatic pressure
on antioxidant capacity, mineral and starch biossitdity of a non conventional
food: Prosopis chilensis sedébod Research Internationad4(4), 875—-883.

Briones-Labarca, V., Venegas-Cubillos, G., OrtiztHa, S., Chacana-Ojeda, M., &
Maureira, H. (2011). Effects of high hydrostatiegsure (HHP) on bioaccessibility, as
well as antioxidant activity, mineral and starcmiamts in Granny Smith appleood
Chemistry 1282), 520-529.

Colussi, R., Kaur, L., Zavareze, E. R., Dias, AR, Stewart, R. B., Singh, J. (2017). High
pressure processing and retrogradation of potacctst Influence on functional
properties and gastro-small intestinal digestiomiiro. Food Hydrocolloids 75, 131-
137.

Copeland, L., Blazek, J., Salman, H., & Tang, M(ZD09). Form and functionality of
starch.Food Hydrocolloids23(6), 1527-1534.

Deng, Y., Jin, Y., Luo, Y., Zhong, Y., Yue, J., 9iX. et al. (2014). Impact of continuous
or cycle high hydrostatic pressure on the ultrastme and digestibility of rice starch
granulesJournal of Cereal Sciencé0(2), 302-310.

European Starch Industry Association. (2018a). 8tk market data. Retrieved October
20, 2018, from https://www.starch.eu/the-europdanch-industry/#data

European Starch Industry Association. (2018b). Elch market in figures. Retrieved
October 20, 2018, from https://www.starch.eu/thespaan-starch-industry/#data

European Starch Industry Association. (2018c). Vihatarch? Retrieved October 20,
2018, from https://lwww.starch.eu/starch/#

Giacometti, J., Kowgevi¢, D. B., Putnik, P., Gahtj D., Bilusk, T., Greta, Ket al. (2018).

30



705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

Extraction of bioactive compounds and essentialfodm mediterranean herbs by
conventional and green innovative techniques: AexevFood Research
International 113(November), 245-262.

Guo, Z., Zeng, S., Lu, X., Zhou, M., Zheng, M., &ehg, B. (2015a). Structural and
physicochemical properties of lotus seed starctacewith ultra-high pressuréood
Chemistry 186, 223-230.

Guo, Z., Zeng, S., Zhang, Y., Lu, X., Tian, Y., &&hg, B. (2015b). The effects of ultra-
high pressure on the structural, rheological atrtgeadation properties of lotus seed
starch.Food Hydrocolloids44, 285-291.

Hu, X. P., Zhang, B., Jin, Z. Y., Xu, X. M., & CheH. Q. (2017). Effect of high
hydrostatic pressure and retrogradation treatm@mtgructural and physicochemical
properties of waxy wheat stardfood Chemistry232 560-565.

Hu, X., Xu, X., Jin, Z., Tian, Y., Bali, Y., & Xi&Z. (2011). Retrogradation properties of
rice starch gelatinized by heat and high hydrastatessure (HHP)lournal of Food
Engineering 106(3), 262—266.

Jeong, D., Han, J. A, Liu, Q., & Chung, H. J. (2D Effect of processing, storage, and
modification onin-vitro starch digestion characteristics of food legumeReview.
Food Hydrocolloids90, 367-376.

Jiang, B., Li, W., Hu, X., Wu, J., & Shen, Q. (2@)5Rheology of Mung Bean Starch
Treated by High Hydrostatic Pressurgernational Journal of Food Properties
18(1), 81-92.

Jiang, B., Li, W., Shen, Q., Hu, X., & Wu, J. (2@)5Effects of high hydrostatic pressure
on rheological properties of rice startiternational Journal of Food Propertigs

18(6), 1334—1344.

31



729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

Katopo, H., Song, Y., & Jane, J. (2002). Effect amethanism of ultrahigh hydrostatic
pressure on the structure and properties of star€ta@bohydrate Polymergl7, 233—
244,

Leite, T. S., Jesus, A. L. T., Schmiele, M., TrjstA. L., & Cristianini, M. (2017). High
pressure processing (HPP) of pea starch: Effeth@gelatinization propertiesWT -
Food Science and Technolo@y, 361-369.

Li, G., & Zhu, F. (2018). Effect of high pressune idheological and thermal properties of
quinoa and maize starchésod Chemistry241, 380-386.

Li, W., Bai, Y., Mousaa, S. A. S., Zhang, Q., & 8h®. (2012). Effect of High
Hydrostatic Pressure on Physicochemical and StraldRroperties of Rice Starch.
Food and Bioprocess Technolo{6), 2233-2241.

Li, W., Gao, J., Saleh, A. S. M., Tian, X., Wang, Rang, Het al. (2018). The
Modifications in Physicochemical and Functionalg&dies of Proso Millet Starch
after Ultra-High Pressure (UHP) ProceStarch 70(5-6), 1700235.

Li, W., Tian, X., Liu, L., Wang, P., Wu, G., Zhenget al.(2015). High pressure induced
gelatinization of red adzuki bean starch and ifisot$ on starch physicochemical and
structural propertieszood Hydrocolloids45, 132—-139.

Li, W., Zhang, F., Liu, P., Bai, Y., Gao, L., & SheQ. (2011). Effect of high hydrostatic
pressure on physicochemical, thermal and morphocdbgroperties of mung bean
(Vigna radiataL.) starch.Journal of Food Engineering.034), 388—393.

Liu, H., Fan, H., Cao, R., Blanchard, C., & Wang, [®016c). Physicochemical properties
and in vitro digestibility of sorghum starch alteétgy high hydrostatic pressure.
International Journal of Biological Macromolecul&®?, 753—-760.

Liu, H., Guo, X., Li, Y., Li, H., Fan, H., & WangdJl. (2016a). In vitro digestibility and

32



753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

changes in physicochemical and textural propedig¢artary buckwheat starch under
high hydrostatic pressurédournal of Food Engineerind.89, 64—71.

Liu, H., Wang, L., Cao, R., Fan, H., & Wang, M. {&b). In vitro digestibility and changes
in physicochemical and structural properties of own buckwheat starch affected by
high hydrostatic pressur€arbohydrate Polymerd44, 1-8.

Liu, M., Wu, N. N, Yu, G. P., Zhai, X. T., Chen, Xhang, Met al.(2018).
Physicochemical properties, structural properaesl in vitro digestibility of pea
starch treated with high hydrostatic press@tarch 70(1-2), 1700082.

Liu, Y. Q., Liu, Y. N, Li, H., Shen, R. L., Li, XH., & Yang, L. Z. (2011). The Study on
gelatinization pressure of starch by ultra-highsptee processingdvanced
Materials Researct?95-297, 131-134.

Santana, A. L., & Meireles, M. A. A. (2015). NewaBthes are the Trend for Industry
Applications: A ReviewFood and Public Health4(5), 229-241.

Schirmer, M., Jekle, M., & Becker, T. (2015). Stagelatinization and its complexity for
analysis Starch 67, 30—41.

Stolt, M., Oinonen, S., & Autio, K. (2001). Effeot high pressure on the physical
properties of barley starcmnovative Food Science and Emerging Technolod(&s,
167-175.

Thevelein, J. M., Assche, J. A. Van, Heremans&Gerlsma, S. Y. (1981). Gelatinisation
temperature of starch, as influenced by high pres@arbohydrate ResearcB3,
304-307.

Vallons, K. J. R., & Arendt, E. K. (2009). Effea$ high pressure and temperature on the
structural and rheological properties of sorghuancét.Innovative Food Science and

Emerging Technologied0(4), 449-456.

33



777

778

779

780

781

782

783

784

785

786

787

Vittadini, E., Carini, E., Chiavaro, E., Rovere, & Barbanti, D. (2008). High pressure-
induced tapioca starch gels: physico-chemical ataraation and stabilityeuropean
Food Research and Technologgq4), 889—-896.

Xi, J. (2017). Ultrahigh pressure extraction ofdsitve compounds from plants-A review.
Critical Reviews in Food Science and Nutriti®@(6), 1097-1106.

Yang, Z., Chaib, S., Gu, Q., & Hemar, Y. (2017)phnt of pressure on physicochemical
properties of starch dispersiof®@od Hydrocolloids68, 164-177.

Yordanov, D. G., & Angelova, G. V. (2010). High Bsere Processing for Foods
PreservingBiotechnology & Biotechnological EquipmeR#4(3), 1940-1945.

Zia-ud-Ding, Xiong, H., & Fei, P. (2017). Physi@ald chemical modification of starch. A

Review.Critical Reviews in Food Science and Nutritié@(12), 2691-2705.

34



1

2

Table 1 Hygroscopic propertiesf treated starches.

féirrig P(MPa) T(C) t(min) Main findings Reference
Lentil 400-600 25 ND Water holding capacity increased ffbinto 600 MPa. Ahmedet alet
Those values among the pressure level were signtficdifferent. al. (2016)
Increasing the pressure, the solubility decreaaed particle volume fraction increased.
Quinoa 300-600 25-70 ND Water holding capacityubiity, and particle volume fraction increasednr@.1MPa Ahmedet al
to 600 MPa and from 25 to 75 °C. (2018)
Chestnut 400-600 25-70 ND Increasing the pressotability and particle volume fraction did not ciuge. Ahmed & Al-
Increasing the temperature, solubility and partdkime fraction increased. Attar (2017)
Water holding capacity at 25-70 °C, pressure tcbaddues were lower than the control.
Water holding capacity values increased from 2B06C.
Lotus seed 100-600 55-95 30 Swelling and soluhitityeased from 55 to 95 °C. Guoet al,
At 85-95 °C, pressure treatment decreased significawelling and solubility. (2015a)
At 55-75 °C, pressure treatment increased sigmfigawelling and solubility.
Rice 120-600 50-90 30 Swelling and solubility ireged from 50-90 °C. Li, Bai,
From 50-60 °C at 600 MPa, swelling and solubilityues were higher than the native. Mousaa,
At 70-90 °C opposite results were found. Zhang, &
Shen (2012)
Mung bean  120-600 90 30 From 0.1 to 600 MPa, smgelind solubility decreased. Li et al
Differences were significant, except from 0.1 t® 2MPa. (2011)
Pea 150-600 30-90 30 Generally, solubility and bageincreased from 30-90 °C. Liu et al
From 30-70 °C at 600 MPa, starch had higher satylaihd swelling. (2018)
At 600 MPa and 90 °C, solubility and swelling hadiér values.
Quinoa and 100-600 55-90 ND Solubility and swelling of quineare higher than maize. Li & Zhu
Maize Above 500 MPa, solubility and swelling at high tesmgures tended to decrease. (2018)
Pressures higher than 400 MPa, solubility and swgehad higher values at lower
temperatures.
Swelling and solubility at lower temperatures dasezl up to 400 MPa.
Increase of pressure to 600 MPa, values decreased.
Proso millet  150-600 50-90 ND Swelling and solupilncreased with pressure from 50-60 °C. Li et al
At 70 °C and 600 MPa had the highest solubility lweest swelling. (2018)
At 80-90 °C, swelling and solubility decreasedgoessurized samples in relation to the
native.
Sorghum 120-600 50-90 30 Swelling increased froGOC. Liu, Fan, Cao,

From 50-60 °C, swelling had the highest valueatMPa.
Compared to native at 70-90 °C, swelling decreas#dincreasing pressure.

Blanchard, &
Wang (2016¢)

P: Treatment pressure; t: Analysis time; T: Anayemperature; ND: no data.
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Table 1 Hygroscopic propertiesf treated starches (continued).
féirrig P(MPa) T(C) t(min) Main findings Reference
Common 120-600 50-90 30 From 50-90°C, swelling and soiytiihcreased. Liu et al
buckwheat At 50-60°C, swelling and solubility had the higheslues at 600 MPa. (2016b)
Opposite results were observed at higher tempestur
Compared to native, treated starch had lower swgeind solubility at 70-90 °C. This
reduction was correlated with the increasing pnessu
Red adzuki 150-600 50-90 30 Solubility increased from 150-64Ra. Li et al
beans From 50-90 °C, solubility did not varied signifi¢cBn (2015)
Solubility from 450-600 MPa at 90 °C was lower tlzrb0-80 °C.
Swelling increased from 50-90 °C.
At 50-60 °C, swelling increased with increasingsstee (highest value at 600 MPa).
At 80-90 °C, swelling decreased with increasingguee (lowest value at 600 MPa).
Tartary 120-600 50-90 30 At 50-90 °C, swelling and solipilncreased. Liu et al
buckwheat At 50-60 °C, swelling and solubility had the higheslues at 600 MPa. (2016a)

Opposite was observed at higher temperatures.
Compared to native, treated starch had lower swgeind solubility at 70-90 °C. This
reduction was correlated with the increasing pnessu

P: Treatment pressure; t: Analysis time; T: Anaysmperature; ND: no data.



16  Table 2 Grain morphology and particle size of starch gtas treated with different pressures.

Starch P (MPa) T(°C) t(min) Main findings Reference
Waxy 300-600 room ND At 300 MPa, granules had intactcstire but were tighter, rougher with wrinkles.Hu, Zhang, Jin,
wheat At 400 MPa, granules packed tighter had little scefmelting. Xu, & Chen
At 500 MPa, granules had irreversible loss andwiscbus gel-like regions (2017)
At 600 MPa, structure was destroyed.
Lotus seed 100-600 room 30 Native granules weretmwith elliptical shape. Guoet al
Pressures500 MPa had no significant changes in granules huggy. (2015a)
At 600 MPa, granules were collapsed and had douegirape.
Sorghum 120-600 room 20 Native granules had ireeushape with smooth surfaces. Liu et al
From 120-360 MPa, granules structure was intact. (2016c¢)

At 480 MPa, granules were swelled and collapsed.
At 600MPa, were deformed and had appeared to heveslf
Common  120-600 room 20 Native granules had irregular shapth smooth surfaces. Liu et al
buckwheat Granules shape was intact from 120-360 MPa. (2016b)
At 480 MPa, were collapsed and had a doughnut shape
At 600 MPa were gelatinized, deformed, and colldpse
Tartary 120-600 room 20 Native granules had irregular shapth smooth surfaces. Liu et al
buckwheat Granules shape was intact from 120-360 MPa. (2016a)
At 480 MPa, granules were collapsed and had a daugthape.
At 600 MPa granules were gelatinized, deformed,aidpsed.
Mung bean  120-600 room 30 Native granules had kicmel ellipse shapes with smooth surface. Li et al (2011)
From 120-480 MPa granule size did not changedshhape and surface did.
Granules at 600 MPa collapsed and had a doughapesh
Rice 120-300 room 30 Native granules had polyheatdlirregular. Li et al (2012)
Changes in the granules were not obvious from BDMPa.
At 600 MPa, granules loss structure and had aikglabpearance.

Rice 200-600 25 30 Native granules had polygonal or irregular shapes. Denget al
15x2 At 200 MPa, the surfaces were rough and had gelddundaries. (2014)
At 600 MP, granules were destroyed, and the gel#dgions expanded.
Proso millet  150-600 ND 15 Native granules had ssh\shapes. Li et al (2018)

At 450 began to lose the granular structure.

At 600 MPa were disrupt and disintegrated intoldgelstructures.
17 P: Treatment pressure; t: Treatment time; T: Treatrtemperature; ND: no data.
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Table 2 Grain morphology and patrticle size of starch gtes treated with different pressures (continued).

Main findings Reference
Native granules had irregularshapes with smooth surface. Liu et al
At 150-450 MPa, some granules were broken. (2018)

At 600 MPa, granules were collapsed and had ireggliapes.
Particle size distribution increased significaraty600 MPa.

Mean particle size decreasdtlglaf 600 MPa. Leiteet al
Size distribution had large particles agglomeradb600-600 MPa. (2017)
At 400 MPa, larger particles could be attributedhydration.

At 500-600 MPa, the increase in particle size cdddscribed to entrance of
water by pressure.

Native granules had varsagpes and smooth surface. Ahmed & Al-
At 600 MPa, granules surface was smooth with a ngrack. Attar (2017)
D90 decrease significantly in particle size possithie to excessive pressure.

Some native granules wer# anthpolygonal and smaller, and others were Vallons &
round and bigger. Arendt (2009)

At 600 MPa (100% gelatinization), most granulegiretd some integrity.

Like the native granules, masssure treated ones retain shape and many had Btaszczaka,
significant deformations. Valverdeb &
Some had clear gel-like structures. Fornal (2013)
With 3 min treatment, time was responsible for kighranule destruction.

P: Treatment pressure; t: Treatment time; T: Treatrtemperature; ND: no data.



34 Table 3 Birefringence of starch granules treated witliedént pressures.

Starch P (MPa) T(°C) t(min) Main findings Reference
Lotus seed  100-600 25 30 Native granules had bigefnce under polarized light. Guoet al (2015b)
No relevant changes were found at 400 MPa.
Birefringence pattern was weaker at 500 MPa ancesgnanules loss it.
Birefringence pattern was loss at 600 MPa, but s@mained.
Red 150-600 room 15 Native granules had birefringenmu#eu polarized light. Li et al (2015)
adzuki No relevant changes were found at 150-450 MPa.
bean Granules lost birefringence at 600 MPa.
Rice 120-600 room 30 Native granules had birefnregeunder polarized light. Li et al (2012)
No relevant changes were found at 120-360 MPa.
At 480 MPa occurred some partial loss of birefrimge
Complete birefringence loss was observed at 600. MPa
Rice 200-600 25 30; Native granules had birefringence under polarizgtt.| Denget al (2014)
15x2  No special changes in birefringent occurred at K6@.
At 600 MPa was observed partial polarization ctosses, especially after cycle
pressure processing.
Proso 150-600 ND 15 Native granules had birefringence under pcarimght. Li et al (2018)
millet No relevant changes were found at 150-300 MPa.
At 450MPa occurred some birefringence loss.
Birefringence pattern was loss at 600 MPa.
Sorghum 300-600 20 10 Native granules had biredricg under polarized light. Vallons & Arendt
Birefringence decreased with increasing pressuogeaB00 MPa. (2009)
A significant birefringence loss occurred at 400aviP
Birefringence pattern was loss at 600 MPa.
Pea 300-600 25 15 No special changes in birefringezurred up to 500 MPa. Leiteet al (2017)

Birefringence pattern was loss at 600 MPa.

35 P: Treatment pressure; t: Treatment time; T: Treatrtemperature; ND: no data.
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43  Table 4 Texture of starch (gels) treated with differerggsures.

Force ()
Starch P (MPa) T(°C) t (days) Parameter AP/HP (MPa) Reference
Tartary 120-600 4 overnight Hardness 148.7/22.3 Liu et al (2016a)
buckwheat Adhesiveness 146.5/27.8
Gumminess 93.0/9.1
Chewiness 96.9/9.3
Springiness 0.96/0.98
Cohesiveness 0.652/0.415
Common 120-600 4 overnight Hardness 83.6/6.8 Liu et al (2016b)
buckwheat Adhesiveness 113/9.7
Gumminess 55.5/3.3
Chewiness 52.7/3.2
Springiness 0.95/0.98
Cohesiveness 0.664/0.488
Tapioca 600 ND 1 Hardness ND Vittadini, Carini,
Cohesiveness Chiavaro, Rovere,
Adhesiveness & Barbanti (2008)
Tapioca 600 4 and -18 28 Hardness ND
Cohesiveness
Quinoa 100-600 4 1 Hardness 25.8/31.1 Li & Zhu (2018)
Factorability 22.6/28.9
Adhesiveness -211/-186
Cohesiveness 0.637/0.52
Quinoa 100-600 4 7 Hardness 25.9/28.7
Factorability 28.1/23.6
Adhesiveness -194/-186
Cohesiveness 0.589/0.508
Maize 100-600 4 1 Hardness 54.1/42.9
Factorability 40.6/40.3
Adhesiveness -219/-262
Cohesiveness 0.557/0.5%
Maize 100-600 4 7 Hardness 58.3/53.6 Li & Zhu (2018)
Factorability 48.9/37.5
Adhesiveness -235/-233
Cohesiveness 0.458/0.441

44  a) Value expressed in force per time (g.s); b) disienless parameter; P: Treatment pressure; tagtdime; T: Storage temperature; AP/HP:

45  Atmospheric pressure/High pressure; ND: no data.
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Table 5. Color of treated starches.

. Values’
Starch T(°C) t (min) Parameter AP/HP (MPa) Reference
Quinoa ND 15 Redness 0.52/1.56 Ahmedet al (2018)
Yellowness 9.6/16.41
Lightness 88.50/80.63
Chestnut ND 10 Redness 2.20/2.75 Ahmed & Al-Attar (2017)
Yellowness 13.37/13.60
Lightness 83.50/83.06
Lentil ND 10 Greenness 0.03/0.12 Ahmedet al (2016)
Yellowness 2.37/2.08
Lightness 81.91/78.53

a) Dimensionless parameter; P: Treatment pressuresatment time; T: Treatment temperature;

no data.

AP/Bittnospheric pressure/High pressure; ND:
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Table 6. Chemical composition of treated starches.

Content (%)

Starch P (MPa) T(°C) t (min) Parameter AP/HP (MPa) Reference
Common buckwheat 120-600 room 20 Moisture 11.20/10.50 Liu et al (2016b)
Ash 1.10/0.89
Fat 0.50/0.45
Protein 0.35/0.32
Total starch 89.90/88.70
Amylose 28.10/35.40
Tartary buckwheat 120-600 room 20 Moisture 12.6/11.5 Liu et al (2016a)
Ash 0.90/0.82
Fat 0.40/0.36
Protein 0.48/0.42
Total starch 91.8/89.5
Amylose 29.1/34.2
Quinoa 300-600 ND 15 ND ND Ahmedet al (2018)
Chestnut 300-600 ND 10 Moisture <15 Ahmed & Al-Attar (2017)
Ash 1.8/2
Fat 0.4/0.79
Protein 7.5/7.8
Total starch 47.30/46.08

P: Treatment pressure; t: Treatment time; T: Treattemperature; AP/HP: Atmospheric pressure/Hrgissure; ND: no data.



77  Table 7: Thermal properties of treated starches.

To (°C) Tp (°C) Tc (°C) ATF (°C) AH (J/g) GD (%)
Starch P(MPa)  Ap/HP (MPa) AP/HP (MPa) AP/HP (MPa) AP/HP (MPa) AP/HP (MPa) AP/HP (MPa) Reference
Barley 400-550 ND ND ND ND ND ND Stolt, Oinonen, &
Autio (2001)
Pea 300-600  53.61/ND 58.79/ND 62.78/ND 9.17/ND BNTB 0/100 Leite et al (2017)
Pea 150-600 64.0/ND 69.7/ND 74.3IND 10.3/ND 6.2/ND 0/100 Liu et al (2018)
Red adzukibean  150-600  61.22/ND 68.35/ND 78.99/ND  17.77/ND 6.76/ND 0/100 Li et al (2015)
Proso millet ~ 150-600  64.16/ND 68.45/ND 79.09/ND 9BIND 10.58/ND 0/100 Li et al (2018)
Lotus seed 100-600  67.75/ND 73.75/ND 79.16/ND UNDY 13.11/ND 0/100 Guoet al (2015a)
Mung bean  100-600 59.9/ND 67.8/ND 79.3/ND 20.3/ND .9/8D 0/100 Li et al (2011)
Rice 120-600 58.1/ND 65.1/ND 76.5/ND 20.5/ND 11BN 0/100 Li et al (2012)
Quinoa 300-600  59.69/ND 65.96/ND ND ND 4.33IND @10  Ahmedetal (2018)
Quinoa 100-600 59.5/ND 64.6/ND 74.6/ND 15.1/ND 14D 0/100 Li & Zhu (2018)
Maize 100-600  68.3/45.5 72.3/52.8 78.3/62.0 106816  14.3/6.1 0/57 Li & Zhu (2018)
Lentil 400-600  55.71/ND 63.72/ND ND ND 8.8/ND 0/100  Ahmedet al (2016)
Sorghum 300-600 62.3/ND 67.0/ND 72.0/ND 9.7/ND 2.53 0/100 Vallons & Arendt
(2009)
Waxy wheat ~ 300-600  61.17/45.34  64.87/53.70  71.197/62 10.02/17.23 13.48/2.81 0/79 Huet al (2017)
Chestnut flour ~ 400-600 ND 67.4/68.4 ND ND 4.83/2.9 0/40 Ahmed & Al-Attar
(2017)
Tartary 120-600  70.5/62.1 77.0/98.5 83.9/71.6 13.4/9.5 /658 0/67 Liu et al (2016a)
buckwheat
Sorghum 120-600  71.5/63.0 77.0/67.5 85.3/72.1 238/ 22.4/10.6 0/53 Liu et al (2016c)
Common  120-600  65.5/61.6 76.5/69.5 80.3/71.4 14.8/9.8 18765 0/62 Liu et al (2016b)
buckwheat
Potato 600 65.04/58.79 70.08/65.70 77.17/72.57 3123178 15.96/4.31 0/73 Btaszczakat al

(2013)

78
79
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84

P: Treatment pressure; To: Onset temperature; APAHRospheric pressure/High pressure; Tp: Peak éeatpre; Tc: Conclusion temperature;
ATr: Gelatinization temperature range: Gelatinization enthalpy; GD: Gelatinization degr ND: no data.



85 Table 8 Dynamic oscillation properties of treated stasche

Starch P(MPa) T((C) f(rad/s) S (%) Main findings Reference
Lotus seed  100-600 25 0.1-100 0.5 G’ > G” with no crossover. Guoet al
Moduli increased from 100 MPa to 500 MPa and desséat 600 MPa. (2015b)

The capacity to recover the original structure uride-shear conditions
after pressure treatment decreased with incregsassgure.
Chestnut  300-600 25 ~0.63-63 0.1 G’ >G” increased with frequency. Ahmed & Al-
dispersion Moduli increased from 0.1 to 600 MPa. Attar (2017)
Complex viscosity increased with pressure.
Slope of logarithmic plots d&’ versus frequency increased from 0.1 to

600 MPa.
Lentil 450. 20 ~0.63-63 ND G >G” and pressure treatment increased moduli values. Ahmed,
dispersion 350 and Slope of logarithmic plots d&’ versus frequency increased with pressure Varshney, &
650 treatment. Ramaswamy
Complex viscosity increased with pressure. (2009)
Mung 120-600 25 0.1-100 0.5 G’ >G” with no crossover. Jiang, Li, Hu,
bean Moduli increased with frequency and with pressueatiment, Wu, & Shen
Moduli increased rapidly at lower frequencies alasivlyy at higher ones. (2015a)
Rice 120-600 25 0.1-100 0.5 G’ >G” with no crossover. Jiang, Li, Shen,
Moduli increased with frequency and with pressueatiment, Hu, & Wu
Moduli increased rapidly at lower frequencies alasivly at higher ones. (2015b)
Lentil 400-600 25 ~0.063-63 0.01 G’ increased with increasing pressure. Ahmedet al
G’ >G” with no crossover. (2016)
Slope of logarithmic plots d&’ versus frequency decreased from 0.1 to
600 MPa.

86 a) ND, no data (performed within the linear visestic range); P: Treatment pressure; T: Analysigptrature; f: Frequency; S: Stra@®,; Storage
87 modulus;G”: Loss modulus.
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95 Table 9 Steady flow behavior of treated starches.

Index valuée® K (Pa.s") Yield stress (Pa)

Starch P(MPa) T(CC) t(min) SR (sY AP/HP (MPa) AP/HP (MPa) AP/HP (MPa) Flow model Reference

Mung bean 120-600 20 30 0-300 0.24/0.28 28.23/86.81 ND Pdawer(>0.95) Jianget al
(2015a)

Rice 120-600 25 30 0-300 ND ND ND ND Jianget al
(2015b)

Lotus seed  100-600 25 3 0-300 0.487/0.211 6.61141.3 35.81/19.61 Herschel-Bulkley Guoet al
(r*>0.99) (2015b)

Quinoa 100-600 25 5 0.1-1000 0.38/0.51 6.50/2.10 3.73/0.57 Herschel-Bulkley (-Li & Zhu
(2018)

Maize 100-600 25 5 0.1-1000 0.59/0.63 1.82/0.45 8.2/0.55 Herschel-Bulkley (-Li & Zhu
(2018)

96 a) Dimensionless parameter; P: Treatment pres$usessay temperature; t: Shear rate increasing; tBfe Shear rate range; K: consistency
97  coefficient; AP/HP: Atmospheric pressure/High pteesND: no data.
98
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112 Table 1Q Pasting properties of treated starches.

Starch P PT (°C) Pt (min) PV (Pas) TV (Pas) BD (Pas) FV (Pas) SB(Pas) Reference
(MPa) AP/HP (MPa) AP/HP (MPa) AP/HP (MPa) AP/HP (MPa) AP/HP (MPa) AP/HP (MPa) AP/HP (MPa)

Common 120-600 63.7/68.8 4.26/5.73 4.019/0.371 ND 1.641/0.150 4.293/0.568 1.915/0.347 Liuetal
buckwheat (2016b)
Sorghum  120-600 63.0/66.5 4.19/4.87 4.464/1.611 ND 2.701/0.457 BA314 1.734/1.160 Liu etal
(2016¢)

Tartary  120-600 62.9/68.2 4.06/5.82 3.803/0.398 ND 1.612/0.129 &2643 2.017/0.278 Liuetal
buckwheat (2016a)
Lotus seed 100-600 79.9/ND 6.2/7.0 1.3377/0.2102 1.2437/0.1853 0.028104 1.9132/0.3454 0.6703/0.1601Guoet al
(2015a)
Red adzuki 150-600 50.63/92.33 4.50/7.00 5.252/0.613 3.751/0.506 1.501/0.107 4.936/0.889 1.185/0.383 Li et al
bean (2015)
Mung bean 120-600 72.0/72.7 4.2/5.6 6.207/5.761 5.818/5.346 3.369M.3 4.276/7.945 1.493/2.570 Lietal
(2011)

Mung bean 120-600 ND 13.01/14.81 2.61/3.12 1.38/2.65 1.23/0.47 3.802 1.23/052 Jianget al
(2015a)

Quinoa 100-600  67.4/50.0 ND 6.29/5.48 ND ND ND ND Li & Zhu
(2018)
Maize 100-600 75.2/68.9 ND 3.62/3.18 ND ND ND ND Li & Zhu

(2018)

Pea 150-600  70.3/61.8 4.7/7.0 2.9090/0.5240 2.2750/0.4730 608800 3.924/0.693  1.6540/0.2200 Liu et al
(2018)

Pea 300-600 ND 6.16/6.22 0.30297/0.4550.09367/0.082 0.20900/0.373 0.28433/0.333 0.19067/0.250 Leiteet al
33 33 00 00 67 (2017)

Rice 120-600 ND 11.5/17.2 0.265/1.077 0.235/1.040 0.030/0.037 56%1.593 0.334/0.533 Jianget al
(2015b)

Lentil 400-600 64.1/56.5 9/44.43 95620° 5867517 37213 1666/688 1080/172%° Ahmedet

al. (2016)
Proso 150-600 57.40/89.56 4.33/5.47 2.807/0.252 1.061/0.402 107283 0.2694/0.725 1.634/0.321 Lietal
millet (2018)

Chestnut  500-600 62.6/61.9 3.9/4.2 1081026 825/903 262/123 839/857 14/(-51) Ahmed &
Al-Attar

(2017)

113 a) Value expressed in Brabender unities (BU );i@aliment pressure; PT: Pasting temperature; Pk tihee; PV: Peak viscosity; TV: Trough
114  viscosity; BD: Breakdown; FV: Final viscosity; SBetback; AP/HP: Atmospheric pressure/High pressuite;no data.
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117  Table 11 Retrogradation properties of starch gels treatdld different pressures.

Starch P (MPa) T (°C) t (days) Main findings Reference
Lotus 100-600 4 14 Enthalpy increased with storage time, but decreatsepressure. Guoet al
seed Pressurized starch had bigger Avrami exponent gadne smaller recrystallization rates thar (2015b)
the native starch.

Rice 600 4 35 Retrogradation of pressure-treated rice starchlovasr than the heat treated (boiling water f Hu et al
30 min). (2011)
Pressure-treated rice starch had higher Avramimaiioand a lower recrystallization rates in
relation to the heat treatment, indicating thaspuee slowed retrogradation.

Waxy 600 4 35 Treatments did not affect waxy rice starch retrdgten properties and amylose leaching. Huet al
rice (2011)

Tapioca 600 4 and - 28 Reduced retrogradation in pressure treatment wbepared to the heat treatment (water at Vittadini et

18 90°C for 20 min). al. (2008)
In general, frozen pressure treated gels had losteygradation that refrigerated.
Barley 550 4 7 Enthalpy increased with increasing storage time. Stoltet al
Increased pressurization did not change the retdagion behavior. (2001)
Similar Main findings were obtained for the heattment (water at 90° for 30 min).

Proso 600 room 8 Crystallinity increased with the retrogradationéim Li et al
millet Enthalpy increased with storage time. (2018)
Maize 100-600 4 14 Pressure had little affected on retrogradation wémmpared to the control. Li & Zhu
and (2018)

Quinoa

118  P: Treatment pressure; t: Storage time; T: Storagperature.
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128  Table 12 Polymorphism and X-ray diffraction peaks of teghtarches.

CRY (%)
(o)
Starch NP Np (°) P (MPa) FN AP/HP (MPa) Reference
Chestnut B 15, 17, and 22.5 400-600 B ND Ahmed & Al-Attar
(double) (2017)
Lotus seed C 14.86, 16.96, 17.75, 100-600 B ND Guoet al (2015a)
22.82
Mung bean C 15.08, 17.2, 17.92, 120-600 B ND Li et al (2011)
22.92, 26.34
Lentil C 15.4,17.2,23.1 400-600 B ND Ahmedet al (2016)
Pea C 15.3,17.2, 17.7, 23.3, 150-600 B ND Liu et al (2018)
25.9
Red adzuki bean C 15, 17, 20 150-600 C ND Li et al (2015)
Rice A 15.04, 16.84, 17.96, 120-600 B ND Li et al (2012)
23.02, 20.04, 26.3,
30.26
Waxy wheat A 15,17,17.9, 23 300-600 A+B 37.03/16.93 Huet al (2017)
Proso millet A 15,17, 18, 23 150-600 B 38.87/9.1 Li et al (2018)
Sorghum A 15.3, 17.34, 18.08, 120-600 B 38.0/24.4 Liu et al (2016c)
23.28
Tartary buckwheat A 15.22,17.32,18.14, 120-600 B 38.8/26.2 Liu et al (2016a)
23.12
Common buckwheat A 15.22,17.32, 18.14, 120-600 B 39.3/26.2 Liu et al. (2016¢)
23.12
Quinoa A 14.88, 16.93, 17.56, 300-600 ND ND Ahmedet al (2018)
22.73
Rice A 15, 23, and unresolvec 200-600 B 28.1/18.4 Denget al (2014)
doublet (around 17 and
18)

129  NP: Native pattern; Np: Native diffraction peaksTlPeatment pressure; Final pattern observed dtititeest-pressure treatment; CRY: Crystallinity;
130 AP/HP: Atmospheric pressure/High pressure; ND: atad
131

132
133

134



135  Table 13 In-vitro enzymatic digestion conditions of treated starches

Starch P (MPa) Enzymatic conditions Main findings Reference
Waxy 300-600 a-amylase (290 U/ml) + Increasing the pressure level, the rapid and sigestible starch contents Huet al
wheat amyloglucosidase (15 U/ml) [phosphaincreased, and the resistant starch content dexteas (2017)
buffer (pH 5.2); 37 °C; 120 min]
Rice 200-600 oa-amylase (275 U) + amyloglucosidasNo significant differences were found in rapid ditjlele, slow digestible, Denget

(70 V) [sodium acetate-acetic acid and resistant starches between the control andlsarapted at continuous al. (2014)
buffer (pH 6); 37 °C; 240 min] 200 MPa for 30 min, but other high-pressure treatsieesulted in
significant increases in rapid and slow digestgtgch, and resistant starch

decreases.
Pea 150-600 ND Hydrolysis increased with digestion time. Liu et al
Native starch had higher hydrolysis than the pnéssd starches. (2018)

Increasing pressure, the hydrolysis decreased] eaqul slow digestible
starch amount decreased, and resistant starchrntamtecased.
At 600 MPa had the lowest rapid digestible stamhtent and the highest
resistant starch levels.
Sorghum 120-600  Pepsin [HCI-KCI buffer (0.05M, pH Hydrolysis increased with digestion time. Liu et al
1.5); 40 °C; 60 min] Native starch had higher hydrolysis than pressdrstarches. (2016¢)
+ a-amylase (2.6 Ul) [Sodium acetateReduction in hydrolysis was correlated with increggressure, rapid
buffer (0.5 M, pH 6.9); 37 °C; 3h] + digestible starch content decreased, but slow tiidestarch and resistant
amyloglucosidase [sodium acetate starch contents increased.
buffer (0.4M, pH 4.75); 60°C; 45 min] At 600 MPa: lowest rapid digestible starch, andhighest slow digestible
starch and resistant starch contents.
Tartary 120-600  Pepsin [HCI-KCI buffer (0.05M, pH Hydrolysis increased with digestion time. Liu et al
buckwheat 1.5); 40 °C; 60 min] Native starch had higher hydrolysis than pressdr&arches. (2016a)
+ a-amylase (2.6 Ul) [Sodium acetate Reduction in hydrolysis was correlated with increggressure, rapid
buffer (0.5 M, pH 6.9); 37 °C; 3h] + digestible starch content decreased, but slow tijestarch and resistant
amyloglucosidase [sodium acetate starch contents increased.
buffer (0.4M, pH 4.75); 60°C; 45 min] At 600 MPa: lowest rapid digestible starch, andrighest slow digestible
starch and resistant starch contents.
Common 120-600 ND Hydrolysis increased with digestion time. Liu et al
buckwheat Native starch had higher hydrolysis than pressdrstarches. (2016b)
Reduction in hydrolysis was correlated with increggressure, rapid
digestible starch content decreased, but slow tiidestarch and resistant
starch contents increased.
At 600 MPa: lowest rapid digestible starch, andiighest slow digestible
starch and resistant starch contents.

136  P: Treatment pressure; ND: no data.



Highlights

1. Starch properties can be differently altered depending on origin and pressure level
2. Pressure can increase starch swelling and solubility depending on the temperature
3. Pressure can dter significantly starch thermal and pasting properties

4. Pressure can delay/decrease starch retrogradation and change starch polymorphism

5. Pressure can ater the amount of resistant/fast/slow digestible starch
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