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Abstract

The industrial utilization of native starches is limited because of their poor qualities and different starch modifi-
cations are used to improve functionality of starch. Physical modification of starch is preferred since it is simple, 
inexpensive, and specially it does not involve any chemical reagents. Physical modifications can be divided into 
thermal and non-thermal treatments. These techniques alter physicochemical properties of starch including in 
vitro digestibility, which indicates the nutritional value of starch. Starch nutritional fractions are of three types; 
RDS (rapidly digestible starch), SDS (slowly digestible starch) and RS (resistant starch). It is important to under-
stand how physical modifications affect starch nutritional fractions as both SDS and RS have beneficial health 
effects and specially RS has the potential to be used as a natural bioactive compound. This review aims to sum-
marize the recent knowledge regarding the physical modifications and their impact on in vitro digestibility and 
nutritional fractions of starch.
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1. Introduction

Starch provides 50–70% of the energy requirement in the human 
diet, serving as a direct source of glucose. Starch has a great po-
tential to serve as an important material for both food and non-
food industries (Srikaeo, 2016). The industrial utilization of na-
tive starch is limited due to its inherent imperfect nature, such as 
water insolubility, low stability at low pH, high temperature, and 
tendency to easily retrograde and undergo syneresis forming un-
stable pastes and gels (Ashogbon, 2018; Punia, 2020). Therefore, 
native starches are often modified using different techniques to 
enhance their functional properties relevant to industrial applica-
tions (Wang et al., 2020). The physical modification is preferred in 
the food industry because it does not require any chemical treat-
ment, hence it is safe (Zhang et al., 2019). Physical modification 
techniques can be categorized into thermal and non-thermal treat-
ments. Thermal treatments include extrusion, heat moisture treat-

ment, annealing and microwave heating. Meanwhile, non-thermal 
treatments include ultrasound and high-hydrostatic pressure treat-
ments (Ashogbon, 2018).

Starch is the main carbohydrate in human nutrition and the di-
gestion of starch is not a simple and single process. The major 
physiological properties of starch are the release of glucose as a 
source of energy for the body and the timeline of digestion (Leh-
man and Robin, 2007). Starch digestibility is one of the important 
properties that can be altered due to physical modifications. The 
enzymatic digestion of starch often involves a combination of one 
or more endo-enzymes and exo-enzymes that convert the products 
of endo-enzymes into monomer units or act directly (Zhang et al., 
2013). Enzyme hydrolysis of granular starch is a heterogeneous 
reaction, which involves a reaction between an enzyme in a solu-
tion and a solid substrate represented by the granules (Tahir et al., 
2010). The steps involved in enzyme digestion include diffusion 
of enzymes onto the granule surface, followed by adsorption and 
subsequent catalytic events (Uthumporn et al., 2010). According to 
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in vitro measurement of starch digestibility, starch can be divided 
into three groups, namely rapidly digestible starch (RDS), slowly 
digestible starch (SDS) and resistant starch (RS) (Englyst et al., 
1999). SDS and RS have gained attention in many researchers as 
they play important roles in human health. SDS may help to con-
trol and prevent hyperglycaemic-related diseases while RS may 
be helpful in maintaining colon health (Miao et al., 2015). RS is 
considered as a component of dietary fibre and it has the potential 
to be a source of prebiotic compound, hence the food industry and 
researchers are showing interest on RS as a natural bioactive in-
gredient (Amini et al., 2016). The present review focuses on the 
impact of different physical modification techniques on starch di-
gestibility and the content of RDS, SDS and RS from different 
botanical origins.

2.  Starch nutritional fractions

Starch and starch-containing foods can be classified according to 
their digestibility, which is generally characterized by the rate and 
the duration of the glycemic response (Singh et al., 2010). Among 
the starch nutritional fractions, RDS is the fraction of starch gran-
ule that causes a rapid increase in blood glucose concentration af-
ter ingestion of starch, whereas SDS is the fraction of starch that is 
digested slowly but completely in the human small intestine (Dona 
et al., 2010). RS is the sum of the starch and products of starch deg-
radation not absorbed in the small intestine of healthy individuals 
(Englyst et al., 1999). RDS is measured chemically as the starch 
that is converted to the constituent glucose molecules in 20 min-
utes of enzyme digestion whereas; SDS is defined as the starch 
that is digested between 20 and 120 min under standard conditions 
of substrate and enzyme concentration. RS is measured by sub-
tracting the amount of glucose released within 120 min of in vitro 
digestion from total starch (TS) (Englyst et al., 1999). The AACC 
method is also used to determine starch nutritional fractions. This 
method is in many ways similar to Englyst method. However, hy-
drolysis is carried out for 16 hours and RDS is measured as the 
starch that is digested within 30 minutes of digestion, SDS is the 
starch that is digested between 30 minutes to 16 hours and RS is 
measured by subtracting the amount of glucose released within 
120 min of in vitro digestion from total starch (Ambigaipalan et 
al., 2014; Perera et al., 2010).

RDS is mainly comprised of amorphous and dispersed starch 
and is found in large amounts in starchy foods cooked by moist 
heat, such as bread and potatoes (Sajilata et al., 2006). RDS con-
tent of cereal starches (2.5–90%) is higher than tuber (0.1–21.0%) 
and legume (3.0–21.0%) starches. The shortest A chains (DP 5–10) 
cannot form double helices, and they may disrupt the ordered crys-
talline structure leading to crystalline defects. Therefore, starches 
with high amount of shortest A chains are likely to be easily at-
tacked by enzymes leading to higher amount of RDS (Zhang et 
al., 2006b).

SDS consists of physically inaccessible amorphous starch and 
raw starch with A- and C-type crystalline structures, while B-type 
starch is resistant to enzyme hydrolysis (Lee and Moon, 2015). 
SDS has physical structures that decrease enzyme accessibility and 
chemical structures that limit the rate of enzyme action (Zhang and 
Hamaker, 2009). Presence of channels in cereal starches enable 
migration of enzymes into the center of granule and initiate hydrol-
ysis leading to layer-by-layer inside-out pattern where amorphous 
and crystalline regions are digested simultaneously and this side-
by-side digestion mechanism of native cereal starches cause slow 
digestion and produce more SDS (>50%) (Zhang et al., 2006a). 

Cereal starches which had higher short chains (A+B1) showed a 
higher proportion of SDS compared to potato starch which had less 
short chains, suggesting that SDS is associated with the fraction of 
short chains in amylopectin which contributes to the formation of 
double helices and crystalline lamellae in the crystalline region, 
and hence, crystalline region is the major determining factor for 
the slow digestion properties of native cereal starches (Zhang et 
al., 2006b).

RS is the fraction of starch that cannot be digested in the small 
intestine, and may be subject to bacterial fermentation in the large 
intestine to produce short-chain fatty acids and other products 
(Bello-Perez et al., 2020). RS positively influences the function-
ing of the digestive tract, microbial flora, blood cholesterol level, 
glycemic index and assists in the control of diabetes. RS has been 
shown to have lower impact on the sensory properties of food as 
a dietary fibre source compared with traditional sources of fibre, 
as whole grains, fruits or bran (Fuentes-Zaragoza et al., 2010). RS 
contents of cereal and pulse starches vary with the amylose and 
amylopectin contents and their chain lengths (Perera et al., 2010). 
RS fractions have extremely broad and diverse range and different 
types ranging from RS1 to RS5. At present, these are mostly de-
fined according to physical and chemical characteristics (Nugent, 
2005).

RS1 is entrapped within whole or partly milled grains or seeds 
and physically inaccessible (Niba, 2002). RS2 is raw starch gran-
ules (such as banana and potato) and high-amylose (high-amylose 
corn) starches which are protected from enzyme digestion by the 
conformation or structure of the starch granule. This compact struc-
ture restricts the accessibility of digestive enzymes, and accounts 
for the resistant nature of RS2 (Fuentes-Zaragoza et al., 2010). 
RS3 are retrograded starches, which may be formed during cool-
ing of cooked foods (Jiang et al., 2020). Foods which are processed 
with heat and moisture, therefore, contain some RS3 (Sajilata, et 
al., 2006). RS3 is thermally stable and this property allows it to 
be stable in most normal cooking operations, enabling its use as 
a potential ingredient in a wide variety of conventional foods (Ma 
et al., 2020). RS4 is formed using chemical modifications, such as 
substitution, conversion, or cross linking, which can prevent starch 
digestion by blocking enzyme access and forming linkages other 
than α-D-(1→4) and α-D-(1→6) (Coulon et al., 2020; Fuentes-
Zaragoza et al., 2010; Sajilata et al., 2006). Amylose-lipid complex 
has been proposed as RS5, as a result its resistance to enzyme hy-
drolysis (DeMartino and Cockburn, 2020). The enzyme resistance 
of amylose-lipid complex depends on the molecular structure of 
the lipid and the crystalline structure of the single helices (Hasjim 
et al., 2013).

3. Health benefits of resistant starch

Many studies have shown that the RS starch has many health ben-
efits and since it is a part of dietary fiber, RS has the functionality 
of dietary fiber as well (Fuentes-Zaragoza et al., 2010; Jiang et al., 
2020). RS provides a source of energy for microbial growth in hu-
man colon and short chain fatty acids (SCFAs) which produce as 
a result of bacterial fermentation of RS help to maintain low pH in 
the gut leading to the inhibition of the action of pathogenic bacteria 
(Jiang et al., 2020). Guo et al. (2020) have performed a systemic 
review on the impact of dietary intake of RS on obesity and related 
health condition and suggested that the there is no direct effect 
of dietary intake of RS on body weight or body composition, but 
there are beneficial effects on blood glucose homeostasis, insulin 
sensitivity, and gut hormone concentration. The bacterial fermen-
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tation of RS may play an important role with respect to preven-
tion of colorectal cancer as both in vitro and in vivo studies have 
reported that butyrate production from starch is high and butyrate 
has been suggested to have a protective effect on colorectal cancer 
(Amini et al., 2016). The slow digestion RS has positive impact on 
controlling diabetes as it reduces postprandial glucose and insulin 
responses (Sajilata et al., 2006). In vivo studies have shown that 
RS rich diets reduced plasma cholesterol and triglyceride levels 
indicating the positive effects of RS starch on lipid metabolism 
(Fuentes-Zaragoza et al., 2010). However, the impact of RS on 
physiological/health conditions may vary depending on the struc-
tural variations of the RS and the differences in individual micro-
biota composition (DeMartino and Cockburn, 2020). The effects 
on RS on health conditions are presented in Table 1.

4. Thermal modifications of starch

4.1. Extrusion

Extrusion cooking is one of the industrial processes used to pro-
duce pregelatinized starch. The major functional property of prege-
latinized starch is increased water absorption and water solubility 
upon dispersion in cold water. Extrusion cooking is more versa-
tile compared to other techniques used to prepare pregelatinized 
starches such as drum drying and spray drying, which explains its 
popularity (Ashogbon and Akintayo, 2014; Colonna et al., 1984). 
Extrusion is a high-temperature, short-time process in which flours 
or starches are plasticised and cooked in a barrel under one or more 
varieties of conditions of moisture, pressure, temperature and me-
chanical shear, causing molecular transformation and chemical re-
actions (Adeleye et al., 2020; Riaz, 2000; Singh et al., 2007). Most 
of the commercially available extruders allow temperature control 
of the barrel and preferred levels of thermal energy input can be 
applied (Wolf, 2010). High shear extruders disrupt starch gran-
ule structure and are used to produce pregelatinized starch (Riaz, 
2000). Several chemical and/or physicochemical changes can oc-
cur during extrusion: cleavage, binding of smaller molecules, loss 
of native structure, recombination of fragments and thermal deg-
radation (Arora et al., 2020). In extrusion, gelatinization occurs at 
a lower moisture content in extrusion (12–22%), which makes it 
different from other food processing techniques (Camire, 2000). 
Extrusion converts starch from a granular and semi-crystalline ma-
terial into a highly viscous, plastic material which causes a reduc-
tion in molecular weight (Colonna et al., 1984) and crystallinity 
(Sharma et al., 2015).

The information on the impact of extrusion on in-vitro hydroly-

sis and RS content of starches are conflicting. Screw speed, tem-
perature and moisture content could affect the RS formation in the 
extruder (Agustiniano-Osornio et al, 2005) as well as the enzyme 
concentration, enzyme purity, and time of hydrolysis. Extrusion 
has been shown to increase susceptibility towards enzyme hydrol-
ysis and decrease RS content in normal corn (Yan et al., 2019), 
Gelose 50 (Shrestha et al., 2015), Hylon VII (Htoon et al.,2009) 
and Gelose 80 starches (Chanvrier et al., 2007; Htoon et al., 2009; 
Shrestha et al., 2010, 2015). Starch granules are disrupted by 
thermal and mechanical energy during extrusion cooking which 
would be expected to increase accessibility of amylases to starch 
polymers. However, upon cooling, hydrated amylose (and amylo-
pectin) chains may undergo a process of retrogradation, and may 
consequently acquire resistance to enzymatic digestion (Htoon et 
al., 2009).

Extrusion has been shown to decrease susceptibility towards 
enzyme hydrolysis of normal maize starch (Sharma et al., 2015; 
Shrestha et al., 2015). However, Chanvrier et al. (2007) reported a 
slight increase in enzyme resistant starch (ERS) in normal maize 
starch (from 1.5 to 2.1%) after extrusion. Shrestha et al. (2015) 
observed that increase in susceptibility towards enzyme hydrolysis 
after extrusion was less in high amylose maize starch compared to 
normal maize starch. This difference could be attributed to greater 
tendency of normal maize starch to undergo gelatinization under 
the extrusion conditions whereas high amylose starches may not 
undergo complete gelatinization, due to their relatively extended 
phase transition and the presence of limiting water during extru-
sion which further raised the phase transition temperature (Shres-
tha et al., 2015). The susceptibility of extruded rice starch to hy-
drolysis by pancreatic α-amylase and amyloglucosidase has been 
shown to increase as the feed moisture content increases (from 30 
to 50 %), indicating that increased degree of gelatinization upon 
extrusion facilitates the access of the enzymes to the starch mol-
ecules (Ye et al., 2018).

ERS content was slightly increased in wheat (from 0.8 to 2.8%) 
starch after extrusion (Chanvrier et al., 2007). An increase in RS 
content on extrusion has also been observed in mango starch 
(28.7% amylose) processed under different temperature, moisture 
and screw speed conditions and a maximum of 97.0 ± 0.01 g/kg RS 
content was obtained compared to the low value of 11 ± 0.3 g/kg 
for native starch (Agustiniano-Osornio et al., 2005).

Legume starches such as faba bean (Alonso et al., 2000), kid-
ney bean (Alonso et al., 2000; Sharma et al., 2015) and field pea 
(Sharma et al., 2015) have been shown to exhibit increased sus-
ceptibility towards enzyme hydrolysis after extrusion. A decrease 
in SDS (from 17.8 to 8.7% in kidney bean, from 25.9 to 11.9% in 
field pea) and RS (from 70.1 to 15.9% in kidney bean, from 60.1 
to 14.8% in field pea) contents and an increase in RDS (from 10.4 

Table 1.  Health benefits of resistant starch

Health condition/disease Effect of resistant starch

Colorectal cancer Reduce gut pH which creates an environment less prone to the formation of cancerous tumors

Diabetes Decrease postprandial insulin and glucose responses, increase insulin sensitivity, and delay onset of insulin 
resistance

Obesity Low caloric value and reduced energy intake, increased satiety

Blood lipids levels Inhibit the synthesis of cholesterol and fatty acids in the liver

Mineral absorption Facilitate absorption of calcium and magnesium by SCFAs

Diarrhea Shorten the duration of rotavirus diarrhea by probiotics

Sources: Amini et al., 2016; Guo et al., 2020; Jiang et al., 2020.
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to 75.3% in kidney bean, from 12.9 to 72.2% in field pea) contents 
were observed in kidney bean and field pea starches (Sharma et al., 
2015). Extrusion increased the enzyme digestibility of African yam 
beans, bambara groundnut, and pigeon pea starches and increase 
of extrusion temperature (from 100 to 140 °C) caused further in-
crease in the digestibility where RDS fractions were significantly 
increased (Adeleye et al., 2020). Increase in RDS contents after 
extrusion could be due to loss of structural integrity of granules as 
a result of increased shearing and kneading in the extruder barrel 
(Sharma et al., 2015).

Variation of RS content with varying extrudate moisture con-
tent has been studied. Increasing extrudate moisture content from 
20.8 to 36.3% caused aslight increase in ERS content from 13.1 to 
15.6% in Gelose 80 (Shrestha et al., 2010). RS content of kidney 
bean starch remained unchanged while RS content slightly increas-
es in normal maize (from 1.6 to 2.5%) and field pea (from 14.8 to 
15.6%) starches when extrudate moisture content increase from 
20 to 24% (Sharma et al., 2015). Shrestha et al. (2010) postulated 
that increase in moisture content under high temperatureand shear-
ing facilitates gelatinization of starch and this gelatinized starch is 
more likely to retrograde and contribute towards ERS. However, it 
is difficult to correlate extrudate moisture content and RS content, 
because RS content varies depending on materials/machine inter-
actions caused by the different rheology of different starches, and 
the extent of structure loss (Sharma et al., 2015).

RS3 corresponds to the resistant fractions in starch-based foods 
that have been processed, cooled and stored. Extruded starches 
have been stored and analyzed for RS content to determine the 
influence of storage conditions on the formation of RS. Chanvrier 
et al. (2007) stored extruded waxy, normal, high amylose maize 
and wheat starch at 4, 30 and 60 °C for 72 hours and found that 
ERS content did not change significantly except for high amylose 
starch, which showed an ERS content of 27.3% after condition-
ing at 60 °C, compared to the 20% ERS content obtained for ex-
truded starch. Storage of extruded Gelose 80 at 4 °C for 12 days 
also showed a slight increase in ERS (from 13.1 to 15.6%) content 
(Shrestha et al., 2010).

High amylose starches contain a significant RS content com-
pared to starches with lower amylose content even after extrusion 
and this offers the possibility of formulating foods realistically 
achieving high level of RS content (Shrestha et al., 2010) and also 
storage of extruded high amylose starches prior to digestion could 
further increase the RS content (Chanvrier et al., 2007).

4.2. Annealing

Annealing (ANN) is a hydrothermal treatment that modifies phys-
icochemical properties of starch without destroying the granular 
integrity. Annealing of starch granules occurs in excess (>60% 
w/w) or intermediate (40–55%, w/w) moisture content and at a 
temperature above the glass transition temperature (Tg) but below 
the onset temperature of gelatinization (To) for a certain time pe-
riod (Ashogbon and Akintayo, 2014; BeMiller and Huber, 2015; 
Jacobs and Delcour 1998; Jayakody and Hoover 2008; Zavareze 
and Dias 2011). Annealing causes crystalline perfection in starch 
granules and facilitates interactions between starch chains which 
lead to changes in physicochemical properties. The extent of crys-
talline perfection and starch chain interactions occur during an-
nealing varies depending on the starch source and annealing con-
ditions. Annealing temperature, moisture content, and time vary 
widely with the botanical origin. Single step annealing has been 
used in many studies while double and multi-step annealing have 
been conducted to a limited extent (Jayakody and Hoover, 2008).

Different starch to water ratios have been used in annealing 
studies at varying temperatures. Generally, excess moisture con-
tent and a temperature 5–15 °C below onset temperature of ge-
latinization are the annealing conditions which give significant 
changes to a given starch (Jayakody and Hoover, 2008). Annealing 
causes several changes to starch structure and properties such as 
increase in granular stability, crystalline growth and perfection, in-
crease in the interactions between starch chains in the amorphous 
and crystalline regions of the granule, increase in crystallinity, in-
crease in gelatinization temperatures and a narrowing of the gelati-
nization temperature range, and reduction in granular swelling and 
amylose leaching (Hoover and Vasanthan, 1994; Lan et al., 2008; 
Waduge et al., 2006; Zhong et al., 2020). However, the occurrence 
and extent of these changes depend on the starch source and an-
nealing conditions.

Although there is a wide range of literature describing suscep-
tibility of annealed starches towards enzyme hydrolysis, reported 
data are conflicting which could be due to differences in anneal-
ing conditions, analysis methods and starch source (BeMiller and 
Huber, 2015; Jayakody and Hoover, 2008). In cereal starches, an-
nealing has been shown to increase susceptibility of normal corn 
(Chung et al., 2009a, 2009b; Rocha et al., 2012; O’Brien and Wang, 
2008), waxy rice (Zeng et al., 2015), low-, medium-, and high-
amylose rice (Dias et al., 2010), Hylon V and Hylon VII (O’Brien 
and Wang, 2008), waxy wheat (Lan et al., 2008), oat (Hoover and 
Vasanthan, 1994), waxy corn and waxy barley (Samarakoon et al., 
2020) and decreased susceptibility of waxy, normal and high am-
ylose rice (Hung et al., 2016), wheat (Su et al., 2020; Lan et al., 
2008; Hoover and Vasanthan, 1994), waxy potato (Samarakoon et 
al., 2020), mung bean starches (Zou et al., 2019) towards enzyme 
hydrolysis. However, annealed waxy corn (O’Brien and Wang, 
2008; Rocha et al., 2012; Wang et al., 2014), normal and high 
amylose corn (Wang et al., 2014) starches exhibited no change 
in susceptibility towards enzyme hydrolysis compared to native 
starches. It is difficult to develop a relationship between amylose 
content and digestibility since there are other factors affecting en-
zyme digestibility. Dias et al. (2010) found that the increase in the 
percentage of hydrolysis of low-, medium-, and high-amylose rice 
starches was more intense as the annealing temperature increased 
from 45–60 °C.

Legume starches such as field pea (Chung et al., 2009b, 2010; 
Wang et al., 2013), lentil (Chung et al., 2009b, 2010), and navy 
bean (Chung et al., 2010) starches have been shown to exhibit 
increased susceptibility towards enzyme hydrolysis on annealing 
whereas, black bean, pinto bean (Simsek et al., 2012) and lentil 
(Hoover and Vasanthan, 1994) starches have been shown to exhibit 
decreased susceptibility towards enzyme hydrolysis upon anneal-
ing. O’Brien and Wang (2008) reported that the susceptibility of 
annealed potato starch towards bacterial α-amylase as well as am-
yloglucosidase was higher than its native counterpart whereas, an-
nealing has been shown to reduce susceptibity of potato starch to-
wards porcine pancreas α-amylase (Hoover and Vasanthan, 1994) 
and prancreatin (a mixture of α-amylase from porcine pancreatic 
stomach mucosa, lipase and protease) (Jacobs et al., 1998). How-
ever, Rocha et al. (2011) reported that annealing did not change the 
susceptibility of potato starch towards bacterial α-amylase and am-
yloglucosidase. Jyothi et al. (2011) reported that susceptibility of 
sweet potato starch towards porcine pancreas α-amylase decreased 
upon annealing while Song et al. (2014) found that susceptibility 
of sweet potato starch towards pancreatin and amyloglucosidase 
increased on annealing. Cassava starch has shown a decrease in 
susceptibility towards porcine pancreas α-amylase (Jyothi et al., 
2011) but an increase in susceptibility towards bacterial α-amylase 
and amyloglucosidase (Rocha et al., 2011) on annealing. These re-
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sults clearly show that even the same starch can behave differently 
towards different enzymes and these differences can further vary 
greatly depending on the annealing conditions (Table 2).

With regards to nutritional fractions of starches RDS, SDS and 
RS contents, only slight changes were observed in RDS and RS 
contents while SDS content increased in normal corn starch on 
annealing. Increase in SDS content was attributed to slight disrup-
tion of crystalline lamellae or small dissociation of double helices 
(Wang et al., 2014). However, Chung et al. (2009b) reported an 
increase in RDS and RS contents and a decrease in SDS contents 
and Chung et al. (2009a) reported an increase in RDS levels and a 
slight decrease in SDS and RS levels in normal corn starch upon 
annealing. Even with the same starch source enzyme digestibil-
ity characteristics vary upon annealing depending on the enzyme 
characteristics and annealing conditions (Table 2). The increase in 
RDS levels and a decrease in SDS and RS fractions on anneal-
ing could be due to the formation of porous structures (O’Brien 
and Wang, 2008) which allows greater accessibility of hydrolytic 
enzymes to penetrate into the granule (Chung et al., 2009a). En-
hanced interactions between starch chains upon annealing could 
have caused an increase in RS levels (Chung et al., 2009b). Nu-
tritional fractions of waxy corn and high amylose corn showed 
only slight changes on annealing (Wang et al., 2014) whereas, 
a decrease in RDS contents and increase in SDS and RS levels 
upon annealing were observed in waxy rice, normal rice and high 
amylose rice (Hung et al., 2016). However, Zeng et al. (2015) re-
ported an increase in RDS contents and a decrease in SDS and 
RS contents of waxy rice upon annealing. Su et al. (2020) studied 
the effects of repeated and continuous ANN treatments on wheat 
starches and reported that SDS and RS contents of waxy and nor-
mal wheat starches increased with as annealing cycles (8 cycles, 
12 h each) or duration (12–96 h) increased.

The impact of annealing on nutritional fractions of legume 
starches also varies widely. RDS levels were increased, SDS con-
tents decreased and RS levels showed a slight increase in field pea 
and lentil starches upon annealing (Chung et al., 2009b). However, 
Chung et al. (2010) observed an increase in RDS and SDS lev-
els and a decrease in RS contents in field pea and lentil starches 
upon annealing. A similar finding was also reported by Wang et 
al. (2013) for field pea starch where RDS and SDS levels were in-
creased while RS levels decreased upon annealing. RDS and SDS 
levels were decreased and RS levels were increased in pinto bean, 
while a slight increase in RDS levels, a decrease in SDS levels 
and an increase in RS levels were observed in black bean starch 
upon annealing (Simsek et al., 2012). In navy bean starch, RDS 
levels did not show any change while SDS levels increased and RS 
levels decreased upon annealing (Chung et al., 2010). SDS content 
was increased and RS content decreased in grass pea starch upon 
ANN (Piecyk et al., 2018). Zou et al. (2019) studied the effects of 
repeated and continuous ANN treatments on mung bean starch and 
found that SDS and RS contents of mung bean starches increased 
with as annealing cycles (8 cycles, 12 h each) or duration (24–96 
h) increased. There is a dearth of information on the impact of 
annealing on nutritional fractions of root and tuber starches. Song 
et al. (2014) reported an increase in RDS and SDS levels and a 
decrease in RS levels in sweet potato starch upon annealing. An-
nealing causes crystalline perfection and facilitates starch chain 
interactions, therefore, theoretically annealing should decrease 
starch susceptibility towards enzyme attack and RDS contents 
and increase SDS and RS fractions. However, in some starches 
RDS contents were increased while SDS and RS contents were 
decreased, suggesting that changes to granule surface (increase in 
granule porosity) on annealing could negate the effect of crystal-
line perfection and starch chain interactions on enzyme hydrolysis St
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and thereby facilitates the entry of enzymes into the granule inte-
rior (Jayakody and Hoover, 2008).

The impact of gelatinization/cooking on starch nutritional frac-
tions were studied in normal corn, field pea, lentil and navy bean 
starches (Chung et al., 2009b, 2010) and found that gelatinization 
increased RDS levels and decreased SDS and RS levels in all the 
starches compared to ungelatinized native counterparts indicating 
that the disruption of inter- and intra-molecular hydrogen bonds 
between starch chains during gelatinization, which increases the 
accessibility of the starch chains to enzyme attack. However, RDS 
contents decreased and SDS and RS contents increased after gelat-
inization of annealed starches compared to unmodified gelatinized 
starches suggesting that amylose-amylose interactions formed 
during annealing may resist the disruption during gelatinization 
(Chung et al., 2009b).

4.3. Heat moisture treatment

Heat-moisture treatment (HMT) is a hydrothermal modification 
which involves heating of starch granules at low moisture levels 
(<35% moisture w/w) and high temperatures (80–140 °C) for a 
certain period of time (1–24 h) (BeMiller and Huber, 2015; Li et 
al., 2020). Under these conditions, HMT allows increased molecu-
lar mobility of amylose and amylopectin, causing structural chang-
es in both amorphous and crystalline regions of starch granules 
(BeMiller and Huber, 2015; Chen et al., 2015; Hoover and Manuel, 
1996b; Jacobs and Delcour, 1998; Zavareze and Dias, 2011).

The main structural changes occur on HMT are increase in in-
teractions between starch chains, change in the X-ray pattern from 
B/C to A+B or A-type (Ambigaipalan et al., 2014; Varatharajan et 
al., 2010, 2011; Zhang et al., 2010) reduction in relative crystal-
linity (Chung et al., 2009a, 2010; Huang et al., 2016; Lee et al., 
2012; Varatharajan et al., 2011) formation of amylose-lipid com-
plexes (Chen et al., 2015; Hoover and Manuel, 1996a) and reduc-
tion in the molecular order at the granule surface (Ambigaipalan 
et al., 2014; Chung et al., 2009a, 2009b, 2010; Huang et al., 2016; 
Kim and Huber, 2013;Varatharajan et al., 2011; Zeng et al., 2015). 
Structural changes within the amorphous and crystalline domains 
on HMT have been shown to alter the physicochemical properties 
such as, reduction in granular swelling and amylose leaching/solu-
bility, elevation of gelatinization transition temperatures, decrease 
in gelatinization enthalpy (Chung et al., 2009b, 2010; Guneratne 
and Hoover, 2002; Guzel and Sayar, 2010; Huang et al., 2016; Kim 
and Huber, 2013) and increase in pasting temperature and decrease 
in pasting viscosities (Chen et al.,2015; Huang et al., 2016; Jira-
nuntakulm et al., 2011; Kim and Huber, 2013; San et al., 2014).

Susceptibility of heat moisture treated starches to enzyme hy-
drolysis has shown an increase or a decrease, even in the same 
starch type, indicating that the starch cultivar, HMT conditions, 
and enzyme assay characteristics play an important role in in vitro 
digestibility. Susceptibility towards porcine pancreatic α-amylase 
of dull waxy maize, waxy maize, normal maize and amylomaize 
V decreased only marginally after HMT treatment and this reduc-
tion was attributed to formation of amylase-lipid complexes and/
or increased association of starch chains in the amorphous regions 
(Hoover and Manuel, 1996a). An increase in RDS levels and a 
decrease in SDS and RS contents were observed upon HMT in 
normal corn starch (Chung et al., 2009a). However, Chung et al. 
(2009b) reported an increase in RDS and RS levels and a decrease 
in SDS levels of normal corn starch after HMT. HMT has been 
shown to decrease RDS levels and increase SDS and RS con-
tents of normal and high amylose maize starches, indicating the 
formation of densely packed starch fractions upon HMT (Wang 

et al., 2016). HMT has been shown to increase the susceptibility 
of high-, medium- and low-amylose rice starches towards bacte-
rial α-amylase and the digestibility of starches increased with an 
increase in the moisture content of HMT (Zavareze et al., 2010). 
Similarly, HMT has increased RDS and SDS contents and de-
creased RS contents of waxy rice, normal rice and corn starches 
(Jiranuntakulm et al., 2011). This increased digestibility could be 
due to disruption of the crystallites near the surface of the gran-
ule which facilitates the enzyme attack within the granule and 
dislocation of double helical structures in the amorphous region 
(Guneratne and Hoover, 2002). However, HMT has increased the 
RS contents of low-, medium- and high-amylose rice starches, 
where modified high-amylose starch had a higher RS content com-
pared to low-and medium-amylose starch and RS levels of all the 
starches were increased with increasing moisture content of HMT 
(Zavareze et al., 2012). In high-, intermediate-low-amylose rice, 
normal rice and waxy rice, HMT has decreased RDS levels, SDS 
levels (except in normal rice where SDS levels decreased upon 
HMT) and increased RS contents and the highest RS content was 
observed in modified high amylose rice starch (Hung et al., 2016). 
HMT has decreased RDS and RS levels and increased SDS con-
tents in waxy rice starch (Zeng et al., 2015). RDS contents were 
decreased and SDS and RS contents were increased upon HMT 
in wheat starch and the higher moisture content (35%) resulted in 
the highest RS content (14.32%) (Chen et al., 2015) suggesting 
that some interactions between the starch and protein and/or lipids 
form during HMT, thereby partly restricting accessibility of starch 
chains towards enzyme hydrolysis (Chen et al., 2015; Chung et al., 
2009b). Zhang et al. (2020) studied the effects of repeated and con-
tinuous HMT treatments on wheat A- and B-starches. RDS and RS 
contents of wheat A-starch decreased and SDS content increased 
with repeating HMT cycles (6 cycles at 120 °C) whereas, RDS and 
SDS contents were increased and RS content decreased in wheat 
B-starch upon repeated HMT (Zhang et al., 2020).

In faba bean, black bean and pinto bean starches RDS contents 
increased, SDS contents decreased and RS contents increased after 
HMT at different temperatures (80, 100 and 120 °C) (Ambigaipa-
lan et al., 2014). The increase in RDS levels in all the starches was 
attributed to the decrease in molecular order at the granular surface 
as a result of transformation of A+B crystalline type to A-type. A-
type crystallites are weaker than B-type crystallites since A-type 
has part of α-(1,6) branch points in the crystalline region compared 
to α-(1,6) branch points solely present in the amorphous regions in 
B-type, which makes A-type crystallites more susceptible towards 
enzyme attack (Gérard et al., 2001; Jane et al., 1997). Maximum 
RS content was observed at 80 °C and then RS content decreased 
with increasing temperature in all the starches and the extents were 
different in different starches (Table 3) indicating that an increase 
or decrease in RS content on HMT may be influenced by HMT 
conditions, amylose content, proportion of A+B type crystallites 
and extent of amylose-amylopectin co-crytallization (Ambigaipa-
lan et al., 2014). An increase in susceptibility towards porcine 
pancreatic α-amyalse of green arrow pea, lentil, pinto bean, black 
bean and field pea starches after HMT also has been also reported 
(Hoover and Manuel, 1996b). SDS content was increased and RS 
content was decreased in grass pea starch upon HMT (Piecyk et 
al., 2018). Chung et al. (2009b) has reported an increase in RDS 
and RS levels and a decrease in SDS contents in field pea and lentil 
starches upon HMT. However, an increase in RDS and SDS levels 
and a decrease in RS levels of pea and lentil starches upon HMT 
was also reported (Chung et al., 2010). These results prove that not 
only a single factor, but many factors affect the starch digestibility 
upon HMT.

RS contents of mung bean starches which were subjected to 
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HMT at 120 °C for 12 h with different moisture contents (15–35%) 
resulted in an increase in RS content compared to native starch (RS 
content of 5.16%) and highest RS content (45.15%) was obtained 
at 20% moisture content (Li and Gao, 2010). Similar results were 
obtained for African locust bean starch subjected to HMT at dif-
ferent moisture contents (15–30%), where RS content increased 
in modified starches and maximum RS content (50.14%) was 
obtained at 20% moisture content compared to low RS content 
(33.38%) in native starch (Sankhon et al., 2014) suggesting that 
the moisture content plays an important role in RS formation dur-
ing HMT treatment. There was no significant change in RDS, SDS 
and RS levels in borlotti bean, chickpea and kidney bean starches 
which were subjected to HMT at 22% moisture content, 100 °C for 
16 h (Guzel and Sayar, 2010).

Varatharajan et al. (2011) reported that HMT at 80 °C (27% 
moisture content, 16 h) decreased hydrolysis in normal potato, but 
did not significantly influence hydrolysis in waxy potato, whereas 
HMT at 100, 120 and 130 °C (27% moisture content, 16 h) in-
creased hydrolysis in both normal and waxy potato starch towards 
porcine pancreatic α-amylase. There was no recognizable trend in 
the effect of HMT on α-amylase hydrolysis for Canna starch at dif-
ferent moisture levels (Watcharatewinkul et al., 2010). HMT has 
been shown to increase RDS and SDS levels in waxy potato (Jira-
nuntakulm et al., 2011; Lee et al., 2012), normal potato (Jiranun-
takulm et al., 2011; Kim and Huber, 2013), water yam (Son Trinh et 
al., 2012) and decrease RS levels in normal potato (Jiranuntakulm 
et al., 2011; Kim and Huber, 2013) and water yam (Son Trinh et 
al., 2012) starches. Vieira and Sarmento (2008) also reported an 
increased susceptibility of Peruvian carrot, sweet potato and ginger 
starches towards bacterial α-amylase and amyloglucosidase. Heat-
moisture treated potato (Perera and Hoover, 1998), true yam, cas-
sava, potato, taro and new cocoyam (Guneratne and Hoover, 2002) 
starches have shown an increase in susceptibility towards porcine 
pancreatic α-amylase compared to native counterparts. Son Trinh 
et al. (2012) studied nutritional fractions of water yam starch under 
various HMT conditions and found RDS content shows negative 
correlations with the moisture content and reaction time, whereas 
the RS content has a positive correlation with moisture content 
and SDS content has positive correlations with reaction time and 
moisture content. Therefore, the impact of reaction time on SDS 
formation was greater than that of moisture content, but the oppo-
site for RS formation in water yam starch (Son Trinh et al., 2012).

Huang et al. (2016) used repeated HMT (30% moisture con-
tent, 100 °C for 24 h) in sweet potato starch and found that HMT 
increases RDS and SDS levels and decreases RS levels. Maximum 
SDS level (19.61%) was observed at the third cycle and maximum 
RS content (58.21%) was observed at the fifth cycle of HMT. The 
high SDS content at the third cycle could be the result of the dam-
aged starch molecules and the less additional interactions between 
starch chains, and the high RS content at the fifth cycle may be 
caused by more additional interactions between starch chains, 
which hinder the disruption of starch molecules (Huang et al., 
2016).

Thermostable SDS and RS fractions were studied by HMT of 
starch followed by gelatinization/cooking. RDS contents were in-
creased and SDS and RS contents decreased after cooking in nor-
mal corn (Chung et al., 2009b), pea, lentil (Chung et al., 2009b, 
2010), navy bean (Chung et al., 2010), sweet potato (Huang et 
al., 2016), potato (Kim and Huber, 2013), borlotti bean, chickpea, 
kidney bean (Guzel and Sayar, 2010) starches compared to native 
uncooked starches due to the granule disruption occurs during ge-
latinization. However, RDS contents were decreased and RS and 
SDS contents of cooked modified starches increased compared to 
unmodified gelatinized starches indicating the formation of strong-

er amylose-amylose interactions upon HMT, which is the most ef-
fective parameter in the formation of nutritionally beneficial starch 
fractions with reduced digestibility (Chung et al., 2009b; Guzel 
and Sayar, 2010; Huang et al., 2016).

4.4. Microwave heating

Microwave energy is a non-ionizing energy source and it is de-
livered directly to the material through molecular interaction with 
the electromagnetic field. Since microwaves can transfer energy 
throughout the volume of the material it produces better quality 
products with higher yield in shorter processing time (Luo et al., 
2006; Thostenson and Chou, 1999). Microwave energy is trans-
ferred to the material by the interaction of the electromagnetic field 
at the molecular level. The molecular structure affects the ability of 
the microwaves to interact with materials and transfer energy. Spe-
cially, the dielectric properties (dielectric constant and dielectric 
loss) determine the effect of the electromagnetic field on the mate-
rial (Thostenson and Chou, 1999). Dry starches are not polarized 
at microwave frequencies and the dielectric properties depend pri-
marily upon the free water content (Roebuck et al., 1972). Several 
studies have investigated the relationship between water content, 
temperature, salt addition and/or microwave frequencies on the di-
electric properties of starches from different botanical origins and 
found that the dielectric properties are key factors in microwave 
heating of starch and strongly depend on the starch source, mois-
ture content, temperature and microwave frequency (Brasoveanu 
and Nemtanu, 2014).

The mechanism of action of microwave irradiation on granu-
lar starch is not clearly defined. However, it can be hypothetically 
divide into following steps: (1) initial heating of starch granules 
caused by dielectric relaxation of water molecules, followed by 
(2) creation of high pressure inside the granules as a result of rapid 
increase in temperature causing vaporization of starch moisture 
and further causing (3) expansion of granules which starts from 
the centre where the highest temperature is and then it progresses 
in the entire volume leading (4) granules to degrade (Brasoveanu 
and Nemtanu, 2014). Microwave irradiation causes changes to 
physical and chemical properties of starches and these changes 
vary depending on the starch source and microwave processing 
parameters (Brasoveanu and Nemtanu, 2014). Swelling power of 
waxy barley starch decreased upon microwave treatment while it 
slightly increased in microwave treated non-waxy barley starch 
and the solubility of treated waxy barley starch was lower than 
that of native starch (Ma et al., 2020). Reduction in solubility and 
granular swelling upon microwave treatment could be due to rear-
rangement of crystalline regions within the starch granules, which 
might have randomly distributed in the native starch granule (Luo 
et al., 2006) and/or strengthening the interaction between starch 
chains (amylose-amylose and/or amylose-amylopectin) (Brasove-
anu and Nemtanu, 2014). Microwave treatment has been shown to 
increase gelatinization transition temperatures and decrease gelati-
nization enthalpy of starches as a result of structural rearrangement 
occurring in the starch granule (Brasoveanu and Nemtanu, 2014). 
However, Zhong et al. (2020) reported that microwave treatment 
did not significantly change the gelatinization transitions tempera-
tures and gelatinization enthalpy of rice starch.

There is a dearth of information available for digestibility 
characteristics of microwave irradiated starches. Microwave-heat 
moisture treated waxy and non-waxy rice starches have been 
shown slight increases in susceptibility towards porcine pancreatic 
α-amylase hydrolysis compared to the native starches as micro-
wave power levels were increased (Anderson and Guraya, 2006). 
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They further observed that in non-waxy rice starch, the slight in-
crease in digestibility did not take place until much higher micro-
wave power levels were used whereas, there was a uniform in-
crease in digestibility of waxy rice starch as power level increased, 
indicating that the granular structure of waxy starch permitted 
more rapid heat penetration of granules during microwave treat-
ment. Similar results were obtained for wheat and corn starches 
where susceptibility towards porcine pancreatic α-amylase did not 
change when increasing the microwave energy levels (Hodsagi 
et al., 2012). Short-time (1–4 min) microwave treatment of high 
amylose maize starch showed an increased susceptibility towards 
pancreatin and amyloglucosidase digestion causing a reduction 
in RS content. The digestions rates were increased with increas-
ing microwave treatment time, while RS content decreased from 
54.8 to 29.5 % when the treatment time increased from 1 to 4 min 
(Zhong et al., 2019). However, wheat starch showed a decrease in 
susceptibility towards porcine α-amylase with increasing heating 
time and further enzyme susceptibility decreased following stor-
age for 120 h was observed indicating the increase in polymer re-
association (Palav and Seetharaman, 2007). Rice starch which was 
microwave treated (8 W per gram of starch slurry for 3 min) and 
stored (4 °C for 72 h) showed increased SDS level and decreased 
digestibility rate compared to conventionally cooked counterpart 
indicating that the microwave treatment has enhanced molecular 
reassembly during digestion (Li et al., 2020).

Microwave treatment increased digestibility of waxy, normal 
and high amylose barley starches showing increased RDS (from 
16.3 to 37.5% in waxy barley, from 6.6 to 47.7% in normal bar-
ley and from 10.7 to 46.1% in high amylose barley) contents and 
decreased SDS (from 20.8 to 8.1% in waxy barley, from 41.6 to 
11.4% in normal barley and from 23.5 to 8.1% in high amylose 
barley) and RS (from 9.2 to 0.8% in waxy barley, from 16.9 to 
6.1% in normal barley and from 24.0 to 4.0% in high amylose 
barley) contents compared to native starches (Emami et al., 2012). 
The level of SDS in microwave treated barley starches decreased 
with an increase in microwave power level from 330 W to 713 W, 
whereas the levels of RDS in normal and waxy barley and the level 
of RS in high amylose barley (from 4.0 to 10.5%) increased. The 
level of RDS in high amylose barley and the RS levels in normal 
and waxy barley were not affected markedly by power level. The 
more rapid heating associated with higher power levels resulted in 
a higher degree of starch gelatinization and higher starch digest-
ibility in all barley types (Emami et al., 2012).

Zhang et al. (2009) observed that microwave power has an evi-
dent effect on porcine pancreatic α-amylase digestibility of Canna 
starch, which increased to its highest levels when 800 W of micro-
wave power was used indicating that both low (400 W) and high 
(1,000 W) microwave powers were beneficial to the formation of 
RS. In Canna starch, with an increase in moisture content of micro-
wave treatment from 20 to 35%, enzymatic digestibility decreased 
gradually, suggesting that the RS and SDS contents increased with 
increasing moisture content of microwave heat-moisture treatment 
(Zhang et al., 2009). Microwave heat-moisture treatment had a 
significant impact on nutritional fractions of Canna starch, where 
RS content in modified starch was higher (from 27.73 to 55.52%) 
than native starch and RDS content was reduced by a half (from 
60.50 to 32.62%) in the treated starch, while SDS content almost 
remained unchanged after the microwave treatment (Zhang et al., 
2010).

The results obtained in different studies on enzyme digestibility 
and nutritional fractions indicate that microwave treatment causes 
significant changes in the crystalline structure of the starches and 
that these changes were influenced in a complex manner by the 
factors such as moisture content, microwave power level and tem-

perature as well as the variations in the method used to evaluate 
the starch nutritional fractions. Therefore, it is difficult to find a 
clear relationship on how microwave irradiation conditions affect 
enzyme digestibility and nutritional.

5. Non-thermal modifications of starch

5.1. High hydrostatic pressure treatment

High hydrostatic pressure (HHP) is a non-thermal processing tech-
nology which is suitable for the production of minimally processed 
foods because HPP affects only secondary and tertiary bonds not 
primary or covalent bonds. Therefore, vitamins, pigments and 
flavor substances which are affected by traditional thermal pro-
cessing techniques remain intact when subjected to HPP. Another 
advantage over thermal processing is that the pressure acts imme-
diately and is not dependent on the size and shape of the product 
(Stute et al., 1996). The investigations on the effect of HHP on 
starch can be categorized into three groups as: (1) application of 
pressure which is not high enough to gelatinize starch, (2) pressure 
application on almost dry starch, and (3) use of ultra-high pressure 
treatment which is carried out in excess water and at a pressure 
above 400 MPa (Katopo et al., 2002; Stute et al., 1996). Stute et al. 
(1996) showed that maize, waxy maize, high amylose maize, rice, 
waxy rice, potato, canna, lotus root, taro, water chestnut, arrow 
root and smooth pea starches when subjected to HHP (350–600 
MPa, 25 % moisture) treatment were gelatinized, but retained their 
granular form.

Gelatinization can be achieved at low pressure (400–800 MPa) 
for A-type starches such as wheat and maize, but high pressure 
(800–900 MPa) is needed for gelatinization of potato starch (B-
type) (Stute et al., 1996). Some studies have shown that sensitiv-
ity of C-type starches to HHP is in between A-type and B-type 
(Jayaprakasha et al., 2000). X-ray diffraction patterns of A-type 
starches such as waxy maize, normal maize and rice showed trans-
formation from A- to B-like pattern, but this transformation was 
weak, while potato and high amylose maize starches kept their 
original X-ray pattern (B-type) after HPP treatment (690 MPa, 1:1 
and 2:1 water: starch ratio) (Katopo et al., 2002). HPP treatment 
has been shown to decrease gelatinization transition temperatures 
and gelatinization enthalpy of different starches (Błaszczak et al., 
2005; Katopo et al., 2002; Liu et al., 2008; Stute et al., 1996). This 
decrease indicates the damage and loss of molecular order and 
crystallinity as a result of pressurization (Katopo et al., 2002).

There are very few studies which have evaluated digestibility 
and/or nutritional fractions of HHP treated starches. HPP treat-
ment at 200 and 400 MPa resulted a lower starch digestion rate 
compared to the native counterpart while HPP treatment at 600, 
800 and 1,000 MPa significantly enhanced digestion rate of high 
amylose corn starch when the under similar moisture content 
(Shen et al., 2018). Furthermore, with different moisture contents 
(30–70%) digestion rates of high amylose corn starch did not 
differ significantly at given pressures (200–800 MPa) except at 
1,000 MPa suggesting that applied pressure plays an important 
role rather than moisture content in altering starch digestion (Shen 
et al., 2018). Wang et al. (2017) compared the effect of HPP at 
200–600 MPa for 30 min on enzyme digestion of wheat, yam, and 
potato starches and reported that significant differences in enzyme 
hydrolysis were observed in wheat and yam starches at 600 MPa 
compared to their native counterparts, while no changes in diges-
tion were observed in potato starch even at 600 MPa. Bauer et al. 
(2005) compared the RS formation of wheat starch by different 
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methods and found that HHP (500 MPa for 15 min) was not an ef-
fective way to produce RS. Storage at room temperature or freeze-
thawing of pressurized wheat starch also did not increase the RS 
content, however, storage at high temperature (52 °C for 24 h) fol-
lowing pressure treatment resulted in higher RS contents in com-
parison to heat-gelatinized wheat starch (Bauer et al., 2005). The 
HHP treated (600 MPa, 30 min) non-waxy rice starch contained 
a higher SDS content of 36.7% compared to the heat-gelatinized 
starch (33.9%) immediately after 7 days of storage at 4 °C. The 
higher SDS content after HHP treatment was mainly attributed 
to the intact starch granules retained in the HHP treatment and 
formation of amylose-lipid complexes (Tian et al., 2014). They 
observed higher SDS contents in HHP treated waxy rice starch 
(38.7%) compared to heat-gelatinized waxy rice (36.3%) after 
similar storage conditions. However, high SDS levels obtained in 
this study for waxy rice starch are not in agreement with results 
obtained by Hu et al. (2011) where waxy rice starch granules were 
almost completely broken.

There was no significant difference in RDS, SDS and RS levels 
of rice starch treated with 200 MPa for 30 min. However, RDS 
(from 40.30 to 44.18%) and SDS (from 24.11 to 40.42%) contents 
increased and RS content of rice starch decreased (from 35.59 to 
15.40%) compared to native starch when treated at 600 MPa for 30 
min (Deng et al., 2014). It is believed that the pressure could force 
water into granules, especially amorphous regions and breaks the 
crystal structure of starch (BeMiller and Huber, 2015; Li et al., 
2012). As more granules were disrupted with HHP treatment, en-
zymes can access easily to the inner structure increasing the digest-
ibility (Deng et al., 2014). Since there is a dearth of information 
available for digestion characteristics of HHP treated starches, it is 
difficult to comprehensively evaluate the impact of HHP on starch 
nutritional fractions. At present, available data shows that there is 
possibility of using HHP as an alternative to traditional treatment 
for improving nutritional properties of starches. Further detailed 
investigations are needed with different starch sources and pro-
cess conditions to develop HHP as a feasible starch modification 
technique.

5.2. Pulsed electric field treatment

Pulsed electric field (PEF) technology is a non-thermal food pres-
ervation method compared to traditional thermal pasteurization, 
which kills most pathogenic or spoilage microorganisms, inacti-
vates enzymes, and also minimizes the loss of taste, color, tex-
ture, nutrients, and heat sensitive functional components of foods 
(Jeyamkondan et al., 1999) In PEF , a pumpable liquid material is 
treated in a processing chamber with high intensity electric pulses 
(over 10 kV cm−1) at short duration (less than 40 μs). Several stud-
ies have demonstrated that the PEF treatment has prominent ad-
vantages such as low processing temperature, continuous process-
ing nature, short treatment time, and uniform treatment intensity 
(Han et al., 2012; Zeng et al., 2016).

The effects of PEF on the physicochemical properties of corn 
(Han et al., 2009b), waxy rice (Zeng et al., 2016), potato (Li et 
al., 2019; Han et al., 2009a), wheat and pea (Li et al., 2019) and 
tapioca (Han et al., 2012) starches have been studied. PEF treat-
ment damages the outer part of starch granule and therefore, inner 
of starch granule could more effectively absorb water and swell 
resulting aggregation of modified granules with each other or with 
small granules, which led to an increase of granule size (Han et al., 
2009a, 2009b). PEF treatment has been shown to decrease rela-
tive crystallinity, gelatinization transition temperatures and gelati-
nization enthalpy of different starches (Han et al., 2009a, 2009b, 

2012; Zeng et al., 2016) suggesting that the treated starches were 
more sensitive to be gelatinized due to the rearrangement and de-
struction of starch molecular structure and crystallinity after PEF 
treatment (Han et al., 2009b). Relative crystallinity decreased with 
increasing field intensity (2.86–8.57 kVcm−1) in PEF treated wheat 
and potato starches, while crystallinity only slightly changed in 
PEF treated pea starch (Li et al., 2019).

At present, only few studies have investigated starch nutritional 
fractions of PEF treated starches. RDS levels increased (from 32.4 
to 37.4%) and SDS (from 45.5 to 42.0%) and RS (from 22.1 to 
20.7%) levels decreased after PEF treatment in waxy rice starch 
and furthermore, with the increase of PEF electric field strength 
(from 30 to 50 kV cm−1), RDS levels increased (from 37.4 to 
50.4%), while SDS levels (from 42.0 to 35.2%) and RS levels 
(from 20.7 to 14.4%) decreased (Zeng et al., 2016). RDS contents 
increased in PEF treated wheat, potato, and pea starches while 
RS contents increased only in wheat and potato starches with in-
creasing field intensity (2.86–8.57 kVcm−1) (Li et al., 2019). PEF 
treated rice starch showed higher RDS levels and lower SDS lev-
els with different field intensities (2.86–8.57 kVcm−1) while RS 
contents remained unchanged in comparison to native starch (Wu 
et al., 2019). The disruption of starch granule packaging/starch 
crystallites may have exposed the α-(1,4) glycosidic bonds and/
or α-(1,6) glycosidic bonds that were previously buried within the 
starch crystallites facilitating the entry of the enzyme into the gran-
ule interior (Zeng et al., 2016).

6. Dual modification

Dual modification involves a combination of two modification 
techniques. Combination of chemical and physical methods, 
chemical and enzymatic methods and two chemical methods 
are used in order to improve the properties and uses of starches 
(Ashogbon and Akintayo, 2014). The first modification rearrang-
es the starch chains and structures of the granules for the sec-
ond modification in the physical dual modification. In general, 
the properties of the dual modified starches are mainly resulting 
from the second modification and sometimes the effects can be a 
combination of both modifications (Ashogbon, 2020). There are 
a few studies for effect of physical dual modification on in vitro 
digestibility of starches, where HMT in combination with ANN 
(Chung et al., 2009a, 2010; Farias et al., 2019; Zeng et al., 2015) 
and extrusion (Yan et al., 2019). ANN-HMT and HMT-ANN 
treatments have been shown to restrict granule swelling, solubil-
ity and amylose leaching in waxy rice (Zeng et al., 2015), pea, 
lentil and navy bean starches (Chung et al., 2010) whereas a de-
crease in swelling factor and an increase in amylose leaching was 
observed in normal corn starch after dual modification (Chung 
et al., 2009a). Relative crystallinity and molecular order at the 
granule surface have been shown to increase or decrease upon 
dual modification in varying extents in different starches (Chung 
et al., 2009a, 2010; Zeng et al., 2015). Gelatinization transition 
temperatures have increased compared to native starch after dual 
modification corn (Chung et al., 2009a), waxy rice (Zeng et al., 
2015), pea, lentil and navy bean (Chung et al., 2010) and bean 
starches (Farias et al., 2019) whereas gelatinization enthalpy 
increased, decreased or remained unchanged in those starches 
compared to native counterparts in different dual modifications 
(ANN-HMT and HMT-ANN).These variations in different starch 
types can be due to interplay between two factors; disruption of 
crystallites during HMT which were perfected on ANN (in ANN-
HMT) and better alignment of crystallites during ANN which 
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were disrupted on HMT (in HMT-ANN) (Chung et al., 2009a, 
2010; Zeng et al., 2015). The combination of extrusion and HMT 
has increased swelling power, solubility and gelatinization transi-
tion temperatures and decreased relative crystallinity and gelati-
nization enthalpy of corn starch compared to native counterpart 
(Yan et al., 2019). However, compared to the extruded starch the 
dual modification has increased crystallinity and gelatinization 
parameters indicating that the dual modification has increased the 
thermal stability of corn starch (Yan et al., 2019).

Both HMT-ANN and ANN-HMT modifications have been 
shown to increase RDS and SDS contents in normal corn starch 
whereas RS content decreased upon ANN-HMT and remain un-
changed upon HMT-ANN (Chung et al., 2009a). In pea, lentil and 
navy bean starches, HMT-ANN decreased RDS and SDS levels 
and increased RS levels as compared to HMT starches indicating 
perfection of crystallites that were disrupted on HMT. ANN-HMT 
increased RDS and SDS levels and decreased RS levels in pea and 
lentil compared to ANN starches indicating disruption of perfected 
crystallites (Chung et al., 2010). However, Zeng et al. (2015) ob-
served an increase in RDS and a decrease in SDS and RS contents 
on HMT-ANN and compared to HMT and a decrease in RDS, an 
increase in SDS and no change in RS content was observed on 
ANN-HMT compared to ANN. Crystalline disruption may have 
exposed the α-(1,4) and/or α-(1,6) linkages that were previously 
buried within the starch crystallites, and thus enhance accessibil-
ity towards enzyme attack (Zeng et al., 2015). The combination 
of extrusion and HMT increased RDS and SDS contents and de-
creased RS content compared to native corn starch. However, dual 
modification decreased RDS content and increased RS content 
compared to extruded corn starch indicating that the dual modifi-
cation increased the interactions between starch chains compared 
to single extrusion treatment resulting better resistance to enzyme 
hydrolysis (Yan et al., 2019). The amounts of RDS, SDS and RS 
contents of native and dual modified starches from different bo-
tanical sources are presented in Table 4.

Chung et al. (2010) evaluated the digestibility characteristics 
of modified and gelatinized pea, lentil and navy bean starches and 
found that both ANN-HMT and HMT-ANN decrease RDS con-
tent and increase SDS and RS levels in gelatinized starches com-
pared to unmodified gelatinized starches indicating the formation 
of thermos-stable AM-AM interactions during modification which 
can restrict disruption during gelatinization (Chung et al., 2009b, 
2010).

7. Conclusion

Both thermal and non-thermal modifications alter starch digest-
ibility as well as other physicochemical properties. The changes 
occur in starch structure as a result of different physical modifica-
tions directly affect the susceptibility towards enzyme hydrolysis 
of starches and the contents of starch nutritional fractions, which 
ultimately affects the bioactive properties caused by RS. There is 
a vast amount of information about the impact of ANN and HMT 
on starch nutritional fractions but there are only a few studies re-
garding the other physical modifications techniques. However, it is 
difficult to find a relationship between different modification tech-
niques and starch nutritional fractions since different studies have 
used different processing conditions and enzyme assay conditions. 
More studies that investigate techniques other than ANN and HMT, 
as well as dual modifications are needed to develop reliable pro-
cessing technique with high RS contents since RS has the potential 
to be used as a natural bioactive component in food applications. It 
is also important to develop a standard method (with particular en-
zyme source, concentration and digestion time) to evaluate impact 
on starch nutritional fractions for future studies which will enable 
enhanced comparison between different processing techniques and 
starch sources.
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