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Abstract

The ever-increasing ranges of starch applications have been restricted by some of its

inherent adverse characteristics like retrogradability, gel opacity, low resistibility to

variations of pH, and elevated shear/temperatures. Starch modification through var-

ious physical, chemical, and enzymaticmethods has been proposed as themostmature

platform to tackle such drawbacks. Along with their outstanding potential in enhanc-

ing the starch’s technofunctional characteristics, physicochemical modifications could

remarkably customize starch nutritional/digestibility attributes. For instance, phys-

ical modifications could remarkably change starch digestibility by manipulating the

granular architecture while chemical approaches change it by altering the chemical

structure of starchmolecules, making themunrecognizable to digestive enzymes. Such

alterations could evenbemore challenginguponapplying a combinationof starchmod-

ifications. The changes in starch digestibility through itsmodification via single, double,

andmultiple modifications have been overviewed in this review.
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1 INTRODUCTION

Starch, as the most abundant nature-inspired carbohydrate in the

human diet, naturally occurs in a broad range of food crops, that

is, legumes, cereals, roots, tubers, fruits, as well as processed foods.

By virtue of its promising characteristics, starch has been widely

implicated in designing well-structured gels/films, developing foams,

stabilizing emulsions, and thickening/texturizing foods (Chen et al.,

2023). However, it is needless to say that the ever-growing food

applications of starch have been challenged by some of its inher-

ent shortcoming such as limited shear/temperature resistibility and

unfavorable retrogradability/opacity of the paste. At present, starch

modification via chemical, physical, and enzymatic approaches is the

mostmature platform tomeet such bottleneckswhere a partial change

in chemical structure/physical architecture of the starch molecules

could render starch granules resistant against applied shear uponheat-

ing, boost the paste clarity, customize the product rheology, as well

as restrict the syneresis tendency of the gel by intensifying its water

retention capacity (Falsafi, Maghsoudlou, Aalami, et al., 2019; Fan &

Picchioni, 2020).

Nonetheless, aside from their substantial impacts on physicochem-

ical and technofunctional attributes, starch modification could also

provoke remarkable variations in starch digestibility (Olawoye &

Gbadamosi, 2020). From the digestion point of view and given the

great importance of controlling the absorbed glucose following the

consumption of starchy foods in the context of community health,

numerous efforts have been made to classify starches based on their

digestion behavior. Englyst et al. (1992) have been the pioneers in

studying the digestibility of starch. They developed the most famous

method of classifying starches based on their digestion rate where

the starch was digested in a simulated gastric/intestinal phase and

the extent of released glucose was measured in various time intervals.

According to this method, starch was compartmentalized into three

distinctive fractions that is (i) rapidly digestible starch (RDS, a starch

fraction that hydrolysis upon the first 20 min of digestion and results

in a fast increase in blood glucose level); (ii) slowly digestible starch

(SDS, a starch portion that hydrolysis completely but at a slower rate

(20–120 min); and (iii) resistant starch (RS, a starch fraction that is not

digested upon gastric and intestinal phase and transferred intact to the

colon, where it can be fermented by probiotic bacteria) (Englyst et al.,

1992).

As mentioned earlier, starch digestibility can be deliber-

ately/inadvertently manipulated upon starch modification. For

instance, hydrothermal treatments (i.e., annealing [ANN] and heat–

moisture treatment [HMT]) have long been recognized as efficient

approaches for enhancing the RS content of starch (Lee et al., 2012;

Xu et al., 2018). Likewise, among chemical modification strategies,

cross-linking has been a potent tool commercially utilized for the

production of RS (Falsafi, Maghsoudlou, Aalami, et al., 2019). However,

hydroxypropylation provoked variable changes in starch digestibility

where it intensified the digestion rate of ungelatinized starch but

hindered the digestibility of gelatinized counterparts (Dreher et al.,

1984). In this regard, the starch source, the type of modification

applied, as well as the modification condition are determinant factors

governing the starch digestibility.

Considering the inevitable role of starch on human health, in

almost all recent studies on starch modification, along with other

physicochemical attributes, the digestion behavior of starch is also

investigated (Han et al., 2020; Punia, 2020). There are also some valu-

able efforts on assessing the digestibility of starchwithin the food/food

matrices (Singh et al., 2010). However, the current literature lacks a

comprehensive overview of the impact of different modifications on

nutritional aspects of starch. With this perspective, in the present

paper, we first focus on recent advances in the approaches employed

for determining starch digestion behavior. We further comprehen-

sively discuss the impact of physical, chemical, dual, and multiple

modifications on starch digestibility.

2 DETERMINATION OF STARCH DIGESTIBILITY
VIA VARIOUS IN VITRO AND IN VIVO
APPROACHES

2.1 In vitro methods

2.1.1 Static methods

There have been numerous in vitro techniques in the past to mea-

sure the extent of starch digestibility via hydrolysis, which vary in

terms of sample preparation, the use of amylases and proteases, and

the validation of results upon in vivo methods (Figure 1). Englyst

et al. (1992) simulated the digestive behavior of starch in the small

intestine using glucoamylase and categorizes it based on its biological

availability intoRDS (digestedwithin 20min), SDS (digestedwithin 20–

120min), and RS (resistant to digestive enzymes in the small intestine).

This has become one of the classic in vitro methods widely adopted

for studying starch digestion. Another classic method is the use of

3,5-dinitrosalicylic acid, which is simple to operate (using only pan-

creatic amylase) but has complex hydrolysis products that introduce

uncertainty in the analysis results (Falsafi, Maghsoudlou, Aalami, et al.,

2019). Recently, Englyst et al. (2018) conducted an interlaboratory val-

idation of the methods for determining RDS and SDS, and the results

showed acceptable measurement uncertainty and validated the trans-

ferability of the approach among laboratories. This provides a credible

basis for the evaluation of different types of starch, especially SDS, in

food and the human body.

2.1.2 Dynamic methods
(human-mimicking/near-real)

Dynamic methods for studying starch digestibility involve the use of

systems thatmimic the human digestive process in order tomore accu-

rately understand how starch is digested and absorbed in the body.

These methods can provide valuable information on the factors that

influence starch digestibility and can be used to optimize the diges-
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F IGURE 1 Determination of starch digestibility via various in vitro and in vivo approaches.

tion and absorption of starch in various food products. One dynamic

method for studying starch digestibility is the near-real dynamic in

vitro human stomach system developed by researchers at Soochow

University in China (Wang, Wu, et al., 2019). This system consists of

a series of reactors that mimic the different stages of digestion in the

human stomach, including thepresenceof hydrochloric acid andpepsin

in the first stage and the action of bile and pancreatic enzymes in

the second stage. This system allows researchers to study the effects

of various factors, such as pH and enzyme activity, on the digestion

and absorption of starch. Another dynamic method for studying starch

digestibility is the model stomach system developed by Paul Singh and

colleagues at the University of California, Davis, which mimic the dif-

ferent stages of digestion in the human stomach and small intestine

(Kong & Singh, 2010). The digestion system developed by the Rid-

det Institute in New Zealand is another dynamic method for studying

starch digestibility with the focus on mimicking human stomach diges-

tion (Ferrua & Singh, 2015). The TNO digestion system is a dynamic

method for studying starch digestibility that was developed by the

Netherlands Organization for Applied Scientific Research (TNO) (Wu

& Chen, 2020). The system has also been used to study the effects of

foodprocessingmethodson starchdigestibility aswell as to investigate

thepotential of different food ingredients tomodify starchdigestibility.

There are more dynamic digestion systems developed by researchers

in Belgium, the United Kingdom, and France, which are also emerging.

2.2 In vivo methods

2.2.1 Human blood glucose test

Typically, the in vivo method for determining starch digestibility in

humans is characterized by the glycemic index (GI) (Lal et al., 2021).

This method involves testing blood sugar levels in a minimum of 10

young healthy volunteers who have fasted for around 10 h. The volun-

teers are given either 50 g of d-glucose in 200 mL of water or an equal

amountof available carbohydrates in the formof a test food. Theexper-

imentswith the test foodand reference food (d-glucoseorwhite bread)

are conducted on various intervals and repeated to obtain an average

value. The volunteers are instructed to consume the food or glucose at

a comfortable pace, and the testmeals are servedwith adrink that does

not contain sugar. Blood sugar levels are measured at 30-min intervals

for 4 h, and thedata is plotted on a graph to obtain the incremental area

under the curve (IAUC) for the reference food and test food. The GI

rating is then calculated as the IAUC for the test food divided by the

IAUC for the reference food, multiplied by 100. The in vitromethod for

determining GI involves simulating the digestive process in the mouth,

stomach, and small intestine using enzymes andmeasuring the release

of free glucose at various time points.

New blood glucose testing methods, such as continuous glucose

monitoring system that can detect glucose levels for several days
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and provide real-time feedback, can greatly facilitate in vivo starch

digestibility studies by eliminating the need for repeated blood sam-

pling and testing (Falsafi et al., 2022). Other noninvasivemethods, such

as smart watches that display blood sugar levels, are also being devel-

oped, although their accuracy still needs to be improved (Sehgal et al.,

2021). These advancements allow for more convenient and efficient

testing of starch digestibility in humans.

Although the GI method is widely used and provides valuable infor-

mation about the digestibility of starch in the human body, it has some

limitations. It onlymeasures the effect of the starch on blood sugar lev-

els and does not consider other factors such as the effect on insulin

levels or the effect on satiety. In addition, the GI values may vary

depending on the individual, the amount and type of other foods con-

sumedwith the test food, and other factors such as the physical formof

the food and the cookingmethod.

2.2.2 Animal test

To evaluate starch digestibility using animal as in vivomethod, a sample

of the starch source is fed to the animal and the amount of starch that is

digested is measured over a specific time period (Martens et al., 2019).

This can be doneusing various techniques, such as fecal starch analysis,

ileal sampling, or whole-body balances. The advantage of this method

is that it allows for the evaluation of the digestibility of the starch in the

context of the entire diet and the digestive physiology of the animal.

However, this method can be time-consuming and may not be suitable

for all types of starch sources.

3 CHANGES IN STARCH DIGESTIBILITY UPON
SINGLE MODIFICATIONS

3.1 Impact of single physical modifications on
starch digestibility

Physical modification of starch is simple, inexpensive, and safe, as it

does not use chemicals or biological reagents (Colussi et al., 2020).

The most popular physical modifications are pre-gelatinization and

hydrothermal treatments as ANN, HMT, steaming, and extrusion

(Fonseca et al., 2021; Garcia-Valle et al., 2021). Recently, new meth-

ods involving emerging technologies (i.e., ultrasonication [US], high-

pressure processing [HPP], microwave, radio frequency treatments,

pulsed electric field, ionizing radiation, cold plasma treatment, and

ozonation) havebeenwidelydeveloped.Althoughall themethodsmen-

tioned above are physical modifications, depending on the treatment

condition and the intensity applied, various changes in the physical

and chemical structure of the starch granule may occur. For instance,

modification by gamma irradiation could result in the formation

of carbonyl compounds (e.g., formaldehyde, acetaldehyde, acetone,

dihydroxyacetone, and acids); UV-irradiation results in crosslinking,

oxidative photodegradation (in the air), depolymerization, and dex-

trinization via free radical generation; cold plasma induces free radicals

on starch molecules, and ozonation may form carbonyl and carboxyl

groups (BeMiller & Huber, 2015). Overall, wherever the starch mod-

ification boosts the access of enzymes to starch molecules, a higher

digestibility (higher RDS and less RS contents) is expected. On this

ground, the alterations in physicochemical and structural attributes of

starch through physicochemical modifications could induce changes

in starch digestibility through various phenomena, such as (i) increas-

ing the starch digestibility due to the loss of granule integrity and/or

disintegration of starch granular structure, (ii) enhancing the starch

resistibility to digestion due to the formation of amylose–amylose or

amylose–amylopectin double helices with a higher degree of crys-

tallinity, (iii) increasing the RS content following the rearrangement

of starch molecules within granules into architectures with more per-

fection, and (iv) reducing the starch digestibility due to the formation

of new chemical bonds (through cross-linking, esterification [ES], oxi-

dation, or etherification), as the new bonds cannot be recognized by

amylolysis enzymes, and they also block the move of enzymes over the

backbone of starchmolecules.

3.1.1 Starch pre-gelatinization

The pre-gelatinization process is based on gelatinization, followed by

drying under conditions that enable low or any molecular reorienta-

tion. The process can be done by direct heating or extrusion (Agama-

Acevedo et al., 2018; Garcia-Valle et al., 2021) and the resulted starch

becomes soluble in water at room temperature. This modification has

indicated to significantly increase the starch digestibility.

Garcia-Valle et al. (2021) studied the effect of pre-gelatinization

using extrusiononmangoandamaranthus flours andverified its effects

on texture, pasting properties, and in vitro starch digestibility. After

modification,mango starchpresented56.3%of gelatinization andama-

ranth starch 51.3% (Table 1). For both flours, the extrusion process

promotes a sharp increase in the maximum extent of hydrolysis, with

higher hydrolysis for amaranth than mango flour. The lower digestibil-

ity of mango starch despite its higher percentage of gelatinization was

explained by the more intact granular structure, which made it dif-

ficult for enzymes to access it during the in vitro digestion process.

Agama-Acevedo et al. (2018) pregelatinized high-amylose starch by

autoclaving and found amarked reduction in RDS and SDS levels. How-

ever, the greatest reduction was seen in the levels of RS, where in

amylomaize V, it went from 69.1 to 21.1 and in amylomaize VII, from

81.2 to 30.6.

3.1.2 Granular cold water swelling starch

The granular, cold-water swelling starch is intact gelatinized granules

that swell extensively (without heating) when put in an aqueous

medium, working as pregelatinized starch. There are several processes

for the elaboration of this type ofmodified starch.Majzoobi and Farah-

naky (2021), in their review paper, explain in detail the differences

between each method, all of which aim to maintain the granular struc-
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10 ROSTAMABADI ET AL.

ture. All the processes employed have specificities, which alter the

starch granule in a specific way. BeMiller and Huber (2015) explained

that one of the processes can be done by heating the normal starch in

aqueous ethanol up to 60◦C, which degrades the crystalline lattice and

promotes a partial swell of the granule, resulting in the development of

amylose–ethanol V-complexes. The interlinking of amylose and amy-

lopectin maintains some integrity of the granules. Finally, the ethanol

is omitted via washing or evaporation at elevated temperatures

(140–180◦C). This process is believed to increase digestibility but not

as much as in pregelatinized starch. Information about the digestibility

of this type of starch is still scarce, but Zhong et al. (2022) prepared

maize granular cold water swelling starch to increase the maltogenic

α-amylase and branching enzyme efficiencies in the modification. As a

result, they verified a great increase in enzyme efficiency.

3.1.3 Hydrothermal treatments

Heat–moisture treatment (HMT) and annealing

The heat–moisture and ANN treatments are hydrothermal processes

where the proportion of starch, moisture content, temperature, and

heating time are controlled (Pratiwi et al., 2018). The techniques are

differentiated as they use different amounts of water and tempera-

tures. HMT is performed under limited moisture content (10%–30%)

and temperatures that reach 90–120◦C, while ANN involves water in

excess (50%–80%) and temperatures below the gelatinization point.

Both modifications alter starch’s chemical and physical properties and

do not destroy its granular structure (Fonseca et al., 2021).

According to Fonseca et al. (2021) themost significant architectural

changes attained by HMT and ANN include lengthening the double

helix’s length, reducing thedouble helical content, solidifying thebonds

between amylose and amylopectin, and generating semicrystalline lat-

tices of more heterogeneity. Thereby, after modification, the starch

structure (RS) turnsmoreorganized. Themoreorganized the structure,

the more difficult the access of enzymes during the digestion process;

consequently, the less the digestion. On the other hand, it should be

taken into account that each source of starch can present a different

behavior in the face of modification due to granule size, amylose con-

tent, relative crystallinity pattern, and among others. Studies report

the formation of SDS andRS and the reduction of RDS upon such treat-

ments (Pratiwi et al., 2018). In another attempt, Colussi et al. (2020)

verified the effect of HMT on potato starch. In their study, the author

used 15%, 20%, 25% moisture, and 110◦C for 16 h in the oven to con-

duct HMT, and after the treatment, the starch granules retained their

granular structure. The HMT reduced the glucose release during the

small intestinal digestion compared to the native starches, and such

alterations were more noticeable at higher moisture contents. Huang

et al. (2016) showed higher RDS and SDS contents and lower RS con-

tent in themodified starch samples by repeatedHMT. In contrast to the

changing trend of the RS, the elevated levels of SDS were observed as

the HMT cycles increased, and the highest SDS was observed at three

cycles ofHMTand thereafter reduced. The findingof this study showed

that rather thanHMTduration, cycling periodswere an essential factor

that significantly influenced the concentration of SDS in sweet potato

starch. The damage to starch molecules caused a lower RS and higher

SDSandRDScontentswhenHMTwasapplied for over three cycles.On

the other hand, the diminished RDS and SDS and the higher content of

RS for three-cycle HMT samples could be caused by the associations

between starch chains and the perfect crystallite near the granule’s

surface, which prevents the disruption of starchmolecule (Huang et al.,

2016).

Marboh et al. (2022) studied the impact of HMT (100◦C, at 20%,

25%, and30%moisture for16h) andANN(50◦C, at70%,75%, and80%

moisture for24h) onphysicochemical properties and in vitrodigestibil-

ity of sohphlang (Flemingia vestita) tuber starch. In all treatments, the

authors verified a reduction of RDS and increasing SDS and RS; how-

ever, the more intense change was found in HMT-modified starches.

The content of RS in native starch was 11.30%, which increased to

16.71%–22.48% and 17.36%–21.58% for HMT and annealed starch,

respectively. The promotion of SDS and RS during HMT and ANN

results from the rearrangement in amylose/amylopectin architecture.

As previously mentioned, several factors related to the process and

the source and characteristics of starch influence digestibility of starch

uponHMT and ANNmodifications.

Steaming

Steaming is a viable thermophysical technology to modify starch upon

employing dry and wet heat treatment (Hu et al., 2017). Aside from

its potential to enhance product quality and consumer acceptability,

steaming could also boost starch’s SDS andRS content.Ma et al. (2021)

mentioned that steam technology is a promising strategy applied to

starch modification; once in their study, the SDS and RS content of

wheat starch increased from 10.6% to 7.9% in native starch to 17.2%

and 13.6% following steaming (150◦C, 1min). Hu et al. (2017) reported

that steaming increased wheat flour’s SDS and RS contents. Wu et al.

(2016) described that superheated steam treatment was an appropri-

ate technique for processing rice due to its ability to increase SDS and

RS contents.

Extrusion process

The extrusion process involves the thermomechanical treatment of

starch at limited moisture. It causes an ordered to disordered phase

transition in starch, where the inter/intramolecular starch–starch

hydrogen bonds are substituted by starch–water molecules –OH

bindings. Divers processing conditions produce different structures,

improving starch functional properties, such as pasting properties,

water absorption, solubility, cold pasting viscosity, and reduced

digestibility (BeMiller &Huber, 2015; Liu et al., 2023). After employing

the extrusion process (moisture content of 40%, a screw speed of

150 rpm, and temperature profiles of 35, 45, 60, 80, 100, and 120◦C,

using a hot-melt twin-screw extruder), Liu et al. (2023) found that the

process decreased RDS and SDS contents while increase the RS. The

formation of starch–lipid complexes is responsible for the increase

in RS levels. Robin et al. (2016) studied the impact of screw speed

(250–600 rpm), barrel temperature (100–160◦C), and water content

(16.4%–22.5%) on RDS, SDS, and RS content of waxy, normal, and
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ROSTAMABADI ET AL. 11

high-amylosemaize starches. Their investigation revealed that the nat-

ural RS in high-amylose native corn starch (CS) gives rise to enhanced

SDS following extrusion. Its digestion behavior can be ascribed to

some granular fragments that can endure the extrusion process and

the development of secondary structures, such as amylose–lipid

complexes and retrograded starchmolecules.

3.1.4 Novel physical modification approaches

Ultrasonication

US is a safe technology that produces mechanical actions and liq-

uid cavitation bubbles that attack the starch granules and alter their

properties (Barua et al., 2021). The main changes observed in ultra-

sonicallymodified starches are granular damage, especially on surfaces

(cracks, pores, and imperfections), molecular depolymerization, which

promotes alterations on starch properties (Sun et al., 2022; Zhou et al.,

2023). At greater exposures of granules to US, more pores and cracks

are created leading to an increase in the granule contact surface, which

makes them more susceptible to hydrolysis. Most studies using US

report an increase in digestibility. Zhou et al. (2023) applied 500 W,

20 kHz, 60 min on maize and potato starch and verified that the rate

of starch hydrolysis elevated after themodification. The authors justify

thehigher rate to the fact thatUSdestroys thephysical barricadeof the

granules, resulting in an extra upsurge in the interaction between the

starch and the enzyme. Another relevant point reported in the study

was the differences in digestibility of A-type and type-B crystallinity

patterns. The digestibility percentage of A-type (CS) was higher than

B-type (potato starch). The same behavior was reported in other stud-

ies. B-type starcheswere less susceptible to enzymatic digestiondue to

their granular architecture. Contrary to the above studies, Ding et al.

(2019) observed a reduction in starch digestibility when applied ele-

vated powers of ultrasound (300–600 W) on type 3 resistant starch

(RS3) (Figure 2). In detail, they outlined that at low powers of ultra-

sound (100–200), the degradation of granules and the emergence of

cracks and pores on surface (Figure 2a,b) facilitate starch digestion.

However, under higher powers of ultrasound (300–600W), sonication

treatment was accompanied by a remarkable rise in the temperature

of the media. Upon cooling, the degraded starch fractions within the

sonicated mixture were rearranged into V-type crystallite structures

(Figure 2i) with less susceptibility to digestive enzymes (Figure 2h).

High-pressure processing (HPP)

During the HPP processing, reversible hydration of the amorphous

regions occurs, followed by irretrievable destruction of the crystalline

segments of starch granules. During the process, normally, the gran-

ular structure of starch is disrupted. The packing architecture of the

amylose and amylopectin within the granules plays an important role

in defining the behavior of starch under HPP and its consequent

digestibility (BeMiller &Huber, 2015).

The main factors that interfere with the digestibility of starches

submitted to HPP treatment are the botanical source, the treat-

ment’s intensity, and the starch’s amylose content. In addition, the high

pressure disturbs the starch’s internal structure, leading to a loss of

structural integrity andvulnerability toenzymatic hydrolysis.However,

immediately after theHPP process, retrogradation begins, which leads

to the elevation of RS content. Park et al. (2021) investigated the effect

of HPP on starch digestibility in both flours and starches extracted

from flours. It was reported that HPP treatment of rice flour at 200–

600 MPa for 10 min increased the RS fraction. A-type starches are

less resistant to HPP than B-type starches, and C-type starches are

intermediate where the A-type polymorphic RS is more compact and

lower in water content. In contrast, the B-type polymorphic structure

has a more open structure with a hydrated helical core (BeMiller &

Huber, 2015). Colussi et al. (2018) studied different pressures, cycles

of pressurization and depressurization, retrogradation behavior, and

their influences on the functional properties and digestibility of potato

starch. The authors mentioned that the HPP, in combination with ret-

rogradation, facilitates the production of starch with different useful

features that, after cooking, provide less digestibility during in vitro

gastrointestinal digestion and a slower release of glucose.

Microwave and radio frequency treatments

Microwave and radio frequency are carried out using specific forms

of irradiation in specific equipment. Samples must be as a suspension

or moisture-adjusted samples followed by microwave heat treat-

ment and cooling. Microwave promotes heating uniform across all

starch specimen via vibrating polar substances (i.e., water molecules

or ionic ingredients). However, this process can cause several changes

in starches’ functional and physicochemical properties (Zailani et al.,

2023).

Wang et al. (2019) applied microwave irradiation on corn, potato,

and chestnut starch. They observed that after microwave treatment,

starches’ digestibility and physicochemical properties changed. The in

vitro starch digestibility elevated after microwave irradiation; while

after retrogradation for 24 h, the digestibility of starch declined, and

the RS content was greater than that of native starches. Upon study-

ing the levels of RDS, SDS, and RS of the water caltrop starch treated

by microwave, Wei et al. (2020) verified that the behavior of treated

starches had significant differences with the extension of modification

time (20, 30, or 50 s). The levels of RDS and SDS diminished when

increasing the microwave treatment. This may be caused by the incre-

ment in amylose content and relative crystallinity, so the consolidated

double-helical architectures avoid the enzymes activity. On the con-

trary, the RS content elevated gently and remarkably differed from the

content in unmodified samples. The microwave treatment accelerates

the degradation of hydrogen bindings, promotes molecular reorien-

tation, and improves water distribution of the starch enhancing the

quantity of bound water, conditions that can directly interfere with

starch digestibility. Single microwave treatments in maize and potato

starch incremented the RS and declined RDS and eGI (Zhou et al.,

2023).

Pulse electric field (PEF)

The pulse electric field (PEF) can be used for starch modification. Its

actuation mechanism happens through short pulses of high voltage
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12 ROSTAMABADI ET AL.

F IGURE 2 Scanning electronmicroscopy (SEM) images of normal type 3 resistant starch (a) and type 3 resistant starch (RS3) samples treated
via ultrasound at various powers of 100 (b), 200 (c), 300 (d), 400 (e), 500 (f), and 600W (g); starch fractions (h) and crystalline fragments (i) of RS3
starches treated at various ultrasound powers. SEM images of normal Hylon VII starch (j), oven dried (OD) Hylon VII (k), and freeze-dried (FD)
Hylon VII (l) starches; FD samples hydrothermally treated for 3 (m), 12 (n), 24 (o), OD samples hydrothermally treated for 3 (p), 12 (q), and 24 h (r);
starch fractions in normal, pregelatinized, OD and FDHylon VII starch (s). Source: (a–i) Reprinted with permission fromDing et al. (2019); (j–s)
reprinted with permission fromAgama-Acevedo et al. (2018).
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ROSTAMABADI ET AL. 13

with very short period to avoid heating. In a study by Duque et al.

(2022), PEF treatment (2.1–2.2/4.2–4.5 kV/cm; 1.2–9.7 J; 42–53/421–

438 kJ/kg) was applied on oat flour. They outlined that PEF using high

electric field strength and energy (<216 kJ/kg) was desirable for hin-

dering starch digestion, where RS enhanced from 77% to 84%–85%,

whereas RDS diminished from 15% to 7%–10%. The PEF treatment

in waxy rice with varied intensities (30, 40, and 50 kV/cm) showed a

gradual increase in starch digestibility as the intensity was increased.

Ionizing radiation

Radiation treatment has been widely used for food preservation as

well as modification of various starches. Because of their high energy,

ionizing gamma rays and UV radiation can destroy starch chains (Kur-

dziel et al., 2020). Sudheesh et al. (2019)modified kithul starch (Caryota

urens) with gamma irradiation at different doses (0.5, 1, 2.5, 5, and

10 kGy). Increasing the irradiation doses enhanced the solubility while

declining the relative crystallinity, swelling index, and viscosity and

induced large imperfections on the surface of granules. The in vitro

starch digestibility increased with radiation doses. In the study by

Kurdziel et al. (2020), in the maize starch irradiated with UV light

for 30 min, an increase in SDS and a decrease in RS were observed,

whereas RDS content was not different.

Cold plasma

Besides being a physical treatment, plasma processing promotes vari-

ous reactive species, inducing chemical changes. The extent of changes

in the chemical composition relies on the starch type, plasma, and

experimental conditions. The main changes in starch are the reduc-

tion in moisture, amylose content, crystallinity, and the formation of

functional groups linked to the molecules (BeMiller & Huber, 2015).

Moreover, the size, granule’s lamellar structure, swelling power, solu-

bility, pasting, thermal, and digestibility properties can be altered (da

Costa Pinto et al., 2023). Upon Studying the impact of different high

voltages of plasma (7, 10, 14, and 20 kV) on Aria starch, Carvalho et al.

(2021) reported that the application of plasma caused a remarkable

increment in RDS and a decline in SDS values. SDS consists of com-

pressed amorphous segments and weak helical architecture that may

be influenced by reactive species of plasma, depolymerizing the starch

chains and transforming them toRDS. Although there are no variations

in the RS content, the authors believe that theremay have been forma-

tion of type 2 RS after modification. da Costa Pinto et al. (2023) also

studied the cold plasma but with different frequencies (50, 100, 200,

350, and 550 Hz) at 20 kV for 15 min and verified that RDS and RS

were remarkably enhanced; for another hand, the SDS diminishedwith

cold plasma treatment. The excitation frequency of 200 Hz revealed

the maximum RDS and minimum SDS content, and it can be explained

because the presence of lower molecular weight residues led to an

upsurge in starch hydrolyzability.

Ozonation

The ozonation is performed by incorporating the ozone into the starch

dispersion in water, resulting in an oxidation reaction, which is consid-

ered a process of starch modification. Two key reactions occur upon

starch ozonation. First, the oxidation of –OH groups of the amylose

and amylopectin (C–OH) to carbonyl (C=O) and carboxyl (HO–C=O)

groups, mainly on the carbons located at 2, 3, and 6 positions of glu-

cose. The starch molecules are depolymerized in the second reaction

by cleaving glycosidic bonds (Castanha et al., 2017). Wang et al. (2022)

modified finger millet starch (Eleusine coracana L.) with ozone gas.

On scanning electron microscopy, the granules showed deep cracks,

showing that ozone promoted erosion on the surface of starch gran-

ules. The solubility is minimal, generated by the crosslinking between

starch molecules after the oxidation by ozone. On XRD, V-type crystal

patterns starch emerged. In vitro starch digestibility revealed the for-

mation of RS and a decrease in digestibility where the tighter V-type

crystalline structures hindered the action of digestive enzymes.

3.2 Impact of single chemical modification on
starch digestibility

Starch characteristics can be customized by incorporating functional

groups into its molecular structure. The stability of intramolecular and

intermolecular bonds at various sites and locations is aided by such

alterations. The functional and chemical characteristics of the modi-

fied starches are influenced by factors like the starch source, reaction

conditions, degreeof substitution, type, anddistributionof substituting

agent along the starch molecule (Falsafi, Maghsoudlou, Rostamabadi,

et al., 2019). The five basic categories of chemical modifications are

cross-linking, oxidation, ES, etherification, and acid hydrolysis. In addi-

tion to their remarkable impacts on physicochemical attributes, these

chemical modifications are potent strategies for inducing different

digestion behavior in starch (Wang et al., 2022, p. 20). A detailed

overview of the digestibility of chemically modified starches has been

provided in the following section.

3.2.1 Starch cross-linking

Upon cross-linking modification, starch is subjected to a cross-linking

agents, such as sodium trimetaphosphate (STMP), sodium tripolyphos-

phate (STPP), epichlorohydrin, or phosphoryl chloride (POCl3). Cross-

linking alters the functional properties and digestibility of starch by

fusing covalent bonds with preexisting hydrogen linkages in starch

granules (Sharma et al., 2020). However, the impact of crosslinking

can vary depending on the extent of modification, plant-based sources

of starch, and the type of crosslinking agents employed during mod-

ification. Crosslinking treatment generates intra- and intermolecular

connections in the granules, which, along with stabilizing their struc-

ture, results in an increase in their resistance against digestion (Park

et al., 2018). This resistant starch fraction is referred to as RS4. It

is worth noting that although a limited number of cross-linked spots

could hugely affect the physicochemical properties of starch, they

barely change its digestibility. For POCl3 which is a rapid-reacting

ingredient, it is not practicable to achieve enough cross-links to pro-

voke resistance to digestion as themaximumauthorized level of POCl3
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in foods is 0.1%. Woo and Seib (2002) outlined that the RS was

almost negligible in POCl3 cross-linked starch with 0.1% phosphorous

content. Currently, the blends of STMP/STPP have been extensively

engaged in producing type 4 RS where the maximum permitted level

of phosphorous is 0.4%. However, conversely to POCl3, STMP/STPP

is rather sluggish in reacting resulting in more time-consuming pro-

cesses. This challenge has been the focus of different studies and

almost tackled by performing cross-linking reactions under ultrasound

or extrusion conditions (Falsafi, Maghsoudlou, Aalami, et al., 2019).

Nevertheless, conflicting information is available in the in the liter-

ature regarding the impact of phosphorylation-induced crosslinking

on starch digestibility. According to some researches, cross-linking

with phosphorylation may slow down the pace of digestion (Shukri

et al., 2015), whereas some others have found negligible changes in

starchdigestibility following cross-linking (Park et al., 2018). In a recent

attempt, Dong and Vasanthan (2020) studied the digestion behav-

ior of regular corn, faba bean, and field pea starches cross-linked via

POCl3-aqueous (1%–2%), STMP/STPP semidry (99:1, w/w, 2%–4%),

and STMP/STPP aqueous (99:1. w/w, 5%–12%) on digestion behavior.

Upon similar reaction times, POCl3-treated samples possessed greater

resistance against digestion. Moreover, both the starch source and

the cross-linking reagent imparted significant changes in the digestion

behavior of starches. In another attempt, Falsafi et al. (2019) stud-

ied the digestibility of CS cross-linked via different concentrations of

SRMP–STPP (5%–15%) under conventional and ultrasound conditions.

Comparedwith the conventional reaction systems, starch cross-linking

under sonication almost doubled the RS content of starch.

3.2.2 Starch esterification

For starch ES, carboxymethyl, hydroxypropyl, and/or hydroxyethyl

groups substitute with reactive hydroxyl groups (using sodium hydrox-

ide as a catalyst) under an alkaline media. The chemical agents

commonly used in starch ES are reactive derivatives of carboxylic acids

(i.e., formic acid, acetic acid, and propionic acid) and their anhydrous

counterparts (Wanget al., 2022). According toEgharevba (2019) ester-

ified starches are used as stabilizing ingredients in a variety of meals,

including gravies, dips, sauces, fruit pie fillings, and puddings. The ori-

entation of starch molecules, the distribution of the amorphous and

crystalline segments, and the varied botanical sources all influence

the active zones where the ES of starch occurs (Chen et al., 2018).

During ES, the hydrocarbon moiety of the organic ester is added to

starch chains, which degrade the starch granule structure and dete-

riorate the inter and intramolecular hydrogen linkages. As a result, a

change in the access of water to starch molecules occur which further

affects starch gelatinization and retrogradation leading to the alter-

ation in starch digestion. The presence of larger functional groups on

amylose and the outer branch of amylopectin, on one hand, improves

the molecular interfacial function while, on the other hand, restricts

the ability of digestive enzymes to attach to the starchmolecules (Chen

et al., 2018). Numerous studies in recent years have focused on the

ES of several starch types with octenyl succinic anhydride (OSA) to

create an amphiphilic starch (Mirzaaghaei et al., 2022). In comparison

to other chemical modifications, such as cross-linking, octenylsucciny-

lation of starch was reported to enhance rates of SDS content. This

may be related to the physical impediment brought on by the pres-

enceof substantial octenylsuccinylationgroups that covered the starch

molecules and may have been able to delay the enzymatic hydroly-

sis. The octenylsuccinylation groups may also potentially have a role

as a noncompetitive inhibitor of amyloglucosidase and pancreatic α-
amylase.However, the limited permitted amount ofOSA (3%maximum

for starch modification) and the inevitable use of organic solvents

during the modification process are some of the difficulties associ-

ated with the ES of starch using OSA. According to Lopez-Silva et al.

(2020), enhancement in hydrophobicity and reduction in digestibil-

ity was found in esterified starch using OSA. In addition, the Food

and Drug Administration (FDA) has certified fatty acid chloride (FAC)

as an acceptable alternative agent to produce modified starch with

no specific limits (FDA) (García-Tejeda et al., 2018). Recently, increas-

ing attention has been paid to esterifying starch using FAC instead

of organic solvents, which has been considered an environmentally

friendlymethod (Mirzaaghaei et al., 2022). Shorter reaction times, non-

toxicity of by-products (water and NaCl), and the lack of a solvent

requirement for the precipitation of modified starch are just a few of

the noteworthy benefits of using water as a reaction medium rather

than organic solvents (Leal-Castañeda et al., 2018). In an attempt,

Zhang et al. (2017) outlined that the extents of SDS and RS fractions

are directly proportional to the degree of substitution in OSA-treated

starches. This finding is intriguing because it establishes a connection

between the molecular structure of starch chains and their digestibil-

ity characteristics. The digestibility of different esterified starches has

been studied, which are summarized in Table 2.

3.2.3 Starch etherification

Etherified starches are one of the most widely used derivatives of

starch. For starch etherification, hydroxyalkyl groups are introduced

inside the starch chains. However, in water, starch can be etherified

with fatty epoxides or alkyl chlorides (Gilet et al., 2018). Upon ether-

ification, some of the hydroxyl groups in the anhydroglucose units of

starch are replaced with ether groups, which can prevent the creation

of H bonds among the –OH groups of starch and improve water

resistance (Clasen et al., 2018). Given the new features of modified

starch, etherification widens the application of starches particularly in

the realm of food packaging and encapsulation of low water-soluble

bioactive compounds. Although numerous research teams have com-

prehensively characterized various attributes of etherified starches

(e.g., crystallinity, freeze-thaw stability, gelation, thermal properties,

pasting/rheological behavior, retrogradation, chemical structure, and

physical architecture) via conventional and novel instrumentational

approaches (i.e., XRD, NMR, FT-IR, and DSC), extremely limited

attention has been given to their digestion behavior (Bakouri &

Guemra, 2019; Charoenthai et al., 2022; Clasen et al., 2018). In an

attempt, Lawal (2011) obtained a similar increase in digestibility of
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hydroxypropylated pigeon pea starch cussed by the weakened starch

granules following the incorporation of large hydroxyalkyl groups into

the starch molecular backbones. Indeed, the loosened architecture of

the etherified starches facilitated the accessibility of starch molecules

to enzyme attack.

3.2.4 Starch oxidation

Usually, starch oxidation is performed when a starch slurry and an oxi-

dizing agent (e.g., NaOCl, N2O4, and hydrogen peroxide) are combined

under controlled pH and temperature conditions. Oxidation converts

the three accessible hydroxyl groups at the C-2, C-3, and C-6 positions

to carbonyl and/or carboxyl groups. Such reactions yield chain cleav-

age and result in the production of starch molecules of less molecular

weight. However, depolarization is directly related to oxidation effi-

ciency,whichdependson several variables, such as the typeof reaction,

the chemicals utilized, and the molecular composition and granular

structure of starch (Zhang et al., 2012). Generally, the quantity of car-

boxyl and carbonyl groups in the oxidized starch shows the degree of

oxidation. However, the type of oxidative process and reagents used

during the process also determine the nature and attributes of the

produced starch derivative (Masina et al., 2017). Oxidized starches

are mostly known as hydrophobic derivatives with low viscosity at

high solid concentrations and are widely applicated in producing well-

structured thin films/textiles/papers where their physical, chemical,

and technofunctional attributes are described in detail (Vanier et al.,

2017). However, the nutritional aspect of oxidized starches is barely

reported in the recent literature. In a very recent attempt, Hu et al.

(2022) employed gaseous ozone as a green technique to produce oxi-

dized tartary buckwheat starch. In the case of samples ozonated for

2.5 and 5 min, the in vitro digestibility results indicated a remarkable

decrease in the RDS content of the starch, whereas RS content was

significantly enhanced (Figure 3f). However, increasing the treatment

time up to 15 and 20min elevated the starch digestibility with a decre-

ment in RS content. In fact, widening the superficial pores and internal

channels at elevated times of ozonation (Figure 3a–e) facilitated the

accessibility of digestive enzymes to the internal portions of the starch

granules.

3.2.5 Acid hydrolysis

Acid hydrolysis is one of the key modification techniques among other

chemical modification for the preparation of thin boiling starches

with customized viscosity and widely used in various realms of food,

paper, and textile industries. Acid hydrolysis, in general, is the pro-

cess whereby protic acid is utilized to dissolve a chemical bond

through a nucleophilic substitution reaction with the addition of a

water molecule (Haq et al., 2019). The microstructure and functional

characteristics of starch may be impacted by the starch nature, acid

concentration, type, and hydrolysis time. Typically, acid hydrolysis at

mild conditions (namely acid thinning) prior to heating processes (i.e.,
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18 ROSTAMABADI ET AL.

F IGURE 3 Scanning electronmicroscopy (SEM), CLSM (confocal laser scanningmicroscope), and CLM (complex light microscope) images of
tartary buckwheat starch (TBS) ozonated for (a) 0, (b) 2.5, (c) 7.5, (d) 15, (e) 20min, scale bar= 5 μm; starch fractions in native and ozonated TBS (f).
Starch fractions in cassava starch (CS) and its esters with ferulic acid, ferulic acid starch ester, p-coumaric acid, p-coumaric acid starch ester, sinapic
acid, and sinapic acid (g); SEM images of cassava starch (h), ferulic acid starch ester (i), caffeic acid starch ester (j), and sinapic acid starch ester (k).
Source: (a–f) Reprinted with permission fromHu et al. (2022); (g–k) reprinted with permission fromXu et al. (2022).

autoclaving in the presence of excess water or HMT at limited content

of available water) has been introduced as a potent pretreatment for

inducing the generation of retrograded RS3. Reportedly, amylopectin

side chains located in amorphous portions of granules are more prone

to acid hydrolysis leading to the formation of numerous linear short-

chain amylose-like structures (Van Hung et al., 2016). As stated by Van

Hung et al. (2016) such small structures are more mobile through heat

treatments (e.g., HMT) and could reassemble into ordered crystallite

architecture with less susceptibility to enzyme digestion. A remark-

able increase in thermostable RS content of yam, sweet potato, rice,

and cassava starches following the combined treatment of starches

with partial acid hydrolysis and HMT has been reported in the litera-

ture (Van Hung et al., 2014, 2017). However, in the case of citric acid,

apart from its role as a hydrolyzing reagent, it could also efficiently

contribute to cross-linking reactionswhere the starchmolecules of the

heated granules are comfortably attacked by citric acid and the OH
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groups of glucose units could be replaced by citric anhydride acting as

a junction zone (Van Hung et al., 2016). In a recent attempt, Li et al.

(2020) made an effort tomodify the pea andmaize starches’ digestibil-

ity through acid thinning, debranching, and recrystallization processes.

The consecutive performance of acid thinning and debranching led

to a remarkable increase in the RS content up to 68.1% and 59.6%

for pea and maize starches, respectively. This might result from the

extremely compacter structureofmodified starches that has restricted

the ingress of enzymes into the RSs and diminished their accessibility

for hydrolysis actions.

4 IMPACT OF DUAL/MULTIPLE MODIFICATIONS
ON STARCH DIGESTIBILITY

Theapplicationof starch in its native formhasbeen challengedby some

obstacles, such as its insolubility in cold water, low gelatinization tem-

perature, ease of syneresis, and the high tendency for retrogradation

(Rostamabadi, Demirkesen, et al., 2023). Although the modification

of starch through various physical and chemical approaches is able

to improve its physicochemical characteristics, some drawbacks still

exist (Falsafi et al., 2023). For instance, although the succinylated

starches possess someadvantages, such as high solubility in coldwater,

improved thickening power, high viscosity, increased paste clarity,

retarded retrogradation, and freeze-thaw stability, they are unstable

during shearing at high temperatures. The succinylated starches have

some benefits, like high solubility in cold water, improved thicken-

ing power, high viscosity, enhanced paste clarity, slowed retrograda-

tion, and freeze-thaw stability. However, they become unstable when

exposed to high temperatures and shearing. Hence, dual or multiple

modifications have been offered to enhance the functionality of single-

modified starches formore specific food/nonfoodpurposes (Ashogbon,

2021). In this context, the plausible alterations in starch digestibility

following the simultaneous application of double/multiple modifica-

tions could be complicated and depend on various factors such as the

type of starch, the concentration of chemical compounds used, and the

order of modifications applied.

4.1 Dual modifications

In general, dual modifications can be categorized as homogenous

modifications, such as dual chemical, dual physical, and dual enzy-

matic methods, or as dual heterogeneous modifications, which involve

combining different individual single methods, such as dual chemical–

physical, chemical–enzymatic, and physical–enzymatic. However, most

of the studies in the literature have been focused on dual homogenous

modifications.

4.2 Dual chemical modification

Chemical modification requires the addition of various functional

groups (such as ester, carboxylic, ether, and amino groups) to the

molecules while leaving their size and shape unchanged. Chemical

approaches, includingoxidation, esterification, andetherification, com-

prise binding of reactive sites of –OH groups of starch with chemical

groups, altering the chemistry of the starchmatrix. However, there are

limitations on these methods because of environmental and consumer

safety concerns (Ashogbon, 2021). In a dual chemical modification,

two different chemical processes are used, such as acid hydrolysis

and succinylation, crossing-linking (CL) and acetylation (AC), oxida-

tion and CL, and so on (Table 3). Chemically modified starch generally

slows down the rate of starch digestion by hindering the binding of

α-amylase to the glycosidic linkages. For instance,Cai et al. (2019) stud-

ied the structure and digestibility of rice starches modified via ES, AC,

hydroxypropylation (HP), CL, and dual-modification (HP–CL and AC–

CL) under extrusion condition. They outlined that implementing the

cross-linking reactions on AC and HP starches resulted in the forma-

tion of granules of less size andmore compact structures (Figure 4a–h)

with greater resistance againstwater percolation and enzyme hydroly-

sis. Compared with native and single-modified starches, rice starches

modified via HP–CL approach possessed the greatest extent of RS

(15.3%) and offered the least GI (88.1) value. These results were sim-

ilar to the finding of Zaman et al. (2022) who confirmed the potency of

dual modification in customizing the starch digestibility and obtained a

remarkable increase in RS content (70%) upon the simultaneous modi-

fication of sago starch via phosphorylation and AC. The increases in RS

content of rice starches with the use of AC and HP have been stated in

the study of Iftikhar et al. (2022). Reduced enzyme digestibility results

from the cross-linking bridges that prevent digestive enzymes from

moving through the interior area of swollen cross-linking starch gran-

ules. In the study of Sriprablom et al. (2023), native cassava starch was

chemically modified by octenylsuccinylation followed by cross-linking

and cross-linking followed by octenylsuccinylation. The dual modifi-

cation significantly reduced RDS and SDS contents but enhanced RS

content as compared to native and single modified cassava starches.

The lowest RDS content (51.25%–52.35%) and the highest RS con-

tent (19.48%–22.00%) among all the starch samples were obtained for

dual modified starches. This could be explained by the starch gran-

ules being stronger as a result of the crosslinking agents combined

with the physical resistance posed by the bulky octenylsuccinyla-

tion groups, which prevented digestive enzymes from entering the

granules and reduced their enzymatic digestibility (Sriprablom et al.,

2023).

4.3 Dual physical modification

During physical treatments, heat, steam, pressure, sound, and elec-

tricity are used; thus, physical modifications are changes made to the

characteristics of starches without affecting the free –OH groups at

sites C2, C3, and C6 on the glucose units of amylose and amylopectin.

Dual physical modification, such as ANN/HMT, HMT/US, ANN and

autoclave retrogradation, ANN/US, US/microwave, US/high voltage

electric field (HV), and microwave/cold plasma, has extensively been

used in different studies (Table 3) (Rostamabadi, Bajer, et al., 2023).

Typically, during the first modification, architectural changes such as
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F IGURE 4 Scanning electronmicrographs of native rice starch (a), control (b), OSA (c), hydroxypropylation (HP) (d), acetylation (AC) (e),
crossing-linking (CL) (f), HP–CL (g), AC–CL (h). Response surface plots of resistant starch (RS) content of corn starch cross-linked under sonicated
condition (i) and conventional condition (j); scanning electronmicroscopy (SEM) images of normal corn (k), ultrasound treated corn (l) conventional
cross-linked (m) and sonicated cross-linked (n). Source: (a–h), reprinted with permission fromCai et al (2019), (i–n) reprinted with permission from
Falsafi et al. (2019).

emerging pores, cracks, indentations, and holes on granular surfaces,

weakening of starch chains, and repositioning of amylose/amylopectin

molecules happen, which maximizes the impact of the second alter-

ation (Ashogbon, 2021). In a study performed by Boonna and Tongta

(2018), the cassava starchdigestibilitywas successfullymanipulatedby

physical HMT and ANN treatments where dual modification resulted

in greater starch resistibility against digestion. Based on their results

the use of ANN after HMT was found to be more effective at provid-

ing the highest RS yield due to the production of a larger lateral crystal

size with better homogeneity. Zeng et al. (2015) found increased SDS

content when starch was modified by HMT and ANN, but RS levels

reduced in all treated starches relative to native starch. These might

be related to the flawed crystalline structures that could not be further

improved andwere found to be consistentwith the crystallinity data. In

another work performed by Babu et al. (2019), foxtail millet starchwas

altered via US, ANN, and dual modifications (i.e., US–ANN and ANN–

US). Although the sole application of sonication did not affect starch

digestibility, its combinationwithANN resulted in a remarkable reduce

in RDS and enhancement in SDS and RS. In fact, the breakages in long

chains of starchmolecules facilitate their reorientation/rearrangement

upon subsequent ANN process resulting in more resistibility against

digestive enzymes.
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4.4 Dual enzyme modification

Debranching enzymes like pullulanase and isoamylase hydrolyze 1–6

links of amylopectin to generate linear chains, which are subsequently

retrograded to enhance SDS or RS fractions, allowing for the creation

of enzymatic modifications. Exo-corrosion and endo-corrosion are the

two mechanisms by which the native starch granules undergo enzy-

matic depolymerization. Exo-corrosion entails the enzymatic degrada-

tion of granules’ outer surface and the formation of distinctive fissures

and pits. On the contrary, endo-corrosion refers to the creation of a

pathway toward the hilum of the granule, leading to a decrease in the

granule’s structural strength and resulting in its disintegration (Ashog-

bon, 2021). Oat starches from three different varieties were modified

with both β-amylase and transglucosidase and their physicochemical

and nutritional attributes were investigated by Shah et al. (2018). The

dual enzyme modification resulted in the formation of granules with

an uneven and dense fibrous structure, which contained multiple sur-

face cracks. In dual enzyme modified starches, the pattern changed

from A-type to A+ V type, accompanied by a reduction in crystallinity.

Furthermore, the dual modification increased RS content, which might

be attributed to the improved density of branching and crystalline

structures. Similarly, Miao et al. (2014) showed that dual-enzymes

treatment (β-amylase and transglucosidase) led to a decrease in the

molecular weight as a result of increased number of short chains and

an increase in α-1,6 linkages resulting in the slow digestion property of

starch.

4.5 Dual physical/chemical modification

A typical approach to induce the formation of RS in starch granules

is applying the consecutive processes of acid hydrolysis-hydrothermal

treatments, where a mild acid hydrolysis prior to heat treatment

results in the generation of starch molecules with less molecular

weight. Such starch fractions are more mobile and could feasibly rear-

range into crystallite structures of less susceptibility to hydrolysis

during the subsequent heating–cooling treatments (Van Hung et al.,

2017). Falsafi et al. (2019), in an interesting attempt, tried to cus-

tomize CS digestibility via its modification through a combination of

sonication and cross-linking reactions. When compared with conven-

tionally cross-linked samples, sonication remarkably diminished the

starch digestibility due to its potential in intensifying the chemical

reactions through mechanical agitation and increasing the pressure

and temperature of the media. Furthermore, sonication provokes the

creation of crack surfaces and pores, which eases the entering of cross-

linked molecules into the starch granules (Figure 4i–n). In another

attempt, Khurshida et al. (2021) outlined that dual modification by US

and AC via acetic acid could change the digestibility of cassava starch.

The order in which the modifications were carried out had a consid-

erable impact on the properties of the starches that underwent dual

enzyme modification. When US was applied before AC, the amount

of RDS decreased substantially more than when AC was done before

US. Similarly, the RS content of starch exposed to US before AC was

found to be significantly higher. Following US, the disruption of gran-

ules and starch molecules allows a greater number of acetyl groups

to be linked which limits the activity of enzymes. Conversely, if AC

was carried out before US, the application of sonication could poten-

tially eliminate some of the previously attached acetyl groups from the

starch molecule, which would make the enzymes more accessible and

enhance digestibility. Similarly, Jia et al. (2022) reported the significant

role of the sequence of modifications on the digestibility of starches.

The authors reported that crosslinking followed by ANN strengthened

the internal structure of starch and decreased enzymatic hydrolysis

(Table 3). Iftikhar et al. (2022) stated that in the dual modified sam-

ples, ANNpartially transformedSDS intoRS fractions by enhancing the

structural integrity of SDS.

In addition to crystallineperfection, granulemorphologyalso affects

the extent of digestibility. Cahyana et al. (2019) stated that compared

to annealed and heat moisture treated flour, dual retrogradation pro-

vided amore porous surface, whichmade starchmoleculesmore easily

accessible for the amylase, resulting in higher digestibility. The amy-

lose content has a noticeable effect on the digestibility of starches. The

impact of ES on waxy, normal, gelose 50, and gelose 80 maize starches

with 1%, 23%, 50%, and 80% amylose concentrations was examined by

Hong et al. (2018). The ES (both by conventional and dualmodification)

brought about changes in the glycemic digestibility of the starches,

resulting in a decrease in RDS and an increase in SDS and RS frac-

tions. It was postulated that starch granules with a greater amylose

content (higher than 50%) were more susceptible to ES because these

granules had visible deformation and roughness after ES. This could be

explained by the fact that the amorphous region was easily attacked

by acetyl groups and that a larger area of amorphous sections resulted

from increased amylose content. The higher the amylose content, the

more theAC reactions. As a result, acetylated starchwith 80%amylose

content had better glycemic digestibility than 56.7% RS. Besides, more

remarkable damages, shape roughness, and serious deformation of

particles that appeared on the surface upon PEF-assisted ES compared

to conventionally esterified starches made starch more susceptible to

enzyme digestion, resulting in a higher RDS.

4.6 Dual physical/enzymatic modification

Amylosucrase was applied to maximize the SDS and RS fractions in

the study of Kim et al. (2016). The extent of lengthy branched chains

tends to grow with the degree of retrogradation, which suggests that

the lengthening of branched chains by amylosucrase may be a signifi-

cant factor in augmenting the SDS and/or RS. Hydrothermal treatment

reduced the content of RDS by transforming it to SDS as well as RS,

and the yield of this conversion was found to be higher after the use of

hydrothermal treatment under high moisture contents. On the other

hand, RDS and SDS of amylosucrase-modified waxy starch were con-

comitantly transformed to RS, making them less available to digestive

enzymes. At 40% moisture level, hydrothermal treatment led to an
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almost complete conversion of RDS to RS in amylosucrase-modified

waxy starch. The higher content of SDS than RS in amylosucrase

and HMT modified rice starch indicated the crystalline network that

formed during HMT was insufficiently perfect to produce RS. In con-

trast, waxy rice starchmodifiedwith amylosucrase andHMTwasmore

favorable for RS fabrication and showed a 20%–50% rise in RS with

a 25%–40% water addition. A more ordered semicrystalline structure

maybeproducedbywaxy starchmodifiedwith amylosucrase andHMT,

suggesting that dual modification of starch from different sources

led to different crystalline architectures and thereby different starch

digestibility. The treatment of indica rice starch (IRS) with α-amylase

prior to HMT has also been proposed by Zhou et al. (2014) as a potent

tool to customize starch digestibility with a remarkable increase in RS

content. The RS content of IRS, HMT-IRS, and dual modified IRS were

2%, 15.3%, and 47%, respectively, which was ascribed to the formation

of compact double-strand structures from short starch fractions pro-

duced upon enzyme pretreatment. Wang et al. (2023) performed an

interesting attempt to intensify the RS content of CS via sonication-

assisted enzyme hydrolysis (USE), microwave assisted enzyme hydrol-

ysis, and sonication-microwave-assisted enzyme hydrolysis (USME).

Their results revealed the effectual influence of USME combined

treatment in RS content from 4.7% (CS) to 40.71%, whereas SDS

and RDS diminished from 20.99% to 13.18% and 74.29% to 45.26%,

respectively.

4.7 Dual chemical/enzymatic modification

The synthesis and characterization of rice starch following dual mod-

ification with pullulanase debranching and propionic anhydride pro-

pionylation (for 3, 6, 12, 24, 48, and 72 h) were performed in the

study of Wang et al. (2021). Debranching elevated the amylose con-

tent of starch, which showed a positive correlation with the extent

of debranching reactions, indicating more –OH groups have become

available for propionylation reactions. This was in accordance with the

digestibility results where dual-modified starch showed less suscepti-

bility to digestion and possessed the greatest RS content. Particularly,

the prolonged debranching treatment favors the accumulation of short

chain molecules, which then form a compact crystal structure through

hydrogen bonding with other molecules and become less digestible.

On the other hand, a short debranching treatment is more likely to

increase the effectiveness of propionylation while partially impeding

the production of a double helix structure, which is detrimental to

the formation of an ordered crystal structure. While the increases in

debranching time led to increases in RS content, SDS content also

decreased with the elevated debranching time. This result suggested

that RS could be formed through a tightly packed crystal structure,

which is created by the ordered arrangement of short chains. In con-

trast, SDS could be comprised of a small portion of the partially

arranged crystal area, and the majority of the disordered amorphous

region.

4.8 Multiple modifications

There are few studies on the impact of multiple modifications on

starch digestibility in the literature (Table 3). The influences of single-

retrogradation, dual-retrogradation, and triple-retrogradation treat-

ments on the in vitro digestibility and physicochemical attributes of

waxy wheat starch were studied by Hu et al. (2014). The starch sam-

ples treated with single-retrogradation increased the conversion of

RDS to SDS reaching to a highest amount of 38.19% after 48 h of ret-

rogradation. This indicates that the disorderly crystal structure was

observed to become more structured during the process of recrystal-

lization/retrogradation. On the other hand, SDS transformed into RS

with an increment in retrogradation time as the RS content started to

rise as the crystal structure became ever more organized. Although

there was no obvious change in the content of RDS, the samples ret-

rograded twice had a higher content of SDS and a lower content of

RS compared to starch samples retrograded once or three times for

the same duration. Although there was no obvious change in RDS con-

tent, the samples retrograded dually showed higher SDS and lower RS

contents than single and triple retrograded starch specimens with the

same retrogradation time. This result was caused by the effect of dual

retrogradation on the disruption of crystallites and the reorientation

or generation of linkages among amylose and amylopectin.

Liu et al. (2020) stated that the dual and triple enzyme-modified

specimens showed less susceptibility to digestive enzymes than the

single enzyme-modified starch. In the study of Lu et al. (2016), native

starch nanoparticles were subjected to enzymatic pretreatment using

β-amylase and transglucosidase and then esterified with OSA. Com-

pared to untreated native starch nanoparticles, those treated with

β-enzymes showed reduced digestibility. The overall starch digestion

rate was significantly decreased, leading to higher levels of SDS and

RS after dual-enzyme modification. This effect was attributed to an

increase in theproportionof short chains (DP2–12) andbranchdensity

(percentage of α-1,6 linkages). The ES with OSA starch nanoparti-

cles because of the physical hindrance or creation of hydrophobic

microenvironment resulted from the bulky group of OSA. Similarly, Li

et al. (2020) found that the lowest GI was obtained in starch treated

physically (autoclaving) and sequentially with triple enzyme modifica-

tion (α-amylase, transglucosidase, and pullulanase) due to the dense

structure and high short-chain ratio of starches.

Hu et al. (2021) investigated the digestibility of CS that was mod-

ified through different methods, including enzymatic debranching,

microwave-assisted citric acid ES, and microwave-assisted citric acid

debranching. Pullulanase destroyed the crystalline regions of granules

and increased the amorphous sections, as shown by the changes in rel-

ative crystallinity and enthalpy of gelatinization. Enzymatic debranch-

ing increased the amount of amylose, which was then converted

into enzyme-resistant double helical structures with greater crys-

tallinity during digestion. In the case of microwave-assisted citric acid-

esterified starch, the hydroxyl groups of the molecules were esterified

with the citric anhydride groups, increasing themolecularweight of the
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starch. This could lead to changes in the shape and positioning of starch

molecules, creating obstacles that delay their breakdown by enzymes.

The amorphous, crystalline, and surface regions of starch granulesmay

be destroyed bymicrowaves,making themmore amylase-sensitive and

hastening the digestion process. The decreased digestibility of starch

treated with microwave-assisted citric acid debranching, compared to

microwave-assisted citric acid ES was due to the impact of enzymatic

debranching on the starch’s susceptibility to enzymatic digestion.

5 CHALLENGES AND FUTURE ASPECTS

Starch, as the most important carbohydrate in human diet, has always

been subjected to variousmodifications to provide novel physicochem-

ical and technofunctional attributes. As discussed in this review, the

digestion behavior of starch upon modification is complicated, manip-

ulated by the interplay among inherent starch attributes and extrinsic

modification parameters. Hitherto, the remarkable influence ofmodifi-

cation conditions on starch digestibility has been well discussed in the

current literature. However, on the contrary, the fundamental role of

inherent starch attributes (e.g., the interactions of starch with other

constituents like lipids/proteins, and long/short range ordered struc-

ture of glucan chains) needs further investigation. Overall, it is been

reported that increasing the starch interactions with lipids/proteins

could hinder its digestibility via declining substrate accessibility to

digestive enzymes but further investigations are required to substan-

tiate this hypothesis. Enhancing our knowledge of the simultaneous

impact of inherent parameters and extrinsic modification factors on

starch digestibility could help in developing novel starch products with

tuned digestion properties to deliver starch-based foods with higher

dietary fiber content and acceptable organoleptic attributes.

Another substantial concern in this realm that needs to be resolved

is that in many studies conducted on starch modification, the changes

made in their digestibility are not properly addressed. Themethods uti-

lized to determine starch digestibility have been improving over the

years (Dartois et al., 2010; Englyst et al., 1992; Flores et al., 2014;

Huang et al., 2016;Minekus et al., 2014; Serrano&Franco2005; Zhong

et al., 2021). However, despite the advances already verified, there

are still many challenges that researchers still have to overcome. It is

perceived that the most recent works that analyze the digestibility of

starch employ in vitro methods. The main reason for this option is that

when using in vivomodels, there aremany variations, ranging fromage,

sex, weight, and even the metabolism of the individual, which varies

from animal to animal. Due to this limitation, more recent studies have

focused on in vitro digestibility (Tables 1–3).

In vitro digestion aims to simulate the digestive process of humans;

however, digestion in humans is very complex, so, perfect simulations

are not yet possible (Dartois et al., 2010; Englyst et al., 1992; Flores

et al., 2014; Huang et al., 2016; Minekus et al., 2014; Serrano & Franco

2005; Zhong et al., 2021). Besides, it can be observed that different

methodologies have employed different concentrations and types of

enzymes. As enzymes from the human body are difficult to extract or

expensive to purchase, other enzymes from mammals or microorgan-

isms are usually used (Dartois et al., 2010). In addition to enzymes,

in vitro digestibility employs conditions similar to the human body,

suchaspH, temperature, andperistalticmovements.More importantly,

there is a wide variation of methods in the literature for measur-

ing starch digestibility which often makes it difficult to compare data

between studies. Themain limitations found are as follows:

Sample preparation: some studies do not subject the starch to

gelatinization, which does not make the result factual as the cook-

ing process makes the starch available for obtaining energy by the

human body. Only special cases, such as pregelatinized starches, are

not subjected to cooking before consumption. The digestibility values

obtained by techniques that did not subject starch to gelatinization

prior to digestibility do not reflect the real digestibility.

Method standardization: Some studies do not employ the diges-

tion steps in the mouth, stomach, and small intestine. The sequence

is important because, although the digestion time in the mouth is

short, it is known that digestion starts in the mouth by chewing (par-

ticle size reduction) and mixing with saliva that contains amylases and

lipases. Despite not being highly digestible, this process will strongly

impact subsequent stages. Therefore, protein digestion that mainly

takes place in the stomach is extremely important; once it is done, itwill

make the starchmore “available” for digestion in the small intestine.

Isolated starch or in a food matrix: The digestibility behavior is

completely different in isolated starch and the food matrix. Thus, it

is recommended that the digestibility be done in the best way that

represents the starch application.

In the future, more comparative methods with in vivo and in vitro

digestibility should be performed. Furthermore, the in vitro digestibil-

ity methods should be standardized by the same types of gastric and

intestinal juices, containing the same volumes, amount of sample, and

types of enzymes. Moreover, all stages of the digestive process should

be conducted (mouth, stomach, and small intestine) so that the results

can be compared and better discussed.

6 CONCLUDING REMARKS

The use of native starches is restricted by their insolubility in cold

water, low gelatinization temperature, ease of syneresis, high tendency

for retrogradation, and loss of viscosity. Additionally, when subjected

to processing conditions of high temperature, stress, and pH, the paste

and gel of native starches become unstable. Besides, their cooking

results in unpleasant gels and cohesive and rubbery pastes. Moreover,

the high hydrophilicity, solubility, and low tensile strength of native

starches prevent them frombeing used as food packaging components.

Modification of starches via single, double, and multiple modifications

has been the most developed platform to tackle such drawbacks that

could improve their physical, optical, morphological, and barrier qual-

ities. But whether like it or not, starch’s nutritional attributes and

digestibility could also be changed through its modification. There-

fore, in all studies investigating the changes in starch attributes over

itsmodification, this vital character should also be appropriately deter-

mined by performing reliable in vitro and in vivo experiments. Physical
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modifications alter starch digestibility through changing the structural

orientation of amylose and amylopectin molecules; for instance, soni-

cation intensifies starch digestibility by inducing pores and channels on

granules facilitating the access of digestive enzymes.
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