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Starch and phenolic acids, two common plant-based food components, can interact to form complexes
during food processing, thus improving the functional properties of both starch and phenolic acids. This
review provides a comprehensive summary of the effects of the interaction of the two components on
the multi-scale structure, and key physicochemical and functional properties of starch, as well as the
stability of phenolic acids. The main conclusions are as follows: (i) factors such as starch conformation,
specific properties of phenolic acids and experimental conditions influence the extent of starch—phenolic
acid interactions; (ii) the formation of the complexes significantly alters the microstructure, crystalline
structure and thermal stability of starch; (iii) phenolic acids compete with starch for available free water,
thereby altering starch gelatinization. This competition reduces the self-interaction of starch chains and
retards the starch retrogradation; (iv) combined phenolic acids alter the structural properties of starch,
while free phenolic acids inhibit the activity of digestive enzymes, collectively resulting in decreased

Received 18th February 2025,
Accepted 11th April 2025

DOI: 10.1039/d5fo00855g

starch digestibility; and (v) the thermal stability and biological activity of phenolic acids are closely related
to the stability of the structure of starch—phenolic acid complexes. Finally, the review highlights current
challenges and future research directions in the study of starch—phenolic acid interactions, aiming to
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1 Introduction

Starch, a plant polysaccharide, has processing and functional
properties that significantly influence food quality and nutri-
tion. For example, gelatinization, retrogradation, and rheology
are critical processing properties that determine the quality of
starch-based foods." Digestibility is the primary physiological
characteristic of starch, and reducing its digestibility helps
mitigate sharp fluctuations in blood glucose levels.>* Low gly-
cemic index (GI) starch-based foods are beneficial in prevent-
ing overweight,* hyperglycemia,’ cardiovascular diseases,® and
other chronic conditions.” However, native starch exhibits
certain limitations in its processing characteristics, including
low solubility, high susceptibility to degradation, elevated
pasting temperatures, poor emulsification capacity, and high
digestibility.*'® To address these limitations, various modifi-
cations have been used to change the structure of starch and
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advance the development of starch and phenolic acids in food and industrial applications.

functional properties of starch, including physical (moist heat,
annealing, autoclaving and non-thermal modification,
etc.),"*™* chemical (oxidation, cross-linking, esterification and
acid hydrolysis, etc.)'* and enzymatic (a-amylase, glucoamy-
lase, debranching enzyme and isoamylase, etc.) methods."
Recently, safe, eco-friendly, and low-cost modification
methods have attracted significant attention. Phenolic acids, a
group of natural organic compounds, have shown potential in
modifying the structure of starch through interactions with its
amylose and amylopectin chains.'® Such interactions can
enhance or impart new processing characteristics on native
starch and slow its hydrolysis rate, thereby expanding the
potential applications of native starch.

Phenolic acids are dietary antioxidants with biological
activities, and they are widely distributed in grains, fruits, and
vegetables."”'® They are primarily categorized into two major
types: hydroxybenzoic acid derivatives and hydroxycinnamic
acid derivatives."® Phenolic acids exhibit anti-inflammatory,
antimicrobial, antiviral, and immune-modulating properties,
and many other potential health benefits.>*>* In recent years,
with intensive research into the bioactivities of phenolic acids,
studies on the interactions between phenolic acids and starch
have become increasingly prominent. Phenolic acids can
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improve the gelatinization properties,” long-term or short-
term retrogradation,>*** and viscoelasticity*® of starch, as well
as significantly reduce its digestibility by forming complexes
with starch.””>° Specifically, the effects of the processing and
functional properties of rice starch are influenced by the struc-
ture of the substituent group in the selected phenolic acid, the
number of hydroxyl groups, spatial site resistance, and mole-
cular weight, among other factors.*® Yu et al. emphasized that
variations in the number of hydroxyl groups and the presence
of a methoxyl group influence the interaction between corn
starch and cinnamic acid-based phenolic acids.*" On the other
hand, the interaction between starch and phenolic acids can
preserve the bioactivity of phenolic acids, primarily by forming
single-helix complexes that regulate their release and enhance
their thermal stability.*>™* Due to the safety and diverse appli-
cations of phenolic acids, their effect on the multi-scale struc-
ture of starch leads to changes in processing and functional
properties, suggesting their potential as a green modification
tool. Meanwhile, natural polymers serve as wall materials that
play a positive role in encapsulating bioactive phenolic acids,
which can be used to enhance their stability and
bioavailability.*>*°

At the molecular level, interactions between starch and phe-
nolic acids can form complexes, which alter the properties of
both starch and phenolic acids. The modification of the starch
structure, physicochemical properties, and functionality by
natural phenolic acids is considered an eco-friendly modifi-
cation method. At the same time, starch-phenolic acid com-
plexes show great potential to protect the bioactivity of pheno-
lic acids. This review discusses the mechanisms and sub-
sequent effects of starch and phenolic acid interactions based
on recent conclusions and evidence. At least two reasons can
explain the necessity for this study: (i) starch and phenolic
acid interactions are important for the development of novel
modified starch for precision and green modification; and (ii)
the instability and low bioavailability of phenolic acids are yet
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to be resolved. Additionally, polyphenol-modified starch, the
structure of starch-polyphenol complexes, the complexation of
starch-polyphenol compounds during food processing, and
green methods used in starch-polyphenol interaction have
been systematically reviewed.'®*”>° However, limited research
has addressed the interactions between starch and phenolic
acids. Therefore, this study reviewed the recent advances in
the mechanisms of starch-phenolic acid interaction. It also
explores the effects of these interactions on the physico-
chemical and digestive properties of starch, the stability of
phenolic acids, and their potential applications, thereby pro-
viding a theoretical reference for their joint use in improving
food product quality.

2 Overview of starch

Starch serves as the primary form of energy storage in plants
and a crucial source of energy in the human diet. As a raw
material, starch showed distinct physicochemical properties
closely related to its fine structure.*’ Currently, the relation-
ship between the multi-scale supramolecular structure of
starch and its physicochemical properties has been systemati-
cally investigated.*™** The multi-scale structure of starch, as
illustrated in Fig. 1, includes a granular structure, growth
rings, block structure, lamellar structure (amorphous lamellar
and crystalline lamellar), crystalline structure, and molecular
chain structure. Starch primarily exists in the form of granules,
which commonly exhibit shapes such as oval, polygonal, and
spherical, with a particle size distribution ranging from 1 to
100 pm.** Just below the granule structural level, the unique
lamellar structure of starch, known as growth rings (with a size
of 100-500 nm), can be observed using microscopy techniques.
This feature results from the extension of multiple concentric
shells of increasing diameter, radiating from the interior of
the granule to its surface. Block structures are subunits of the
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Fig. 1 The schematic representation of the multi-scale structure of starch.
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growth rings, primarily found in the semi-crystalline regions
and amorphous regions.*> A periodic semi-crystalline layered
structure (7-11 nm) within starch can be detected using X-ray
diffraction (XRD) and small-angle X-ray (SAXS) scattering tech-
niques. The crystalline structure (>1 nm) is composed of a
double-helix arrangement of ordered amylopectin, whereas the
amorphous structure primarily consists of the branching
points of amylopectin and starch chains located outside the
crystalline region.*® In addition, amylopectin with an appropri-
ate degree of polymerization can self-assemble to form a
double-helix structure. These double-helix structures accumu-
late within the starch granules, leading to the formation of A-,
B-, and C-type crystals. A-type crystals contain tightly packed
helical structures, while B-type crystals are arranged in a hexag-
onal pattern and have a lower density than A-type. In general,
grain starch exhibits typical A-type crystals, while tuber starch
exhibits B-type crystals. C-type crystals are a mixture of type A
and type B crystals, primarily found in bean starch.”” In con-
trast, the single-helical structures are usually contained with
guest small molecules through hydrophobic interactions to
form V-type crystals.”® Additionally, amylose and amylopectin
constitute the starch polymer. Amylose is a linear polymer pri-
marily composed of a-1,4-glycosidic linkages, showing a
minimal amount of branching. By contrast, amylopectin is a
clustered polymer characterized by a significant number of
branches, with the branch points formed through o-1,6-glyco-
sidic bonds.'* From the structural point of view, the branched
structure seems to create an obstacle to interactions with other
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small molecules such as iodine, lipids, and polyphenolic
compounds.

The structure of starch assembled at multiple scales deter-
mines its physicochemical and functional properties, such as
gelatinization, retrogradation, rheology, and digestion. These
properties vary among different types of starch, influencing
their suitability for diverse food applications. However, native
starch often exhibits limitations in processing properties,
prompting researchers worldwide to develop diverse modifi-
cation techniques to broaden its applicability. Modified
starches are now utilized in numerous food processing appli-
cations, such as pasta products (to enhance rehydration and
shelf life), dairy products (to improve consistency and mouth-
feel), meat products (as a gelling agent that enhances texture),
and bakery products (to provide optimal volume and structural

integrity).

3 Overview of phenolic acids

Phenolic acids are an important class of secondary metabolites
derived from polyphenolic compounds. Structurally, phenolic
acids are generated by the substitution of hydrogen atoms on
the aromatic ring with a carboxylic acid group and at least one
hydroxyl group. Plant phenolic acids are primarily biosynthe-
sized via the shikimate and phenylpropane metabolic path-
ways.*® The structural diversity of phenolic acids is shown in
Fig. 2. Hydroxybenzoic acid and hydroxycinnamic acid are the

chemical structures of common phenolic acids
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Fig. 2 Chemical structures of common phenolic acids.
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two major classes of phenolic acids, distinguished by C6-C1
and C6-C3 structures, respectively. Common hydroxybenzoic
acid derivatives include benzoic acid, salicylic acid, p-hydroxy-
benzoic acid, protocatechuic acid, and gallic acid, while cin-
namic acid, p-coumaric acid, caffeic acid, ferulic acid, and
sinapic acid are classified as hydroxycinnamic acid derivatives.
Additionally, phenolic acid compounds exhibit bioactive func-
tions, including anti-inflammatory, antiviral, anticancer, and
antioxidant effects. Phenolic acids can bind to specific pro-
teins, inhibiting their activity, and can also bind directly to
viruses, thereby inhibiting their proliferation in cells.*®
Furthermore, phenolic acid compounds exhibit strong anti-
oxidant activity, mainly by scavenging free radicals and inhibit-
ing oxidative reactions, thus mitigating or preventing the
damaging effects of free radicals on cells.”® Moreover, the various
groups within the structure of phenolic acids provide a structural
basis for their interactions with other macromolecules. As a
guest small molecule, phenolic acid can interact with both
amylose and amylopectin to varying degrees. Hydroxyl groups in
phenolic acids can form hydrogen bonds with hydroxyl groups in
starch molecules, facilitating the tight binding of phenolic acids
to starch through these non-covalent interactions.> The number
and position of the hydroxyl groups are correlated with the
strength of the interaction between starch and phenolic acids.*®
Additionally, the aromatic rings in the phenolic acid structure
exhibit hydrophobic interactions in solution. When phenolic acid
and starch coexist, the aromatic ring may interact with the hydro-
phobic region of the starch. Thus, the differences and structures
of these substituent groups provide potential sites for interaction
with starch. The mode and strength of the interaction between
starch and phenolic acids can be partially attributed to the polar
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and nonpolar nature of the phenolic acid substituent groups, as
well as their number and positions on the benzene ring.

4 Mechanism of starch—phenolic
acid interaction
4.1 Starch-phenolic acid complexes

Research has confirmed that the interactions between starch
and phenolic acids are mainly driven by non-covalent bonds,
including hydrogen bonding, hydrophobic forces, electrostatic
interactions, and van der Waals forces.?**'32°%53 Therefore,
non-covalent bonds are the main drivers of starch-phenolic
acid interaction. From the molecular scale, the complexes
formed between starch and phenolic acids can be classified
into two categories: (i) inclusion complexes, where the pheno-
lic acids are partially or fully encapsulated in the hydrophobic
helical cavities of amylose, and (ii) non-inclusion complexes,
where the phenolic acid molecules are not in the helical cav-
ities but instead form molecular polymers with the starch
(Fig. 3).

As shown in Table 1, coprecipitation is a common method
to prepare starch-phenolic acid complexes, and the steps are
shown in Fig. 4. In general, starch and/or phenolic acid are
mixed for a period of time in solvents such as DMSO, alcohol
solutions, and high-temperature water. This process aims to
increase the mobility of the starch chains and promote their
interaction with free phenolic acids. Then, the hydrophobic
portion of the phenolic acid more readily enters either partially
or fully into the helical cavities of the amylose to form the
starch-phenolic acid complexes. In order to achieve precise

Starch-phenolic acid interaction: the formation
of inclusion and non-inclusion complexes
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Fig. 3 Types of starch—phenolic acid complex.
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Table 1 The types and preparation of starch—phenolic acid complexes
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Starch Phenolic acid type Preparation method Complex type Ref.

Potato starch Protocatechuic acid, Coprecipitation (high-temperature water method)  Non-inclusive complexes 25
ferulic acid and gallic acid

Rice starch Caffeic acid Coprecipitation (high-temperature water method)  Non-inclusive complexes 28

Corn starch Cinnamic acid, caffeic acid, = Coprecipitation (high-temperature water method) Non-inclusive complexes 31
and ferulic acid

Rice starch Ferulic acid Coprecipitation (high-temperature water method)  Non-inclusive complexes 52

Euryale ferox kernel starch ~ Ferulic acid Coprecipitation (high-temperature water method)  Non-inclusive complexes 56

Rice starch Gallic acid, and sinapic acid  Coprecipitation (plasma-activated water, Inclusion complexes 57

high-temperature water method)

Black rice starch Gallic acid Coprecipitation (high-temperature water method)  Non-inclusive complexes 58

Rice starch p-Coumarinic acid and Coprecipitation (alcohol method) Inclusion complexes 30
chlorogenic acid

Maize starch Caffeic acid Coprecipitation (high-temperature water method) Inclusion complexes 59

High amylose corn starch ~ Protocatechuic acid, Coprecipitation (DMSO method) Inclusion complexes 34
ferulic acid and caffeic acid

Rice starch Gallic acid Heating and high pressure homogenization Inclusion complexes 60

High amylose corn starch  Ferulic acid Ball milling pretreated and heating Inclusion complexes 61

Wheat starch Caffeic acid Hot-extrusion 3D printing Inclusion complexes 62

Preparation of starch-phenolic acids complexes
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Fig. 4 Preparation of starch—phenolic acid complexes via coprecipitation and the associated structural modifications.

modification of starch, the modification conditions can be
adjusted appropriately to increase the interaction between the
starch and phenolic acids. For instance, pea starch and gallic
acid, when dispersed in distilled water, are recommended to
be complexed at elevated temperatures.”® Additionally, higher
amylose content or debranching of native starch is rec-
ommend before mixing with phenolic acid to increase the
possibility of their physical contact.*>>

4.2 Factors affecting the starch-phenolic acid interaction

4.2.1 Starch conformation. The ratio of amylose to amylo-
pectin is a key factor in the interactions between starch and
phenolic acids, influencing the structure and function of the

4206 | Food Funct., 2025, 16, 4202-4225

starch-phenolic acid complexes, including long-/short-range
ordering, the number of single/double-helix structures,
enthalpy, and digestibility.>*®*®* Amylose exhibits a higher
binding capacity for phenolic acids than amylopectin. Li et al.
observed that caffeic, ferulic, and gallic acids can form single-
helix structures by interacting with the side chains of amylo-
pectin and amylose under acidic conditions.>® High-amylose
corn starch can encapsulate more caffeic acid than waxy or
normal corn starch due to its large number of linear chains,
increasing the opportunity for interaction between phenolic
acid ligands and starch chains.”® Consequently, the high-
amylose and phenolic acid complexes showed the highest
resistant starch content (31.71-42.33%) and dramatically

This journal is © The Royal Society of Chemistry 2025
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reduced hydrolysis rates compared with waxy corn starch
(18.65-25.79%) and normal maize starch (12.04-28.98%).
Another study showed that samples with a higher amylose
content could form more complexes with caffeic acid, leading
to a significant increase in the number of single-helical struc-
tures, short-range order, and relative crystallinity in the com-
plexes.®® Reducing the degree of branching in amylopectin
and increasing the apparent amylose content are commonly
used methods to enhance the interaction between starch and
phenolic acids. This may be attributed to the difficulty in com-
plexing with phenolic acids caused by the large spatial hin-
drance imposed by the multi-branched structure of amylopec-
tin. It has been reported that the length of the amylose chain
is related to the number of bound guest molecules.®®®” Very
short linear chains are difficult to complex with phenolic acids
because these helices are too short to fully encapsulate small
molecules.>® It can be speculated that phenolic acids can form
stable complexes with linear chains of a specific length.
However, few studies have been published on the effects of the
fine structure of amylose and amylopectin on the interaction
between starch and phenolic acids.

4.2.2 Phenolic acid properties. The molecular size, substi-
tuent groups and concentration of phenolic acids play an
important role in the interaction between starch and phenolic
acids.***>°* Specifically, these structural differences can alter
both the strength and mode of starch-phenolic acid inter-
actions. At pH < 7, the complexation rate of gallic acid—pea
starch complexes was significantly higher than that of ferulic
acid-pea starch complexes. The authors emphasized that
gallic acid was more easily complexed with starch compared
with ferulic acid due to its smaller spatial hindrance and
higher number of phenolic hydroxyl groups.®® In addition, the
number of phenolic hydroxyl groups also influences the mode
of interaction with starch. Yu et al. showed that if there are two
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or more hydroxyl groups in the phenolic acid structure they
tend to interact with starch through hydrogen bonding, while
the presence of methoxy groups (e.g, in ferulic acid) converts
this interaction into a hydrophobic force.*’ Moreover, the
interaction with starch can be enhanced or weakened by
adjusting the concentration of phenolic acids. Chi et al. con-
cluded that low concentrations of phenolic acids contributed
to the improvement of the ordered structure of starch gels,
whereas excess phenolic acids weakened the molecular order
of starch gels. On the one hand, higher concentrations of phe-
nolic acid molecules increase spatial hindrance. On the other
hand, the interaction of these small molecules with starch also
induces a decrease in the rearrangement of starch chains.®® As
biologically active small molecules, the substituent groups of
phenolic acid ligands, such as hydroxyl, carboxyl, and methoxy
groups, are potential binding sites for interaction with starch.
Therefore, the molecular size, number, and distribution of
these small molecule ligands are associated with the entangle-
ment and aggregation properties of starch.

4.2.3 Experimental conditions. Experimental conditions
are another key factor influencing the interaction between
starch and phenolic acids. For example, under high mechani-
cal forces, cavitation effects, and elevated temperatures, swell-
ing and collapse of the starch structure, disruption of the
crystal structure, stretching of the double-helix structure,
release of starch chains, and degradation of branched starch
side chains occur, leading to an increased number of linear
chains.®*»7°72 This, in turn, increases the chances of physi-
cal contact between starch chains and free phenolic acids
(Fig. 5).

The pH of the processing conditions is also critical for the
interaction between starch and phenolic acids. For example,
Luo et al. found that the complexation of pea starch with two
phenolic acids (gallic and ferulic) was lowest under alkaline
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followed by neutral conditions, with acidic conditions yielding
the highest complexation.®®

In other words, acidic conditions confer clear advantages in
the formation of stable complexes. This may be attributed to
(1) the change in the ionization state of the phenolic hydroxyl
groups at higher pH, and the increased sensitivity of phenolic
acids to oxidative decomposition, which weakens the com-
plexation between starch and phenolic acids; and (2) the posi-
tively charged nature of certain phenolic acids under acidic
conditions, which favors electrostatic interactions with the
negatively charged starch in the system.

4.3 Interaction studies

Earlier studies have confirmed that amylose and amylopectin
can form complexes with small guest molecules through
hydrogen bonding, van der Waals forces, hydrophobic inter-
actions, and electrostatic forces.”>”* As a powerful analytical
technique, isothermal titration calorimetry (ITC) can probe the
interaction patterns between ligands and receptors, providing
insights into the energy changes during ligand-receptor inter-
actions. For example, Wei et al. investigated the interactions of
gallic acid, epigallocatechin gallate, and tannic acid with
amylose using ITC techniques. They found that these inter-
actions were spontaneous and primarily driven by hydrogen
bonding (AH < 0 and Gibbs free energy < 0). Additionally,
these interactions reduced the number of binding sites avail-
able on the amylose, which affected the interaction strength
between the polyphenols and starch.®® Yu et al. demonstrated
that the adsorption processes between caffeic, cinnamic, and
ferulic acids and corn starch were also spontaneous (Gibbs
free energy < 0). They concluded that the multiple phenolic
hydroxyl groups preferentially interacted with starch via hydro-
gen bonding, while methoxy groups shifted the driving force
toward hydrophobic interactions.>® From a structural perspec-
tive, different functional groups in phenolic acids induce dis-
tinct interactions with starch, influencing its physicochemical
and functional properties. The variations in interactions result-
ing from chemical group differences warrant further
investigation.

As an advanced research method, molecular dynamics
(MD) simulation provides valuable insights into the inter-
actions between biological macromolecules and small
molecules.”®”® This technique is widely used to study the com-
plexation mechanisms between starch and phenolic acids. It
can provide detailed information on binding sites, interaction
strength, stability, and modes of interaction, which can be vali-
dated against experimental results. For example, MD simu-
lations revealed that starch helices without phenolic acids
transformed from a single-helix structure to a loose, dis-
ordered conformation. Short-chain glucose (SGS) is a com-
monly used biomolecule receptor model because of its rela-
tively simple structure, which allows an efficient prediction of
binding sites for interactions with small-molecule ligands.
These simulations showed that weak binding between the phe-
nolic hydroxyl groups of protocatechuic acid and SGS altered
the starch’s spatial conformation.”” The interaction between

4208 | Food Funct, 2025, 16, 4202-4225
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amylose and gallic acid was found to be a spontaneous, low-
energy process driven by non-covalent interactions, leading to
amylose aggregation.> Fan et al. used MD simulations to
study the interactions between amylose and various phenolic
acids. The results showed that protocatechuic acid and ferulic
acid were located at the center of the single-helix structure. For
3,5-dihydroxybenzoic acid and -caffeic acid, their phenolic
rings were trapped in amylose’s hydrophobic cavity, while
their carboxyl and phenolic hydroxyl groups remained
outside.** Another study indicated that interactions between
starch and ferulic acid were driven by hydrophobic forces,
hydrogen bonding, van der Waals forces, and spatial site resis-
tance effects. Key interaction sites in phenolic acids included
hydroxyl and carboxyl groups, which formed single-helix com-
plexes with starch, inducing changes in lamellar and crystal-
line structures.®” These findings highlight molecular dynamics
simulations as an essential tool for studying starch-phenolic
acid interactions. However, due to the complexity of amylopec-
tin’s multi-branched structure, there is limited information on
the dynamic simulation of amylopectin—phenolic acid
interactions.

5 Interaction between starch and
phenolic acids: characterization
techniques and multi-scale structural
changes

Researchers have used a variety of techniques to observe altera-
tions in starch microstructure, short-range ordered structure,
helical structure, lamellar structure, and crystal structure
resulting from the interaction between starch and phenolic
acids. Table 2 summarizes the effects of the interaction
between starch and different phenolic acids on the multi-scale
structure of the starch.

5.1 Microstructure

SEM and CLSM can visually identify the surface morphology
and physical structure of samples. In reported studies, com-
plexes formed by starch-phenolic acid interactions exhibited
the following characteristics: irregular and compact structures,
and semi-composite agglomerates.>®®*”® Starch-polyphenol
interactions are reported to involve specific regions of starch
molecules.®*®" Maibam et al. found that ferulic acid may act
as a plasticizer, rearranging the crystalline and amorphous
regions of starch, as evidenced by the formation of relatively
smooth granule surfaces.”® Due to the weak interaction
between gallic acid and amylose chains, the complexes were
relatively dispersed fragments, unlike network structures.®?
Yang et al. observed that adding 10% gallic acid under hydro-
thermal conditions at 90 °C significantly inhibited the starch
recrystallization process.*” Similar results were observed in the
study of Zheng et al.®*> Moreover, phenolic acids with polyhy-
droxy structures demonstrated strong water retention pro-
perties. Consequently, their presence in the complexes may

This journal is © The Royal Society of Chemistry 2025
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cassava starch 303859808892 The FTIR bands at 1047 cm™,
1022 cm™ and 995 cm™" are associated with the short-range
ordered and double-helix structure of starch.'? For instance,
adding vanillic acid into potato starch reduced the 1045/
1015 cm™" peak area ratio, indicating a lower degree of order
in the starch.®® Similarly, a significant decrease in the absor-
bance ratios of the maize starch-phenolic acid complexes at
1047/1022 em™ and 1022/995 cm™" was observed.®®> Phenolic
acids may disrupt starch chain interactions, hindering the for-
mation of double-helix structures and interfering with amylose
helix association. This may explain the loss of the short-range
ordered structure.>>%*

In addition to the FT-IR technique, Raman spectroscopy is
also an important method for investigating the ordered struc-
tures in starch-phenolic acid complexes. The full width at half
maximum (FWHM) of the band at 480 cm™" correlates with
the short-range order of the starch. Yu et al. found that the
presence of ferulic, cinnamic, and caffeic acids significantly
increased the FWHM values of maize starch after co-gelatiniza-
tion and 14 days of storage, suggesting that the phenolic acids
may weaken the short-range molecular order of the starch
during retrogradation.®" Similar results were observed in black
rice starch-gallic acid complexes. High ultrasonic power (>300
W) was found to induce the formation of V-type inclusion com-
plexes, accompanied by a significant reduction in FWHM
values.’® These results indicate that appropriate treatments
can enhance the interaction between starch and phenolic
acids and effectively induce the formation of V-type crystalline
structures.

5.4 Long-range ordered structure

The X-ray diffraction (XRD) technique is frequently used to
verify interactions between starch and phenolic acids. Starch-
phenolic acid inclusion complexes exhibit typical V-type crys-
tallization characteristics, with strong diffraction peaks at 26 =
19.8° and 20.1° in XRD patterns. In contrast, non-inclusion
starch-phenolic acid complexes do not produce these charac-
teristic peaks. For instance, new diffraction peaks were
observed in black rice starch-gallic acid complexes and arrow-
head starch-gallic acid complexes at 26 = 13° and 20°,°*7% as
well as in rice starch-ferulic acid complexes at 26 = 13°,°2
demonstrating that the selected phenolic acids and starch
indeed form the inclusion complexes. The increase in crystalli-
nity of maize starch with ferulic acid addition indicates that
the ferulic acid may preserve the internal structure of the
starch.®® Additionally, ferulic, protocatechuic, and caffeic acids
may increase the relative crystallinity of high-amylose corn
starch, and p-coumarinic acid, ellagic acid and p-hydroxyben-
zoic acid could also increase the crystallinity of debranched
rice starch.**>* For potato starch, Mao et al. found that ferulic,
protocatechuic, and gallic acids may not affect its long-range
ordered structure.”®> However, the disruption of hydrogen
bonding within the starch granules may lead to disturbed and
diffused starch crystals. For example, vanillic acid formed non-
inclusion complexes with potato starch, resulting in a loss of
crystalline order.>® The phenolic hydroxyl groups and starch
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chains may interact via hydrogen bonding, while the exposed
benzene rings may disrupt the crystalline structure of the
starch through hydrophobic interactions, potentially explain-
ing the reduced crystallinity observed in some complexes.

5.5 Helical structure

The *C NMR technique provides insights into changes in the
helical structure of starch, as different carbons in the glucose
unit generate distinct signals depending on their chemical
environments.” In the spectra, the changes in the C1
(93-105 ppm), C2,3,5 (68-78 ppm), and C4 (77-86 ppm) posi-
tions reflect changes in the aggregation states of starch.®® The
absorption peaks at the C1 and C4 positions correspond to the
ordered and disordered states of starch molecules, respectively.
Additionally, the spectra can be analyzed to determine the pro-
portions of single-helix, double-helix, and amorphous regions
in starch. For instance, ball-milling pretreatment facilitated
the incorporation of ferulic acid into the hydrophobic regions
of amylose or the long side chains of amylopectin, slightly
increasing the single-helix content without significantly alter-
ing the typical signals of C1, C2, C3, and C5.°" Liu et al. found
that starch-gallic acid complexes with single-helix structures
tended to form tighter structural domains, reducing the pro-
portion of amorphous regions in starch.®® The results of *C
CP/MAS NMR showed that peaks centered at 99 ppm at C1
were found for corn starch. However, these peaks transformed
into broad peaks centered at 103 ppm after the interaction
between corn starch and ferulic acid under high hydrostatic
pressure.’! signals. Moreover, coprecipitation of starch and
caffeic acid in high-temperature water reduced the proportion
of double-helix structures while increasing the single-helix
content compared with the control.®®

5.6 Lamellar structure

The changes in the lamellar structure of starch are usually
studied using SAXS.’® After co-gelatinization with phenolic
acids (cinnamic, caffeic, and ferulic) in high-temperature
water, the scattering peak corresponding to the semi-crystal-
line structure of corn starch at g = 0.67 nm™" disappeared, and
a “shoulder-like” peak appeared (¢ ~ 0.40 nm™'). The for-
mation of the shoulder peak was related to the formation of
ordered aggregates during retrogradation, as confirmed by the
scattering power law equation (I ~ ¢ %).*" In addition, the
Lorentz variation (I*q*> ~ g) could better identify the location of
these scattering peaks. According to the literature, the position
and intensity of the scattering peaks in the low-g region in
SAXS are related to the electron cloud density in the amor-
phous and ordered regions of starch.’” As the concentration of
gallic acid increased to 20%, it was observed that the intensity
of the rice starch-gallic acid complex was higher than that of
rice starch in the low-q region. This indicated that the addition
of gallic acid increased the molecular aggregation within the
ordered region of the starch and induced a compact network
structure. However, higher concentrations did not promote
tighter molecular aggregation, and a significant decrease in
the small-angle region was observed in rice starch containing
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50% gallic acid.®® Chi et al. also observed an increased scatter-
ing intensity of phenolic acids in the low-q region in a concen-
tration-dependent manner.®” Thus, it can be seen that pheno-
lic acids affect the state of molecular aggregation in the crystal-
line or amorphous regions of starch, thereby altering the
lamellar structure of starch.

6 Interaction between starch and
phenolic acids: effects on starch
physicochemical and digestive
properties

This review systematically discusses the effects of starch-phe-
nolic acid interactions on the key physicochemical and func-
tional properties of starch. The latest data are summarized in
Table 3, providing insight into how these interactions influ-
ence the gelatinization, retrogradation, rheological properties,
and digestive properties of starch, along with their possible
mechanisms.

6.1 Starch gelatinization

The effects of phenolic acids on starch gelatinization are sum-
marized in Table 3. The complexation of ferulic acid with
Euryale ferox kernel starch may increase intermolecular hydro-
gen bonding and impede heat transfer, thereby delaying starch
gelatinization. The pasting temperature of corn starch
decreased with increasing doses of protocatechuic acid, attrib-
uted to starch-phenolic acid interactions through inter-
molecular hydrogen bonding, which may impair the crystalline
structure of starch and promote gelatinization.”” P.E.
Igoumenidis et al. noted that AH decreased with increasing
additions of caffeic acid to a rice starch-caffeic acid mixture,
attributed to the dilution effect of phenolic acid interfering
with the starch-water matrix during the gelatinization
process.”* However, high percentages of caffeic acid
(undiluted) did not lead to significant changes during starch
gelatinization.'®® In contrast, slightly higher AH values were
observed for ultrasound-treated arrowhead starch-ferulic acid
and arrowhead starch-gallic acid complexes.”® This might be
mainly due to the cavitation effect of ultrasound resulting in
distortion of the amorphous regions of starch or different
arrangements of hydrogen bonding linkages.'®* Therefore, the
hydroxyl groups of phenolic acids may promote the transfer of
water from the amorphous region to the crystalline region,
allowing starch to hydrate more readily. The interaction
between starch and phenolic acids has been shown to influ-
ence not only the structure of starch chains but also the chain
interactions in the crystalline and amorphous regions. This
may restrict amylopectin hydration and alter the enthalpy and
gelatinization temperature.®

On the other hand, phenolic compounds may affect water
distribution during starch gelatinization.'”> For instance, Su
et al. showed that changes in the pasting properties of purple
sweet potato starch were attributed to reduced water avail-
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ability, caused by interactions between the hydroxyl groups of
phenolic acids and water molecules.”® Similarly, the addition
of ferulic and gallic acids was shown to limit water availability
and hinder rice starch gelatinization.>* Caffeic acid may inter-
act with rice starch through van der Waals forces, limiting
water mobility and reducing the degree of gelatinization.”* The
hydroxyl groups of phenolic acids may compete with the
hydroxyl groups of potato starch for water molecules, reducing
granule swelling and delaying starch gelatinization.*®
Therefore, the possible effects of phenolic acids on starch gela-
tinization may include two mechanisms: (1) alteration of the
crystalline structure by changing the intermolecular hydrogen
bonding through complexation, and (2) competition between
the hydroxyl groups in phenolic acids and starch for water
molecules.

6.2 Starch retrogradation

Retrogradation is the reverse process of gelatinization. When
starch paste cools over a period of time, the leached or dis-
solved starch chains recombine through hydrogen bonding
and hydrophobic forces.'®® The reorganized structure of starch
after retrogradation can be influenced by phenolic acid-starch
interactions, which may alter the nutritional quality, shelf life,
and consumer acceptability of starch-based foods (Table 3).

The long-term retrogradation trend of gelatinized starch
was evaluated based on the ratio of retrogradation enthalpy
(AH,) to AH (R-value = AH,/AH). Starch retrogradation was
completely inhibited when the mass ratio of caffeic acid
exceeded 6% (w/w) of rice starch.>* When the ferulic acid con-
centration reached 15%, the R-value decreased by 50% (0.03),
indicating that ferulic acid effectively retards corn starch long-
term retrogradation.'® Similarly, cinnamic, caffeic, and ferulic
acids reduced the AH, of maize starch in a dose-dependent
manner (2%, 5%, and 10%).>" The interaction of phenolic
acids with starch affects the arrangement and orientation of
starch chains during retrogradation, thereby affecting the ret-
rogradation process.'®

The short-term retrogradation trend of gelatinized starch
was determined by the difference between the final viscosity
(FV) and trough viscosity (TV) measured via RVA (setback = FV
- TV). Phenolic acids could reduce the short-term retrograda-
tion of starch to varying degrees. For instance, the setback (SB)
decreased by 56.28% (851 cP) for debranched rice starch
(DRS)-ferulic acid complexes, 55.26% (836 cP) for DRS-gallic
acid complexes, 45.50% (688 cP) for DRS-caffeic acid com-
plexes, 44.64% (675 cP) for DRS-syringic acid complexes,
40.34% (610 cP) for DRS-protocatechuic acid complexes, and
38.76% (586 cP) for DRS-p-coumaric acid complexes, indicat-
ing that most hydroxybenzoic and hydroxycinnamic acids sig-
nificantly retard the shortterm retrogradation of starch.*
Compared with potato starch without phenolic acid, the SB
values of the starch system decreased by 11%, 21%, and 30%
when the additions of ferulic, gallic, and protocatechuic acids
were increased from 3% to 6%, respectively.”” This may be
because phenolic acids interact with amylose through hydro-
gen bonding, reducing the opportunity for starch chains to
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Table 3 Effect of phenolic acids on the physicochemical and digestive properties of starch
Property Phenolic acid type Main findings Possible mechanisms Ref.
Gelatinization  Ferulic acid, gallic acid SB| Polyphenols interact with amylose in the 52
hydrophobic region and bind to amylopectin
through van der Waals forces and hydrogen bonding
Dihydroxybenzoic acid, PV} Phenolic acid may increase the viscosity of the 30
homoprotocatechuic acid and BD?T complex, and starch granules may be more easily
high vanillic acid SB| deformed by higher shear forces
Ferulic acid, protocatechuic acid, SB| The hydroxyl groups of phenolic acid interact with 25
and gallic acid starch chains or water molecules, hindering the
retrogradation of starch
Retrogradation Ferulic acid Retrogradation rate| Soluble ferulic acid interacts with starch chains 88
through hydrogen bonding, occupying sites, which
reduces the availability of interactions between
starch chains
Caffeic acid Retrogradation is inhibited = Caffeic acid interferes with the starch-water matrix 24
and may prevent the binding of starch chains in
rearrangement
Rheological Ferulic acid Viscosity| Ferulic acid interferes with the coupling between the 88
microcrystalline and amorphous regions, and the
starch granules interact more readily with water to
form a stable gel network with increased elasticity
Ferulic acid, protocatechuic acid, G'and G' | Hydroxyl groups in phenolic acids may prevent the 25
and gallic acid production of amylose double helix
Gallic acid Gel strength? (at lower Suitable amounts of phenolic acids may act as 69
amount) molecular chaperones for starch, assisting the
Gel strength| (at higher rearrangement of starch chains
amount)
Digestibility Ferulic, isoferulic, RDS| Inhibition of digestive enzymes and/or starch by 79
4-hydroxybenzoic and caffeic acids RSt phenolic acids
Naringin, tannic acid and Starch hydrolysis rate] Interaction of free phenolic acids and phenolic acids 89
protocatechuic acid (protocatechuic acid) released from complexes with digestive enzymes
Gallic acid, sinapic acid, and RDS| The hydrophobic cavity of amylose may have a low 57
Glochidion wallichianum Muell Arg RSt affinity due to the embedment of phenolic acids,
extract limiting the interaction between starch and
phenolic acids
Gallic acid, ferulic acid, caffeic Complexes show enzyme Polyphenols released from the complex inhibited 28
acid, genistein, quercetin, and resistance the activities of a-amylase and amyloglucosidase
naringin and retarded the subsequent digestion of starch
Caffeic and ferulic acid Reduce glycemic response RS and SDS formation by starch complexed with 33
in Wistar rat ferulic acid
Benzoic, protocatechuic, vanillic Phenolics show anti- Remarkable inhibition effect of a-amylase by 98
and veratric acid hyperglycemic effect phenolic compounds with more than one hydroxyl
group
Ferulic acid RDS| Phenolic acid acts as a plasticizer, inducing a more 56
SDS?T ordered molecular structure, and the highly
RST crystalline complex is resistant to enzymatic
eGI| digestion
16 structurally different phenolic RSt Acidification and methoxylation by phenolic acids 30
acids synergistically reduce starch digestibility
Gallic acid RDS| Phenolic acid acts as a starch protector by occupying 58
SDS?T the spatial site of starch digestion
RST
Ferulic acid, protocatechuic acid RDS| Phenolic acid improved the structural characteristics 25
and gallic acid RST of starch, possibly by inhibiting starch swelling and
maintaining its integrity
Caffeic acid, gallic acid and ferulic  Digestibility is lower for Phenolic acid may alter the amylose and 26
acid complexes than for physical —amylopectin stacking arrangements in the
mixtures amorphous region
Gallic acid eGI| Synergistic effects of a reorganized ordered structure 69
and inhibition of digestive enzymes by phenolic
acids
Ferulic acid, sinapic acid, and Digestibility| Larger granules and greater steric hindrance of 99

p-coumaric acid

phenolic acid starch esters

SB: setback viscosity; PV: peak viscosity; BD: breakdown viscosity; G': storage modulus; G": loss modulus; RDS: rapidly digestible starch; SDS:
slowly digestible starch; RS: resistant starch; eGI: estimated glycemic index.
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interact and rearrange, thereby inhibiting starch retrograda-
tion.'°® Meanwhile, the presence of some insoluble phenolic
acids could dilute the starch matrix. Additionally, this dilution
effect may reduce the entanglement and formation of starch
double-helix linkage regions, ultimately reducing the fre-
quency of starch interactions.'®* These factors may explain the
delay in starch retrogradation.

6.3 Starch rheology

In addition to gelatinization and retrogradation, rheological
properties play an important role in starch-based food appli-
cations. Phenolic acids may act as molecular chaperones to
maintain partially disintegrated starch granules by filling the
gaps between gelatinized starch, thereby altering the starch gel
network structure.®® However, the impact of these small guest
molecules on the rheological properties of starch is complex
and subject to various factors, such as chemical structure, sub-
stituent groups, concentration, and preparation methods.
Therefore, contradictory results have appeared in the reported
literature, with phenolic acids either enhancing or disturbing
the viscoelasticity of starch (Table 3). For example, Li et al
reported that the peak viscosities of potato starch and phenolic
acid (caffeic acid, ferulic acid and gallic acid) complexes
(204-281 cP) was more than 19 times lower than those of
potato starch-phenolic acid mixtures (5910-7040 cP).”
Another study showed that the viscoelasticity of rice starch
improved by producing strong cross-linking properties through
sinapic acid and gallic acid.”” Conversely, a significant
increase in storage modulus (G') and loss modulus (G") was
observed after the complexation of gallic acid with rice
starch®”% and black rice starch.’® The addition of phenolic
acids may alter starch gel strength to varying degrees. For
instance, researchers reported that phenolic acids decreased
the G' and G" values of potato starch in a dose-dependent
manner. The order of modulus reduction in potato starch-phe-
nolic acid complexes was ferulic acid < protocatechuic acid <
gallic acid, suggesting that the number of hydroxyl groups in
phenolic acids may be one of the possible reasons for inhibit-
ing the formation of gel structures in potato starch.>® The
hydroxyl groups in phenolic acids may interfere with the for-
mation of double-helix regions in the starch gel system,
leading to weaker tangled network junctions and consequently
a decrease in the modulus.

Moreover, due to its low spatial site resistance and simple
molecular structure, protocatechuic acid may not restrict the
movement of starch chains and therefore exhibits stronger gel-
like liquid behavior.”” In another study, ferulic acid enhanced
the elasticity of rice starch and increased resistance to the flow
of starch gel. This effect is primarily due to the formation of a
rigid structure by ferulic acid between the starch chains
through non-covalent bonds.”” Additionally, three-dimen-
sional gel networks are formed by the aggregation of amylose
after leaching from starch granules. Appropriate amounts of
phenolic acids may act as molecular chaperones, helping swell
starch to create a composite network, thus increasing the
strength of starch gels.®®
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6.4 Starch digestion

It was found that phenolic acids significantly affected starch
digestibility.>***8%%% gor different sources of starch, pheno-
lic acids were shown to differentially inhibit starch digesti-
bility. For instance, gallic acid could inhibit the digestion of
rice starch; however, complexes prepared in acidic, neutral,
and alkaline environments exhibited varying levels of enzyme
resistance. These differences arise from the ability of gallic
acid to form complexes and the structural characteristics of
the resulting complexes.>” The complexation of phenolic acids
with maize amylopectin and potato starch could reduce the esti-
mated glycemic index and hydrodynamic radii of the starch.'”’
Mao et al. found that the addition of ferulic acid, protocatechuic
acid, and gallic acid limited the expansion of potato starch, and
the integrity of the starch may be related to its reduced digesti-
bility.>® The Euryale ferox kernel starch containing ferulic acid
was found to exhibit resistance to enzymatic digestion, which
may be attributed to its increased molecular order.® Moreover,
the gradual release of phenolic acid molecules from starch-phe-
nolic acid complexes may inhibit the activity of starch digestive
enzymes, thereby reducing the rate of starch hydrolysis.®
Therefore, the reduction in the rate of starch hydrolysis by pheno-
lic acids can be explained from two perspectives: (1) the altera-
tion of starch structural characteristics and (2) the inhibition of
digestive enzyme activity (Fig. 6).

6.4.1 Alteration of the starch structural characteristics by
phenolic acids. The process of starch digestion involves the
migration of enzymes onto starch granules, followed by the
hydrolysis of glycosidic bonds.'®® Consequently, the structural
characteristics of starch can directly influence the accessibility
of enzymes, thereby affecting the starch hydrolysis rate.'* The
portion of phenolic acids combined with starch may reduce
enzyme accessibility by altering the structural characteristics
of starch (Fig. 6). Phenolic acids may attenuate starch digestion
by altering the structure of amylose and the stacking arrange-
ments of amylose-amylopectin and amylose-amylose in the
amorphous region. For example, the combination of ferulic
acid with Euryale ferox kernel starch increased its long-range
crystallinity, resulting in the formation of a denser network
structure that slowed the hydrolysis rate.’® Similarly, the incor-
poration of ferulic acid and protocatechuic acid into potato
starch induced the formation of an ordered structure, which
inhibited starch swelling and maintained its structural integ-
rity.>® The hierarchical structure of starch plays a major role in
the initial phase of digestion.”” It was confirmed that the
content of single helixes and the ordered arrangement of
single helixes in starch-polyphenol complexes were related to
the resistance of the complexes to enzymes.”® The relatively
ordered structure may prevent the dispersion of starch mole-
cules in the microcrystals.'®® Therefore, complexes with higher
crystallinity or short-range ordering exhibit stronger enzyme re-
sistance compared with those with lower crystallinity or short-
range ordering.

Additionally, phenolic acids may induce a larger steric hin-
drance effect on starch molecules through non-covalent inter-
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actions, thus reducing the starch hydrolysis rate. These pheno-
lic acids may increase the inter- or intra-molecular interactions
of starch, while esterified starch might self-assemble into
larger micellar bundles.””"'° One study evaluated the enzyme-
starch interactions of phenolic acids by molecular docking.
The results showed that ferulic and sinapic acids exhibited
greater steric hindrance in ring 1 and ring 2 substitutions.
This increased steric hindrance was linked to reduced digesti-
bility of starch esters. Additionally, the structural basis for the
reduced digestibility may be due to the increased particle size
resulting from the hydrophobic interaction between the starch
ester molecules. Phenolic acids bound to starch may also
directly shield starch molecules from enzymatic attack through
steric effects.>® Furthermore, the reduced flexibility of the
starch structure may elevate the energy requirements for enzy-
matic hydrolysis, thereby further inhibiting digestion.'""
Overall, the complexation of phenolic acids may reduce
enzyme accessibility by forming protective shells that alter the
structural characteristics of starch.

6.4.2 Inhibition of starch digestive enzyme activity by phe-
nolic acids. The digestion of starch is mainly associated with
a-amylase and a-glucosidase. In the small intestine, pancreatic
amylase and pancreatic maltase degrade starch into o-limit
dextrins (consisting of 3 to 10 glucose units), maltose, and
maltotriose. These intermediate products are subsequently
hydrolyzed into glucose by enzymes such as a-glucosidase,
maltase, and isomaltase, leading to an increase in blood
glucose levels. Additionally, free phenolic acids can bind to the
active sites of a-amylase, a-glucosidase, or other digestive
enzymes, thereby reducing the rate of starch hydrolysis (Fig. 6).

It was found that phenolic acids may inhibit the activity of
a-amylase and a-glucosidase by binding to specific amino acid
residues.?®%7%%% Zheng et al. reported that the gradual release

This journal is © The Royal Society of Chemistry 2025

of ferulic acid during digestion could further inhibit enzyme
activity.®® The inhibition of amylase activity by phenolic acids
can be further categorized as competitive, non-competitive,
anti-competitive, and mixed competitive. For example, Han
et al. showed a dose-dependent inhibition of amylase activity
by phenolic acids. Specifically, when the concentration of
caffeic acid was increased about 60 times, the rate of inhi-
bition increased by about 80%. The inhibition mechanism of
a-glucosidase by caffeic acid was identified as anti-competitive
reversible, while that of o-amylase was irreversible.® Zheng
et al. investigated the interactions between phenolic acids and
a-glucosidase/a-amylase using FT-IR spectroscopy and mole-
cular docking. The results showed that the inhibition mecha-
nisms of a-glucosidase and o-amylase by ferulic acid were
mixed and non-competitive, respectively. Moreover, ferulic
acid may alter the secondary structure of a-glucosidase and
a-amylase, modulating the microenvironment of amino acid
residues.”

Similarly, under simulated physiological conditions, gallic
acid was shown to induce static quenching of the intrinsic
fluorescence of a-amylase, altering its molecular conformation
and reducing its activity."'> Oboh et al. reported the effective
inhibition of a-amylase by phenolic acids.''® However,
Nyambe-Silavwe et al. noted that cinnamic acid-based phenolic
acids were weak inhibitors of a-amylase.''* These different
results may be influenced by several factors, such as the source
(saliva and porcine pancreas) and concentration of a-amylase,
the concentration of phenolic acids, the type of starch, and the
experimental conditions.""®

In addition, the number of phenolic hydroxyl groups may
also be related to the inhibition of enzyme activity. A study
showed that a higher number of hydroxyl groups may occupy
more action sites of the enzyme, thereby decreasing the attack
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of the enzyme on the starch to reduce the digestion of the
starch.'*® The digestibility of potato-phenolic acid complexes
was observed to follow this order: ferulic acid (1 hydroxyl
group) > protocatechuic acid (2 hydroxyl groups) > gallic acid
(3 hydroxyl groups). Similarly, Aleixandre and Rosell pointed
out that higher inhibition of a-amylase was observed for proto-
catechuic acid with multiple hydroxyl groups compared with
benzoic acid.’®

Overall, the reduced digestibility of starch-phenolic acid com-
plexes may result from changes in the structural characteristics
of starch and the inhibitory effects of phenolic acids on digestive
enzymes. Furthermore, these two mechanisms do not conflict
but instead work synergistically. The above results indicate that it
seems reasonable to use phenolic acids as an ingredient to
develop low-GI starch foods with desired properties.

7 Interaction between starch and
phenolic acids: effects on phenolic
acid stability

In general, phenolic acids are extremely unstable under
different pH level, thermal processing, and storage conditions.
Their stability can be significantly enhanced using various
embedding techniques. Starch, as a low-cost, renewable
material, shows excellent potential in phenolic acid delivery
systems. For instance, compared with native starch, phenolic
acid-esterified starch exhibited increased DPPH radical scaven-
ging capacity (DPPH-RSC) in a substitution-dependent
manner.”® It was found that the DPPH-RSC of ferulic acid and
high-amylose corn starch complexes decreased by only 5.99%
after baking.** In addition, the thermal degradation of pheno-
lic acids is regulated by the degree of complexation with
starch. Compared with caffeic acid, dihydroxybenzoic acid,
and protocatechuic acid, starch-ferulic acid complexes exhibi-
ted the highest encapsulation and loading efficiency, along
with superior thermal stability and crystallinity. This enhanced
stability may be attributed to the methoxyl group in phenolic
acid structures, which facilitates hydrophobic interactions
with starch, forming compact and stable complexes. In
addition, phenolic acids with hydrophobic structures and
smaller molecular sizes may be more likely to interact with
starch, and such complexes exhibit higher thermal stability.**
A study further revealed that starch (maize amylopectin or
potato starch) and phenolic acid (caffeic and ferulic acid) com-
plexes significantly altered the bioaccessibility of phenolic
acids due to complexation-induced encapsulation.*® Starch
may act as a trapping matrix for phenolic compounds, improv-
ing their stability and antioxidant properties.’”''” However,
Yang et al. found that gallic acid was almost completely
released from gallic acid-starch complexes during simulated
digestion, suggesting that starch needs to be under specific
conditions to effectively protect phenolic acids.?*

Under suitable conditions, starch-coated phenolic acids are
protected against the acid environment. The improved stability
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of phenolic acids after complexation with starch provides more
options to enhance their bioavailability. However, for the
industrial application of starch-phenolic acid complexes, more
studies are needed to explain the mechanism of phenolic acid
release, as well as the stability and safety of such complexes in
food transportation and storage.

8 Interaction between starch and
phenolic acids: applications

The properties of starch-phenolic acid interactions in food
applications are depicted in Fig. 7 and Table 4.

8.1 Novel resistant starch

For instance, protocatechuic acid alters the properties of cold
maize cake, reducing its digestibility while enhancing its anti-
oxidant capacity.”” Similar effects are observed in extruded
buckwheat noodles."™ Research shows that cereal germination
increases the phenolic acid content, particularly ferulic acid,
p-coumaric acid, and caffeic acid."®® The addition of sprouted
flour to bread enhances antioxidant activity, which may help
prevent lipid oxidation during storage.'> Moreover, phenolic
acids promote the formation of resistant starch by increasing
SDS fractions, likely through enhanced hydrogen bonding and
steric hindrance. This effect is primarily due to enzyme resis-
tance and the entrapment of phenolic acids within the starch
matrix, which inhibits enzymatic hydrolysis. As a result,
glucose production rates and insulin demand are reduced,
potentially helping to prevent insulin resistance.'®””'3°
Therefore, the interaction between starch and phenolic acids,
which forms starch-phenolic complexes, may offer a promis-
ing dietary strategy for managing diabetes.

8.2 Quality modifiers

Phenolic acids serve as quality modifiers in food processing,
improving the functional properties of starch through the for-
mation of complexes with it. For example, caffeic acid signifi-
cantly reduces the cooking loss rate of extruded buckwheat
noodles by tightening the gel structure of starch.''® The
addition of moderate amounts of protocatechuic acid to cold
maize cake improves the texture of the final product and
results in a desirable color.”” In addition, the well-known anti-
oxidant capacity of phenolic acids may prolong the shelf-life of
these products, thereby providing a promising application in
food processing."*""*> However, more research is needed to
explore the interaction between starch and phenolic acids in
practical food applications, as current studies mainly focus on
laboratory-scale experiments.

8.3 Packaging material

Starch is an important substrate for biomolecular materials
because of its abundant availability, affordability, eco-friendli-
ness, and biodegradability. However, starch-based materials
must overcome certain undesirable properties in practical
applications, such as low mechanical strength, poor compat-
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ibility, and lack of specific functions."** Phenolic acids, widely

found in natural plants, exhibit high biosafety along with valu-
able antioxidant and antimicrobial properties. The application
of phenolic acids in starch-based packaging materials in
recent years is summarized in Table 4. The addition of
different phenolic acids may improve the physical properties
of starch-based films, enabling enhanced mechanical
Strength.122,124,126

For example, active edible films were produced using
benzoic acid, chitosan, and corn starch. The results showed
that benzoic acid was present as submicron particles within
the film matrix. When the concentration of benzoic acid was
increased from 0% to 2%, the tensile strength of the films
increased from 17.2 MPa to 25.2 MPa.'*® Chen et al. found
that a low dose of protocatechuic acid (2.5% of the total
mixture weight) significantly reduced the tensile strength and
elongation at break of maize starch-based films compared with
high-dose samples. The binding affinity of phenolic acids to
starch varies and is influenced by the amount and concen-
tration of phenolic hydroxyl groups in the acids. The V-type
inclusion complexes formed by starch and protocatechuic acid
may enhance the resistance of the film matrix to external
forces.'*""** It has been shown that an appropriate increase in
the number of phenolic hydroxyl groups can enhance the
binding power between starch and phenolic acids, limiting
intermolecular displacement and improving the mechanical
properties of film materials.'**

For the preservation of fruits, vegetables, and meat, the use
of polymer films to cover surfaces can avoid microbial con-
tamination and reduce moisture diffusion, thereby extending

This journal is © The Royal Society of Chemistry 2025
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the shelf life of food products. Films incorporating benzoic
acid and chitosan exhibited a reduced rate of preservative
release, which extended food shelf life."** Similarly, the incor-
poration of phenolic acids improved the barrier capacity and
antioxidant properties of starch—polyester bilayer films. A bio-
active film prepared using gallic acid, chitosan, and cassava
starch successfully extended the shelf life of ham."*> Ferulic
acid incorporated into edible coating material effectively pro-
longed the shelf life of pork and beef."**'*” Ordofiez et al. pre-
pared cinnamic acid-based cassava starch films and investi-
gated their antimicrobial effectiveness on chicken breasts and
fresh-cut melons. Their study revealed that the presence of cin-
namic acid significantly inhibited the growth of E. coli and
L. innocua.'” Similarly, the addition of phenolic acids
enhanced the antioxidant activity of starch-polyester bilayer
films and inhibited the growth of microorganisms in pork.
The study noted that the inhibition occurred gradually as phe-
nolic acids were slowly released from the polymer matrix."*?
Researchers continue to seek ideal materials for food packa-
ging. Co-blending phenolic acids and starch using solvent
casting, extrusion molding, or electrospinning has demon-
strated the potential to produce food packaging films with
antioxidant, antimicrobial, and improved mechanical
properties.’*®'3° Notably, starch-based materials with added
phenolic acids are sustainable and allow degradation by soil
microorganisms, making them an eco-friendly alternative.
However, further studies are needed to explore the effects of
starch films containing phenolic acids on microbial flora in
the presence of microorganisms. Additionally, the impact of
these materials on food during storage remains a key concern.
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Properties after

Type of phenolic addition of phenolic
acid Starch type Specific applications acids Possible mechanisms Ref.
Ferulic acid, Wheat flour Steamed bread eGI| Phenolic acids bind to the active site of 118
procyanidins and a-amylase via the non-covalent bond,
gallic acid resulting in a conformational change of
a-amylase
The formation of V-shaped inclusion
complexes
Caffeic acid Buckwheat Extruded buckwheat eGI|, hardness] Caffeic acid reduced the accessibility of 119
flour noodles digestive enzymes
Protocatechuic acid ~ Maize starch Cold maize cake Hardness, chewiness  Phenolic acid affects the internal 77
and cohesiveness)] structure of starch in a dose-dependent
manner and alters the pore distribution
of gels
Gallic acid Pea starch Starch donut-shaped No loss of Interaction of phenolic acids with starch 120
microparticles antioxidant activity through hydrogen bonding rather than
formation of inclusion complexes
Protocatechuic acid ~ Maize starch Starch-based film Antioxidant activity?  Stronger, denser and more continuous 121
Thickness? (at higher intermolecular hydrogen bonding
concentration)
Tensile strength? (at
lower concentration)
Elongation at breakt
(at lower
concentration)
Water vapor
permeability? (at
lower concentration)
Gallic acid Chinese yam Starch biodegradable film Tensile strength? Gallic acid may affect the ionization of 122
starch and and pork preservation the -OH group
chitosan
Ferulic, p-coumaric ~ Cassava starch  Starch-polyester bilayer film Water vapor?t The interaction of phenolic acids and 123
or protocatechuic and pork meat preservation  Oxygen barrier polyester chains restricted the mass
acid capacity? transfer process of the film
Antioxidant and
antimicrobial
capacity?
Microbial growth was
inhibited
Meat weight loss|
Lipid oxidation]
Protocatechuic acid ~ Maize starch Alginate-based hydrogel Hardness? Non-covalent interactions of phenolic 124
bead Young’s modulus? hydroxyl groups with starch may result in
the formation of a more uniform and
complete gel network structure
Benzoic acid Corn starch Active edible films Tensile strength? Films containing benzoic acid and 125
and chitosan Film strengtht chitosan showed lower preservative
Antifungal activity (A.  release rates
niger)t
Ellagic acid Apple starch Active films Tensile strength? Possible formation of ester and hydrogen 126
Antioxidant capacity?  bonds between ellagic acid and starch
Blocking UV light during gelatinization
Cinnamic acid Cassava starch  Active films and their Water soluble| The interaction between the carboxyl 127

antibacterial effect on
chicken breasts and fresh
cut melons

8.4 Delivery materials for bioactive compounds

Natural phenolic acids with antioxidant properties offer
numerous health benefits, including anti-inflammatory and
anti-bacterial effects, improvement of behavioral disorders and
inhibition of thrombosis."*>'*' However, these compounds
exhibit instability under varying pH levels, temperatures, and

4218 | Food Funct, 2025, 16, 4202-4225

Thermal stability?
Antibacterial activity
(E. coli and

L. innocua)

group of cinnamic acid and the hydroxyl
group of starch restricted the formation
of more hydrogen bonds and reduced the
hydrophilicity of starch

light conditions due to their multiple phenolic groups. Native
starch can encapsulate phenolic acids to enable efficient deliv-
ery and sustained release of these compounds, making it a
suitable delivery system for biologically active compounds.***
Yang et al. emphasized that the controlled release of gallic
acid could be adjusted by modulating the efficiency of its com-

plexation with rice starch. Additionally, interactions between
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native starch (maize amylopectin or potato starch) and pheno-
lic acids (caffeic acid and ferulic acid) significantly altered phe-
nolic acid bioaccessibility and cellular uptake;** furthermore,
phenolic acids, including protocatechuic acid, p-hydroxyben-
zoic acid, p-coumaric acid, ferulic acid, and caffeic acid, encap-
sulated in starch via electrospinning, exhibited remarkable
stability in simulated gastric and intestinal environments."*?
Recent studies have demonstrated the potential for encapsulat-
ing therapeutic phenolic acids in both natural and synthetic
materials (e.g., chitosan, polylactic acid, and gelatin) for med-
icinal applications.'*? Starch, as an easily accessible and cost-
effective material, provides additional opportunities for pheno-
lic acids in drug delivery.

9 Conclusions and future trends
9.1 Conclusions

The effects of interactions between starch and phenolic acids
on starch properties and phenolic acid stability were reviewed.
The modification of starch properties and functions by pheno-
lic acids is attributed to the formation of starch-phenolic acid
complexes. Factors such as amylose content, phenolic acid
properties, and experimental conditions directly influence the
complexation efficiency of these complexes. Phenolic acids
interact with starch and affect its properties in the following
ways: (i) competing with starch for free water and altering
starch gelatinization; (ii) reducing the interaction between
starch chains and retarding starch retrogradation; (iii) altering
the structural characteristics of starch and inhibiting digestive
enzyme activities to reduce starch digestibility; and (iv) the bio-
availability and thermal stability of phenolic acids are signifi-
cantly improved when tightly encapsulated in starch. In the
food and pharmaceutical fields, starch-phenolic acid complex
interactions are utilized as resistant starch, quality modifiers,
packaging materials, and delivery carriers for bioactive com-
ponents. This review highlights the importance of starch-phe-
nolic acid interactions in understanding the processing and
functional properties of starch as well as the stability regu-
lation of phenolic acids.

9.2 Future work

Regarding starch-phenolic acid interactions, most researchers
have proposed complexation mechanisms by studying the
physicochemical and functional properties of starch-phenolic
acid complexes. However, further studies are needed to fully
understand the mechanisms of these interactions. For
example:

(i) To study the effects of different types of starch, as well as
varying degrees of polymerization and chain lengths of starch
chains, on starch—-phenolic acid interactions

(if) To compare the effects of different substituent groups
within the same phenolic acid structure on the structure,
physicochemical properties, and digestibility of starch

This journal is © The Royal Society of Chemistry 2025
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(iii) To investigate possible conformational changes during
the dynamic process of starch-phenolic acid interactions and
the specific morphology of the complexes formed

(iv) To elucidate the anti-digestive mechanism of phenolic
acid-modified starch in vivo and its effect on intestinal flora

(v) To conduct systematic studies on the mechanism of the
slow release of phenolic acids. It should be emphasized that
very high doses of phenolic acids can be harmful to humans,
and the safe doses range of phenolic acids and their effects
must be rigorously evaluated.
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