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1 | INTRODUCTION

It has been assumed that plant phenolic compounds (PCs)
positively affect human health, with along list of suggested
bioactivities (Fraga et al., 2019; Scalbert et al., 2007) and
also adverse effects (Lambert et al., 2007; Sinha et al., 2022).
The mechanisms of the bioactivity of PCs are not fully
understood yet, mainly due to the multitude of physiolog-
ical and biochemical aspects that need to be considered,
such as uptake, digestibility, absorption throughout the
gastrointestinal tract, systemic metabolism, bioaccessibil-
ity in tissues, and excretion rate. Although these factors
are intensively studied, contradictory results are described
from study to study. Moreover, PCs can interact with
proteins before even being consumed, thereby greatly
diversifying their structures and properties.

The complexity of the effects of protein—-phenolic inter-
actions may be attributed to the various composition of
foods. In food, several different constituents, including
PCs, bear the potential of interacting noncovalently or
reacting covalently with each other. The chemistry behind
these interactions is still too complex to reveal the exact
chemical structure of specific protein-phenolic interaction
and reaction products. Due to the high structural diversity
of the products, many of which are of higher molecu-
lar weight, traditional analytical methods, for example,
chromatography, encounter challenges in achieving suf-
ficient separation. Consequently, these interaction and
reaction mixtures contain many unrevealed or unknown
compounds. However, not all proteins and PCs react
completely with each other, butitis rather the case that cer-
tain chemical (sub)structures are more or less susceptible
to interactions or reactions. Basic chemical mechanisms
induce a significant change with subsequent consequences
for physicochemical properties, technological properties,
and physiology.

More and more researchers are characterizing inter-
actions between PCs and other food ingredients. When
looking at food composition in the context of foods rich
in PCs, the main interaction partners are proteins, as they
provide several structural features for interacting or react-
ing with PCs. Besides, the high PC concentration and
the low protein:PC ratio increase the interaction probabil-
ity. Proteins can interact noncovalently but can also form
covalent reaction products with PCs. The preference for
noncovalent or covalent interaction is highly dependent
on the conditions, as well as on the initial properties of
the PCs and the proteins. Main challenges for the topic
presented herein are the large structural diversity in small
as well as polymeric PCs, the large variety of proteins,
and the many different conditions under which both com-
pound classes are forced to interact or react with each
other.

Protein—phenolic interactions and reaction products
affect the sensorial, technological, and physiological prop-
erties of the corresponding foods. In this context, one must
only think of polymeric reaction products that affect the
food’s color and solubility, resulting in unrevealed nutri-
tional consequences. However, there are also possibilities
of desirable interactions for beneficially modifying foods’
properties. In times of protein transition toward increas-
ingly plant protein-rich ingredients, recipes, and products,
the topic of protein-phenolic interactions and reactions
becomes progressively a priority, as plant produce is
generally rich in PCs.

Although most of the aspects mentioned so far seem
to be easy to handle, many factors still make the topic
of protein—phenolic interactions and reactions quite chal-
lenging. The different sections of this review present
both the chemical backgrounds and the functional con-
sequences of protein—phenolic interactions, as well as the
many challenges that remain to be overcome. Building
upon the reviews of recent years, for example, Shahidi
and Dissanayaka (2023) and Tarahi et al. (2024), both the
complexity of the different aspects and their close con-
nection with each other are presented. So far, there is a
lack of systematic studies that employ consistent, widely
accepted analytical methods to identify the full range
of protein-phenolic interaction and reaction products,
such as chromatographic (e.g., LC-MS) and spectroscopic
(e.g., FTIR) analyses or molecular dynamic simulations.
Thus, this overview intends to summarize relevant phe-
nomena, to face challenges more systematically, and to
apply this knowledge to develop more stable, healthy, and
sustainable foods.

2 | UNRAVELING THE MECHANISMS
OF PROTEIN-PHENOLIC INTERACTIONS
AND REACTIONS

Interactions between proteins and both “non-oxidizable”
PCs (Figure 1, No. 1) and “oxidizable” PCs (No. 2) comprise
reversible binding, resulting in noncovalent interaction
products (Nos. 3 & 4) or irreversible binding by covalent
bonds. The latter is referred to as protein—phenolic “reac-
tion products” or “adducts” (No. 5). Consequently, in this
review, the term “interaction” refers to noncovalent bind-
ing, whereas “reaction” denotes covalent binding between
PCs and proteins. Terms like “complexation” or “conjuga-
tion” are often used in the literature, but these could be
misleading, as complexation might refer to specific forms
of interactions, while “conjugation” is a term that is often
used in the context of metabolism.

The occurrence and the preference for a specific type of
protein—phenolic interaction or reaction strongly depend
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FIGURE 1

Schematic overview of noncovalent interactions and covalent reactions between proteins and phenolic compounds (PCs),

leading to initial interaction and reaction products. The PCs are simplified into two groups: (1) monohydroxy PCs, which represent PCs

capable of engaging in noncovalent interactions and (2) o-dihydroxy PCs, which represent PCs capable of both noncovalent interactions and
forming covalent bonds through o-quinone formation. Typically, such PCs exhibit additional structural features, which are not depicted here.
Potential protein structural changes are neglected for the sake of simplicity.

on various factors, including the physicochemical condi-
tions as well as the structural features of the PCs and the
proteins. The following subsections describe the interac-
tion and reaction mechanisms (Subsection 2.1), followed
by a more in-depth discussion of the effect of various fac-
tors on both the formation of noncovalent and covalent
products (Subsection 2.2). Finally, the current knowledge
gaps related to protein—phenolic interactions in food are
discussed (Subsection 2.3).

2.1 | DPossibilities of interaction and
reaction: Noncovalent versus covalent

Figure 1 illustrates that proteins and PCs (Nos. 1 & 2) can
form either noncovalent interaction products (Nos. 3 & 4)
or react to adducts (Nos. 5 & 6) under oxidative condi-
tions. The mechanistic principles of both interaction and
reaction are described in the following subsections.

2.1.1 | Basics of noncovalent interactions
between proteins and phenolic compounds

Noncovalent interactions between proteins and PCs
are mainly stabilized by a combination of reversible
hydrophilic and hydrophobic interactions. As depicted
in Figure 2, these interactions mainly include hydrogen
bonds, ionic or electrostatic interactions, and hydrophobic
stacking interactions (7—7 and CH-7). In addition, van der
Waals’ forces and nonstacking hydrophobic interactions
with nonaromatic hydrophobic protein side chains of
certain amino acids (e.g., isoleucine, leucine, methionine,

cysteine) generally have a relatively small contribution
to the interactions (Condict et al., 2019; Dai et al., 2022;
Richard et al., 2005).

Hydrogen bonds can be formed between hydroxyl
groups of the aromatic ring and carbonyl or amino
groups of the protein backbone (No. 7), as well as amino,
hydroxyl, thiol, or carbonyl groups in the protein side
chains (Croft & Foley, 2008). Ionic/electrostatic interac-
tions occur between negative charges of phenolate anions
or other deprotonated moieties (e.g., carboxylate anions)
of the PCs and positive charges in protein side chains (No.
8) (Le Bourvellec & Renard, 2012). These charge-driven
interactions are strongly dependent on the physicochem-
ical conditions of the system, primarily the pH, which
affects the presence and exposure of positively charged
protein side chains (i.e., arginine, histidine, and lysine).
Additionally, the pK, of a PC is relevant for a charge-
driven interaction. For example, phenolic acids with a low
pK,, such as ferulic acid or chlorogenic acid, are nega-
tively charged under neutral pH conditions (Li, Li et al.,
2020), which results in charge-driven interaction with pos-
itively charged amino acid residues (cf. Subsection 2.2).
Hydrophobic stacking occurs via “face-to-face” overlap-
ping between the 7-orbitals of the aromatic ring of the PCs
and the 7-orbitals of aromatic groups in the corresponding
protein side chains (No. 9; i.e., histidine, phenylalanine,
tryptophan, and tyrosine) or via perpendicular or angular
stacking of the 7-orbitals of the phenolic ring with the H,
of the amino acid proline (No. 10) (Baxter et al., 1997; Croft
& Foley, 2008; Zondlo, 2012). Intriguingly, particularly the
latter interactions involving proline seem to occur quite
frequently, as CH-r stacking is commonly reinforced by
hydrogen bonds (cf. Figure 2).
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FIGURE 2 Overview of the main noncovalent interactions between proteins and phenolic compounds (PCs). PCs are shown in black,

proteins in blue, and interactions in red.
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drawn in an arbitrary position on the aromatic ring. In practice, the position is dependent on the aromatic substituents. Potential protein

structural changes are neglected for the sake of simplicity.

2.1.2 | Basics of covalent bond formation
between proteins and phenolic compounds

Covalent protein-phenolic bond formation occurs primar-
ily via oxidation of the PCs, followed by coupling reactions
(Figure 3). The most prominent mechanism of protein-

phenolic reactions is a MICHAEL addition of nucleophilic
groups from the protein side chains to electron-deficient o-
or p-quinones resulting from the oxidation of PCs.

The formation of quinones can proceed enzymat-
ically or autoxidatively. Enzymatic oxidation of 1,2-
hydroxybenzene moieties (No. 11) to o-quinones (No.
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14) is commonly catalyzed by polyphenoloxidases (e.g.,
tyrosinases and catecholoxidases) or related oxidases (e.g.,
peroxidases). For instance, tyrosinase is responsible for
two successive reactions in the presence of molecular
oxygen: (I) the hydroxylation of monophenols to form
o-diphenols (monophenolase activity) and (IT) the oxida-
tion of o-diphenols to o-quinones (diphenolase activity).
Autoxidation mainly occurs at alkaline pH values or in the
presence of oxidizing agents (e.g., transition metals).

Typically, quinones react with themselves to form brown
melanin pigments (Figure 1, No. 6), which exhibit a com-
plex chemical structure comprising numerous phenolic
moieties. They are often not fully elucidated (Cao et al.,
2021; Friedman, 1996; Galeb et al., 2023). Moreover, highly
reactive quinones can participate in reactions with var-
ious other reaction partners (Bittner, 2006; Rohn, 2014;
Schieber, 2018). Here, the focus is on the addition of
quinones with nucleophilic groups of the protein side
chains, which leads to covalent protein—phenolic reaction
products (Nos. 15 & 16). Addition primarily occurs at side
chains that contain amino (i.e., lysine) or thiol (i.e., cys-
teine) groups (Drucker et al., 2023). As recently confirmed
by Lund (2021), reaction rates with thiol groups are up to
10° times higher than those observed with amino groups.
Hence, proteins with a higher number of free thiol groups
(e.g., bovine serum albumin) typically react faster with
quinones than proteins without free thiol groups (e.g., a-
lactalbumin). Additionally, the reaction of quinones with
various other amino acids in proteins, including guani-
dino (i.e., arginine), indole (i.e., tryptophan), amide (i.e.,
asparagine, glutamine), imidazole (i.e., histidine), or aro-
matic (i.e., tyrosine, phenylalanine) groups, has also been
reported (Bittner, 2006; Lund, 2021; Prigent et al., 2003;
Rawel et al., 2001). However, these amino acids have
mostly been studied individually rather than systemat-
ically in a comparative manner, particularly regarding
their structural features, leading to ongoing controversy
regarding their reactivity with proteins.

Besides o- or p-quinone-mediated protein-phenolic
reactions, radical-mediated coupling has also been
reported. Radical-mediated coupling proceeds from
semiquinone-type radicals (No. 12) that are formed upon
oxidation of phenolic moieties. Semiquinones can be
generated enzymatically or autoxidatively from hydrox-
ybenzenes (e.g., coumaric acid), m-dihydroxybenzenes
(e.g., resorcinol), and 1-methoxy-2-hydroxybenzene
moieties (e.g., ferulic acid), but of course also o- or p-
dihydroxybenzene-containing derivatives (e.g., caffeic
acid). However, the latter structural feature undergoes
relatively fast subsequent oxidation to the o- or p-quinones
(e.g., Figure 3, Nos. 13 & 14). The semiquinone radicals
from the other structural features are stable, being able
to react subsequently with nucleophilic groups or with a

inFood Science and Food Safety

radical from an oxidized protein to form a covalent bond
(Nos. 17 & 18) (Rawel & Rohn, 2010; Rohn, 2014; Zhang
etal., 2021).

Most dominantly, during the MICHAEL addition,
hydroxyls are recovered, and subsequent oxidation of the
protein-bound PCs to their quinones (or semiquinones)
can again induce the addition of further PC molecules or
even covalent protein crosslinking (cf. Sections 3 and 4).
The covalent bonds formed via nucleophilic addition
to quinones or semiquinones are irreversible, because
they lead to stable conjugated or even aromatic systems
(Schieber, 2018), whereas noncovalent interactions are
more or less reversible. A further discussion of the reac-
tion dynamics and the nature of covalent crosslinking is
provided in Sections 3 and 4.

2.2 | Factors affecting noncovalent
interaction and covalent reaction between
proteins and phenolic compounds

It should be emphasized that interactions of PCs and pro-
teins and the formation of reaction products are often
discussed separately. However, they co-exist and are col-
lectively responsible for foods’ functionality.

Still, the prevalent mechanism underlying protein-
phenolic interactions and the extent of protein modifica-
tion strongly depend on the physicochemical conditions of
the system, the chemical-structural properties of the PCs,
and the structural properties of the proteins. The influence
of these factors is summarized in Tables 1 and 2.

2.2.1 | Effect of physicochemical conditions
The main physicochemical conditions affecting protein-
phenolic interactions are the pH value, temperature,
and ionic strength. Briefly, noncovalent protein-phenolic
interactions are typically preferred at acidic conditions and
temperatures that affect protein structure (Zhang et al.,
2021).

Ionic strength can either negatively or positively influ-
ence the binding affinity (Le Bourvellec & Renard, 2012;
Prigent et al., 2003; Rawel et al., 2005), potentially by
neutralizing charges and preventing charge complexes
between PCs and proteins. Varying findings on the effect
of temperature have been reported. For example, Prigent
etal. (2003) reported that the number of 5-O-caffeoylquinic
acid molecules bound to bovine serum albumin decreased
with increasing temperature from 25 to 60°C, whereas Tsai
and She (2006) reported that binding of various PCs to
superoxide dismutase increased with temperature. Hof-
mann et al. (2006) reported that the temperature increased
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TABLE 1 Factors influencing noncovalent interaction of proteins and phenolic compounds (PCs) (modified from Keppler et al., 2020; Le
Bourvellec & Renard, 2012; Zhang et al., 2021).

Factor
pH

Temperature

Moisture content

Ionic strength

PC structure

Protein structure

Ratio phenol/protein

Presence of oxygen
Presence of oxidants

Presence of anti-oxidants

Effect on noncovalent interaction products

Strongest at acidic conditions (pH ~ 3)

Some discrepancies in literature, generally highest binding affinity expected around 25°C
Heat-induced protein denaturation — binding sites T

Heat-induced protein aggregation — binding sites |

Unknown

Discrepancies in literature, ionic strength can have a positive or negative effect depending on
noncovalent interactions involved

T molecular size (# of phenolic moieties) — binding affinity 1

1 flexibility — binding affinity 1

Common functional groups (—OH, —OCH;, and —COOH) affect noncovalent interaction
Flavonoid-specific binding affinity affected by hydrophobicity, galloylation and glycosylation,
and C-ring structure

Random coil or helical > globular

1 proline content — binding affinity 1

1 flexibility — binding affinity 1

Exposure and accessibility of relevant residues or regions

Low ratio: small, soluble complexes

Medium ratio: noncovalent aggregation of proteins via multidentate complexation of PCs leads
to larger complexes with decreased solubility

High ratio: protein aggregation and precipitation

No direct effect

No direct effect, indirectly might lead to a shift toward covalent reactions

No direct effect, indirectly might lead to a shift toward noncovalent interactions

TABLE 2 Factors influencing covalent reaction of proteins and phenolic compounds (modified from Keppler et al., 2020; Le Bourvellec

& Renard, 2012; Zhang et al., 2021).

Factor
pH

Temperature (T)

Moisture content
Ionic strength (IS)

PC structure

Protein structure

Ratio
phenol/protein

Presence of oxygen
Presence of
oxidants

Presence of
anti-oxidants

Effect on covalent interaction products

Nonenzymatic requires alkaline conditions (pH >7)
Enzymatic: Maximum at enzyme optimum (pH 5—7), enzymes inhibited by acid (pH <4)
Deprotonation of NH;*/SH at high pH — nucleophilicity T — degree of covalent binding T

Nonenzymatic: T T — rate of autoxidation 1

Enzymatic: Maximum at enzyme optimum (typically 25-35°C), enzyme inactivation >60°C
Heat-induced protein denaturation — binding sites T

Heat-induced protein aggregation — binding sites |

Possibly promoted by high moisture content
Unknown

Enzymatic: Substrate specificity of the enzyme: chlorogenic acid, caffeic acid, and catechins are
examples of preferred substrates

Preferable via o-quinone formation from 1,2-dihydroxybenzene moiety

| Redox potential of the phenol — oxidation 1

Accessibility and number of nucleophilic amino acid side chains — 1 degree of covalent binding

1 ratio — degree of covalent binding 1

Oxygen is required for o-quinone or semiquinone generation via oxidation

Nonenzymatic: Promotes oxidation
Enzymatic: Not required

Inhibits o-quinone and semiquinone reactions with proteins
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the interaction of hydrolyzable tannins with bovine serum
albumin, but it did not affect the binding of smaller pro-
cyanidins. It seems that the increase in temperature lowers
the bond strength of the hydrogen bonds, while hydropho-
bic interactions increase (Prigent et al., 2009). Therefore,
the discrepancies between the different studies can likely
be explained by the different structural characteristics of
the PCs investigated (polar vs. nonpolar, small vs. large),
resulting in distinct binding modes to the different pro-
tein types. At the same time, however, protein structures
are also affected by a mild temperature increase, because
secondary and tertiary structure elements undergo a cer-
tain degree of refolding and are stabilized by hydrogen
bonds and hydrophobic interactions. Even minor changes
in protein structure can affect the interaction with various
PCs. Thus, complex interaction dynamics are at play (cf.
Section 3).

The factors affecting covalent protein—phenolic reac-
tions are mainly the pH, temperature, and particularly
oxidative conditions. The extent of enzymatic oxida-
tion, resulting in protein—phenolic reaction, depends on
the conditions that determine polyphenoloxidase activ-
ity. Optimal conditions for polyphenoloxidase activity are
typically slightly acidic to neutral pH values and temper-
atures from 25 to 35°C (Queiroz et al., 2008). At acidic
conditions (pH <4), the enzyme activity is reversibly
inhibited, whereas at higher temperatures (>60°C), denat-
uration, affecting the enzyme activity, occurs. Autoxida-
tion happens readily under alkaline conditions (pH >7)
and increases the oxidation rate at higher temperatures.
High moisture content promotes both ways of pheno-
lic oxidation (i.e., autoxidation and enzymatic oxidation)
and thereby the formation of protein-phenolic reaction
products (Keppler et al., 2020). Furthermore, more alka-
line pH values (>9) promote the reaction indirectly by
deprotonation of thiol groups, which enhances their nucle-
ophilicity and thereby their reactivity toward o-quinones
and semiquinones (Bulaj et al., 1998; Keppler et al., 2020).

As indicated in Tables 1 and 2, the discrepancies in
literature regarding the effect of various conditions on non-
covalent protein—phenolic interactions are likely due to
a variation in experimental setups and a strong interplay
between physicochemical conditions and intrinsic factors.
As already mentioned, noncovalent interaction and cova-
lent reaction can occur simultaneously. It is therefore
complex to isolate single effects caused solely by nonco-
valent interaction or covalent binding, as many studies do
not clearly exclude the other mode of binding. Further-
more, the samples are not static, especially when studying
noncovalent interactions. That means that autoxidation
and subsequent covalent attachment of PCs can occur
even at neutral pH, albeit at significantly lower reaction
rates than at alkaline pH, depending on the PC struc-

i Food Science and Food Safety

ture and PC concentration (Jia et al., 2022). Slight shifts
in the ratio from noncovalent toward covalent modifica-
tions occur with time and can affect the experimental
outcome. Another major challenge that adds to the dis-
crepancies about noncovalent binding is that these are
hard to measure, especially when the reactivity is of low
affinity (Keppler et al., 2014; Schild et al., 2023).
Additionally, compared to some findings already men-
tioned, multiple studies claim opposite results regarding
the interaction of the same whey protein with epicatechin
or with gallic acid (Kanakis et al., 2011; Li, Dai, et al., 2020;
Nucara et al., 2013; Riihimaki et al., 2008), even at neutral
pH and room temperature. Besides variations in methods,
the protein can also be responsible for observed differences
in interacting with the same PC. For commercial ultrapure
protein standards, the glycation level, nativity, and oxida-
tion level vary batchwise, so that the protein status can
affect the observed interaction Kinetics (Subsection 2.2.2),
together with the structure of the PC (Subsection 2.2.3).

222 |
protein

Effect of structural properties of the

In addition to the chemical structure of the PCs, the pro-
teins’ structural properties strongly affect the extent and
the nature of protein—phenolic interactions, as well as the
interaction dynamics. It should be noted that most of this
information is based on research on interactions of model
PCswith model proteins and only a few “real” food-related
protein systems like milk or proline-rich salivary proteins.

All protein structure elements—that is, primary, sec-
ondary, tertiary, and quaternary—affect noncovalent inter-
action with PCs. Among the listed amino acids in Sub-
section 2.1.1, proline residues are the most prominent
examples mentioned when trying to explain noncovalent
interactions with proteins. The first studies used proline-
rich salivary proteins to check interactions and try to
explain the astringent taste of PCs (Bacon & Rhodes,
1998; Baxter et al., 1997). Proline residues strongly enhance
the PC binding capacity, forcing the protein to adopt a
more irregular folded or extended structure (Le Bourvel-
lec & Renard, 2012; Richard et al., 2005). In fact, the more
unfolded the protein secondary and tertiary structures are,
the higher the proteins’ structural flexibility, providing a
high accessibility of binding sites and hence, promoting
phenolic interactions.

Consequently, some highly ordered S-sheet-rich globu-
lar proteins (e.g., S-lactoglobulin) typically interact with
PCs via binding at a limited number of specific regions
in the protein. Moreover, interactions between PCs and
highly ordered fibrils of, for example, animal-derived pro-
teins have recently garnered increasing attention (Li et al.,
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2021; Xu et al., 2022; Yan et al., 2024). Globular proteins
(e.g., bovine serum albumin) and most random coil- or a-
helix-dominated proteins (e.g., f-caseins, gelatin) tend to
possess a high number of binding regions (Baxter et al.,
1997; Bohin et al., 2012; Kanakis et al., 2011; Li, Li et al.,
2020). Such an effect was also observed for different genetic
variants of -lactoglobulin; -lactoglobulin A has a more
flexible structure than f-lactoglobulin C. The latter has
two amino acid mutations that result in an internal salt
bridge. This lowered the number of binding sites for epi-
gallocatechin gallate from two in -lactoglobulin A to one
in -lactoglobulin C. Temperature-induced denaturation
of both proteins resulted in unfolding and increased the
number of binding sites to two for both proteins (Kep-
pler et al., 2014). This demonstrates that minor changes by
only two amino acids in the otherwise same protein can
already significantly affect the interaction with the same
PC. Moreover, it is expected that proteins with a rigid ter-
tiary structure (often due to a high number of disulfide
bonds) and with a highly multimeric quaternary structure
(e.g., oligomeric proteins) could have lowered accessi-
bility of the binding sites, which limit their interaction
possibilities with PCs.

Likewise, for the formation of covalent protein-phenolic
reaction products, the main determining factors in the
protein structure are the accessibility and the number
of nucleophilic protein side chains such as lysine and
cysteine.

All interactions and reactions influence each other
because both can induce structural changes in the pro-
tein, which can either reveal additional binding sites or
bury existing ones, influencing the interaction and reac-
tion dynamics. This complicates the characterization of
binding sites and elucidation of the underlying mech-
anisms. However, in the literature, there is not yet a
systematic answer available to the following questions: Do
PC-induced structural changes occur in the first place?
When they do, under which conditions and to which
extent? As illustrated in Figure 4, there might be no struc-
tural changes at all (Figure 4, No. 19). In fact, some studies
describe a loss in ordered secondary structure elements
like a-helix and -sheet and an increase in irregular ran-
dom coil structures (Figure 4, No. 20) (e.g., for mixtures
of B-lactoglobulin with chlorogenic acid) (Jia et al., 2017).
Other studies with similar substances state an a-helix- to 5-
sheet transition (No. 21) (Sui et al., 2018). Moreover, some
studies even suggest an increase in ordered and a decrease
in irregular structures (No. 22) (Li, Dai, et al., 2020; Prigent
et al., 2003).

Even though these discrepancies can partly be traced
back to the previously mentioned difficulties in separat-
ing noncovalent and covalent as well as protein effects,
most studies have in common that the structural elements

change because of noncovalent or covalent protein mod-
ification, indicating a change in binding site accessibility
after adding PCs. For noncovalent interactions with dif-
ferent PCs in tea, the structural changes observed for the
protein correlated positively with binding affinity (Schild
et al., 2023). Furthermore, structural changes are becom-
ing more pronounced as more PCs are bound, for both
noncovalent and covalent binding (Jia et al., 2017). Con-
sequently, the interactions and reactions influence the
dynamics of protein structural changes, as illustrated in
Figure 5 (Nos. 20a-20c). However, proteins with a more
rigid secondary and tertiary structure potentially retain
their native structure to a larger extent after interaction
with PCs than less stable proteins. It would be highly
interesting to elucidate the dynamics between noncova-
lent and covalent modifications and to which level these
influence each other. For example, one could surmise
that PCs first bind noncovalently to a protein, change
the secondary or tertiary structure, and thereby enhance
the accessibility of free thiol or amino groups for cova-
lent modifications. Conversely, opposite effects of negative
cooperativity are also possible, meaning that noncova-
lent modification can increase the rigidity of the protein
and thereby block binding sites. Such interactions would
be promising subjects of future studies because they
can be used for the targeted induction or prevention
of excessive protein-phenolic interactions or crosslinks
(cf. Section 3).

2.2.3 | Effect of chemical-structural
properties of the phenolic compound

Protein—-phenolic interaction is strongly influenced by the
chemical structure of PCs. Generally, noncovalent interac-
tion with proteins is stronger for PCs that contain multiple
phenolic moieties. For single-subunit small molecules,
substituents at the aromatic ring and other structural fea-
tures (i.e., residual groups R in Figure 3) affect binding
affinities (Bohin et al., 2012; de Paula Rezende et al., 2020;
Jin et al., 2012; Kanakis et al., 2011; Zhang et al., 2021).
For example, Jin et al. (2012) reported that steric hin-
drance of the aromatic methoxyl groups in ferulic acid and
sinapic acid diminished the binding affinity toward bovine
serum albumin compared to chlorogenic acid and caffeic
acid, which do not contain methoxyl groups. Similarly, the
interaction of epigallocatechin gallate with bovine serum
albumin occurred via -7 stacking with additional stabi-
lization by three hydrogen bonds, whereas the interaction
of gallic acid exclusively occurred electrostatically (Skrt
et al., 2012).

For single-subunit, but large flavonoid molecules,
additional phenolic moieties, such as those present in
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galloylated catechins, increased binding affinity (Poncet-
Legrand et al., 2006). Additionally, the C-ring structure
and overall hydrophobicity of the single flavonoid
molecules affected their noncovalent interaction with
different proteins (Bohin et al., 2012). Interaction of
proteins with PCs that have high binding affinity can
lead to extensive coating of the protein, which may
in turn result in noncovalent aggregation and protein
precipitation (cf. Section 4). This behavior is mainly
observed for di-, oligo-, or even polymeric PCs such as
hydrolyzable and condensed tannins, which typically form
more pronounced interactions with proteins than simple
monomeric PC molecules. A higher number of structural
features, such as more hydroxyl groups, more aromatic
rings, and larger areas of hydrophobic or hydrophilic
character, increases the possibility of interactions with
proteins and the ability to form multidentate complexes
with further complexation agents (Baxter et al., 1997; Le

Bourvellec & Renard, 2012; Prigent et al., 2003). The term
of complexation describes in this case a specific form of
noncovalent interaction that involves further interaction
partners such as metal ions (Bijlsma et al., 2020). Thus,
with an increasing degree of molecular size of PCs, their
ability to aggregate and precipitate proteins is enhanced.
As described in Subsection 2.1.2, covalent bond for-
mation is mainly induced by the preceding generation
of o- or p-quinones. For this reason, the presence of a
1,2- or a 1,4-dihydroxybenzene moiety of a PC is a pre-
requisite. Nevertheless, covalent bond formation between
1-methoxy-2-hydroxybenze moieties (e.g., ferulic acid) via
semiquinone-type radicals is also possible (Condict et al.,
2019; Kallinich et al., 2018). For autoxidation, an essen-
tial factor determining whether PC oxidation will occur
is their redox potential. Thus, PCs with low redox poten-
tials are more reactive regarding covalent protein—phenolic
reactions. For initial enzymatic oxidation, the substrate
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specificity of the enzyme is a further main determinant for
quinone formation. Substrate acceptance depends on the
other structural features (i.e., residual group R in Figure 3)
besides the 1,2-dihydroxybenzene moiety. Chlorogenic
acid, caffeic acid, and catechins are examples of reactive
substrates that are, therefore, widely used for covalent
protein—phenolic modification (Keppler et al., 2020; Ozdal
et al., 2013). Moreover, quinone-mediated condensation
of monomeric PCs (e.g., caffeic acid) to their correspond-
ing oligomers or polymers (“melanins”) can increase their
reactivity toward amino acid side chains (Prigent et al.,
2009) and enable the formation of benzacridines (Schieber,
2018) (cf. Sections 3 and 5).

There are some controversies about the effect of the
structural properties of PCs on protein-phenolic interac-
tions. While the overall topic of protein—phenolic interac-
tions and reactions faces challenges due to the complexity
of the interaction and reaction dynamics, certain studies
have approached the topic systematically and compar-
atively, typically using the same protein and reaction
conditions while varying only the chemical structures of
the PCs. The observed effects are quite general and robust,
even for different proteins. However, when multiple PCs
are present simultaneously, the complexity increases, lead-
ing to competition for binding sites (affecting noncovalent
interactions and covalent reactions), positive or nega-
tive cooperativity of the proteins, and different oxidation
kinetics (primarily affecting covalent interactions). Stud-
ies addressing these more complex scenarios are currently
scarce but would be highly relevant for understanding
increasingly intricate systems.

2.3 | Determining protein—-phenolic
interactions in food is a challenge

From the preceding subsections, one could conclude that
protein—phenolic interactions and reactions occur in an
ordered, controllable, and predictable manner. This is not
typically the case, as this is only true—when at all—
under certain model conditions. When it comes to “real”
complex food systems, there are many proteins and PCs
that have not yet been investigated as starting materi-
als for interactions and reactions in their full range. For
instance, only a limited number of studies investigated
the interactions of plant proteins with (endogenous) plant
PCs. A vast majority of current knowledge on protein—
phenolic interactions is based on studies performed with
pure or mixed milk proteins and with other animal pro-
teins such as gelatines and serum albumins. However, with
current trends shifting to plant-based foods, the impor-
tance of plant proteins’ interaction and reaction with PCs
increases extensively. Consequently, this means that the

relevance of protein—phenolic interactions and reactions
is increasing even more, as plant protein fractions typi-
cally also contain PCs, depending on their degree of purity
(e.g., meals vs. concentrates vs. isolates). The phenomena
of decreased protein solubilities and adverse protein col-
oration as observed during alkaline protein isolation have
been established for a long time (Sabir et al., 1974; Sosulski,
1979; Wildermuth et al., 2016).

Furthermore, in complex food systems, the compo-
sition and the protein:PC ratio vary, for example, in
protein- or PC-rich foods. As indicated in Tables 1 and 2,
the protein:PC ratio strongly influences protein-phenolic
interactions and reactions and has also recently been
demonstrated by Jia et al. (2022) and reviewed by Shahidi
and Dissanayaka (2023) (cf. Subsections 2.1 and 2.2).

Moreover, one can deduce from the previous subsections
that processing foods containing proteins and PCs can
induce desirable or undesirable protein—phenolic interac-
tions. In addition, other compounds present may interfere
with or affect protein—phenolic interactions and reactions
as well, for example, by competitive binding (e.g., glyca-
tion) and involvement in redox reactions. Finally, the pH
value of the food strongly determines the interaction of PCs
and proteins as well (for instance, alkaline egg proteins vs.
acidic whey) (Keppler et al., 2020). So far, there is no sys-
tematic insight into the effects and interplay of processing
and storage conditions on protein—phenolic interactions
and reactions. Additionally, it is not possible to predict the
outcome, especially the reaction dynamics, of whether the
protein reacts with PCs first or whether the PCs react with
each other to form melanins before interacting with the
protein (cf. Section 3). These interactions and reactions can
have a pronounced influence on protein functionality and
hence on food quality (Zhang et al., 2021). As highlighted in
Subsections 2.1 and 2.2, there are already many controver-
sies about binding effects and structural changes in model
systems. Of course, such discrepancies are further multi-
plied in complex systems and will also be reflected in the
reported changes in protein functionality (cf. Section 5),
because proteins’ functionalities are a consequence of their
structure.

3 | INTERACTION AND REACTION
DYNAMICS RESULT IN COMPLEX
MIXTURES OF PRODUCTS

As already indicated in Section 2, it is difficult to sep-
arate individual phenomena solely based on covalent or
noncovalent modifications. Therefore, in this section, the
potential reaction and interaction dynamics are described
in more detail, and it indicates where future research could
contribute toward addressing this complexity.
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FIGURE 6

Interaction and reaction dynamics of proteins and phenolic compounds. Potential protein structural changes, crosslinks, and

evaluations of preferred interaction and reaction pathways are neglected.

After one interaction is accomplished, a new unique sce-
nario for a follow-up interaction/reaction is present. It is
a new starting point, where all the consideration given
so far must be considered anew. In relatively simple sce-
narios, as illustrated in Figure 6, this could be either an
additional covalent binding to the protein (Figure 6, No. 27)
or a subsequent covalent reaction with an already bound
PCs, forming a melanin-like compound (Nos. 31 & 32),
noncovalent interactions with the protein (Nos. 24-26), or
the initially bound PCs (Nos. 29 & 30) as well. All these

structures can then be further extended by combinations
of covalent or noncovalent binding. Again, noncovalent
interactions with a modified protein are possible directly
at the protein (e.g., No. 33), at the bound PCs, or at the
melanin-like part of the initial modification (e.g., No. 34).

When discussing the presence of proteins and PCs in
an oxidative environment, further different scenarios are
possible. As already described in Subsection 2.1.2, oxida-
tion might lead either to electrophilic quinones that react
preferentially with themselves to form melanins (Figures 1
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and 6, No. 6) or, to a certain extent, to covalent reaction
products with susceptible nucleophilic protein side chains
(Figures 1 and 6, No. 5). Between these possibilities, there
might also be a certain probability that small melanins
(dimers, trimers, etc.) are formed primarily, which can
then react with a protein side chain (Nos. 31 & 32). More-
over, melanins can be extended by subsequent addition of
a (single) PC (No. 23) or reactions between melanins (No.
28). The latter must not necessarily undergo a covalent
reaction with a protein (e.g., Nos. 42, 46, & 51). It seems
to be more likely that melanins of increasing molecular
size (“polyphenols”) are progressively more susceptible to
noncovalent protein—phenolic interactions (Nos. 31 & 52).
Comparable observations have been made for condensed
tannins (Kumar & Horigome, 1986). Theoretically, mixed
interactions are conceivable as well (Nos. 38-41 & 47).

In complex systems, the diverse protein-phenolic inter-
action mechanisms and reaction pathways—especially the
complexity of their dynamics—must be considered. The
question of the initial reactants’ interaction sequence must
be addressed: Do PCs interact primarily with proteins or
with other PCs to form melanin-like structures initially?
Notably, all interactions and reactions mutually influence
one another, with each resultant product serving as a pre-
cursor for subsequent pathways. Particularly noteworthy
is the role of protein unfolding induced by interaction or
reaction, which subsequently facilitates further interac-
tions or reactions via various pathways. In Figure 6, the
latter aspect was neglected to maintain simplicity. Quan-
titative analysis of the various products is challenging due
to their variable reactivity and potential for immediate
further reactions. Further reactions underscore the vast
array of interactions and reactions, which are character-
istic of prominent food chemical processes such as the
MAILLARD reaction (Hellwig & Henle, 2014) or lipid perox-
idation (Johnson & Decker, 2015). In fact, the resemblance
to the MAILLARD reaction appears to be evident, as all
three main stages are present and comparable: (I) an ini-
tial phase, followed by (II) subsequent reactions yielding
an array of intermediate products. Finally, (IIT) the for-
mation of covalently bound PCs may also lead to protein
crosslinking via distinct phenolic bridges, representing an
additional pathway for complex molecular rearrangements
(cf. Section 4). The overwhelming diversity of products has
severe technological and nutritional consequences.

4 | CROSSLINKING FURTHER
COMPLICATES INTERACTION AND
REACTION DYNAMICS

While the preceding Section 3 elucidated the dynamics
of protein—phenolic interactions, it is also conceivable

that proteins may engage in further interactions utiliz-
ing intermediate products as a starting point, leading to
the formation of protein—phenolic crosslinks. While non-
covalent protein—protein interactions adhere to typical
protein chemical mechanisms (Cusick et al., 2005; Wodak
et al., 2013), the generation of covalent protein—phenolic
crosslinks necessitates oxidative conditions once again
and is typically catalyzed by the same enzymes or occurs
autoxidatively as previously described in Subsection 2.1.2.
Figure 7 presents a simplified overview of crosslink forma-
tion. In addition to formation via single-subunit phenolic
molecules (No. 53), melanins may initially form, sub-
sequently undergoing a protein reaction with ensuing
crosslinking. Furthermore, two modified proteins (with at
least one PC bound) could interact, resulting in melanin-
like bridges (e.g., Nos. 54-56). In such instances, phenolic
structures with more than one aromatic ring may fur-
nish the requisite binding sites following prior oxidation to
serve as a bridge between two proteins, as depicted as No.
55. Examples of such naturally occurring structures typi-
cally arise from the group of flavonoids, including, among
others, the tea flavonoid gallates (e.g., epicatechin gallate
or epigallocatechin gallate) (Chen et al., 2011; Tan et al.,
2022). Similarly, an initial dimerization of a single PC may,
in turn, provide sufficient sites for crosslinking, which can
induce both noncovalent and covalent interactions (Nos.
54 & 56).

Additionally, further complexities in crosslinking
dynamics are inherent within the initial PC structure, par-
ticularly in the capacity of certain PCs to adopt isomeric
forms. These PCs can subsequently interact with proteins
in varying manners, resulting in diverse crosslinking
outcomes. This scenario is exemplified by chlorogenic
acid, which can exist in different positional isomeric forms
(3-, 4-, or 5-chlorogenic acid) in plant-derived material,
and these positional isomers can additionally undergo
cis/trans isomerization, depending on physicochemi-
cal conditions. Due to these variations, a multitude of
interaction and reaction possibilities can occur between
proteins and PCs, thereby complicating the description
and monitoring of their crosslinking products within food
matrices.

To comprehend the process of crosslinking and elu-
cidate its mode of action, a thorough understanding of
how crosslinking progresses, the primary factors influenc-
ing crosslinking, and the specific reaction sites and types
of crosslinking involved is necessary. Given the antici-
pated high structural diversity of available PCs, crosslink
formations are expected to vary accordingly, yet their
full elucidation remains pending. However, the majority
of chemical structures of reaction products, particularly
those involving exogenous PCs, have not been identi-
fied, and those predicted remain analytically unrecorded.
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neglected for the sake of simplicity.

Consequently, there is a demand for additional comple-
mentary strategies, such as labeling of reaction sites and
affinity mapping. Furthermore, the accessibility of poten-
tial reaction sites can be explored using double-headed
agents, while degradation can be employed to simplify sub-
sequent analysis and identification of reacting crosslinked
peptides.

Protein crosslinking by PCs is compounded by various
other food ingredients, expanding the complexity further
(cf. Subsection 2.3 and Section 3). Food proteins embed-
ded within complex matrices undergo diverse chemical
modifications, including acetylation, glycosylation, and
phosphorylation. These modifications directly impact the
structural properties of proteins, altering their interac-
tion characteristics and reaction kinetics with PCs. For
instance, reports exist about hetero-crosslinking between
proteins and polysaccharides, involving endogenous tyro-
sine side chains and exogenous PCs (Piber & Koehler, 2005;
Selinheimo et al., 2008).

5 | PROTEIN-PHENOLIC
INTERACTION AND REACTION
PRODUCTS RESULT IN VARIOUS
PROPERTIES

So far, the principles of protein—phenolic interactions
and reactions, the comprehensive range of interaction
and reaction products, and, thus, the inherent complexity
in dependence on the prevailing physicochemical condi-
tions have been presented. This section focuses on the
consequences, possibilities, and limitations in relevant bio-
logical systems, that is, food. More specifically, it describes
how the reaction products influence the sensory percep-
tion of foods rich in PCs, as well as what is known about
the sensory effects of PC-protein modifications (Sub-
section 5.1), the technological properties of the proteins

Crosslinking interactions and reactions of proteins and phenolic compounds. Potential protein structural changes are

(Subsection 5.2), and the impact on the digestibility of the
food and physiology (Subsection 5.3).

5.1 | Sensorial properties

PCs are well known for their strong effect on sensorial
properties in foods. They are linked with bitterness and
astringency perception in various foods such as wine,
cocoa, and tea (Bittner, 2006), but also with color changes
such as the browning of fruits and vegetables (Murata,
2022) and especially the black color of fermented tea (Bit-
tner, 2006). PC interactions with amino acids, peptides,
or proteins can affect these properties, but due to the
complexity of the reactions, the outcome is still not well
understood thus far (cf. Subsections 2.1 and 2.2).

5.1.1 | Bitter and astringent taste

Several PCs like epigallocatechin gallate, coumaric acid, or
procyanidins are described as bitter (Ferrer-Gallego et al.,
2014; Soares et al., 2018). In contrast, the perception of
astringency in various foods, such as wine, cocoa, and
tea (Bittner, 2006), seems to be only possible when larger
polyphenols interact with proline-rich saliva proteins in
the oral cavity (Pires et al., 2020; Rossetti et al., 2008). This
is thought to be a direct consequence of the noncovalent
interaction of PCs with the proline-rich proteins in saliva
and the oral mucosa epithelium (Noble, 2002), primarily
mediated by PCs that are not already covalently bound in
the food (cf. Subsection 2.2.2). The astringent sensation
that PCs imparted to cocoa, for example, may be mitigated
during the processing of cocoa beans: Oxidation of PCs
could lower the content of sensory-active PCs not only
through exudation but also through subsequent protein-
phenolic interactions (Misnawi et al., 2005). Similarly, a
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reduction in the bitterness of oleuropein, apigenin, and
luteolin, as well as the astringency of oleocanthal, has been
observed in olive oil in the presence of proteins, which is
attributed to interactions between PCs and proteins (Pey-
rot des Gachons et al., 2021). However, the extent to which
covalent protein—phenolic reaction products differ from
noncovalent interactions in terms of flavor impact has not
been clearly elucidated and should be investigated in the
future.

5.1.2 | Formation of colored compounds

In addition to taste perception, reactions of oxidized PCs
with amino acids may lead to novel compounds with a
broad array of colors, which are promising candidates for
use as food colorants. It is well known that the alkaline
extraction of proteins from defatted sunflower meal gives
rise to intense greening of the proteins, which is caused
by the oxidation of chlorogenic acid and subsequent
formation of benzacridines (Ishii et al., 2021). The green
color hampers the application of sunflower protein for
food use (Wildermuth et al., 2016), especially when
light-colored products are to be developed (Lo Verde et al.,
2023). Benzacridine formation is initiated by the oxidative
dimerization of chlorogenic acid, followed by the addition
of the amino group and subsequent cyclization (Yabuta
et al., 2001). When the a-amino group reacts with the
chlorogenic acid dimers, the benzacridines bear only the
amino group, whereas the reaction of, for example, the
amino group of S-alanine or the e-amino group of lysine
yields benzacridines with the entire amino acid attached
(Bongartz et al., 2016; Drucker et al., 2023). While in most
cases green hues caused by benzacridines are developed,
oxidative coupling of chlorogenic acid with tryptophan
leads to the formation of an intense red color. No color is
formed when the thiol group of cysteine is involved in the
reaction (Bongartz et al., 2016). The red color is caused
by a cyanine-type chromophore of remarkable stability
toward pH changes and thermal treatment (Moccia et al.,
2021). More recent studies demonstrated the formation of
a complex compound bearing one chlorogenic acid and
two tryptophan moieties (Santarcangelo et al., 2023). Sub-
sequent investigations into its physicochemical properties
and application studies suggest its suitability as a food
colorant (Santarcangelo et al., 2024).

The formation of benzacridines is favored at higher pH
values, and cysteine has been shown to inhibit green color
development (Atonfack et al., 2019; Liang & Were, 2020).
The green color turns yellow under reducing conditions,
for example, in the presence of ascorbic acid (Yabuta et al.,
2001). As greening has also been prevented with sulfites
(Wildermuth et al., 2016), any recipes containing this addi-

tive are challenging when the formation of benzacridines is
desired. Enzymatic hydrolysis of chlorogenic acid has been
demonstrated to be another technological strategy to avoid
green color formation (Lo Verde et al., 2023).

Most studies published so far deal with the reactions
of free amino acids, which yield the abovementioned
reaction products. However, investigations modifying -
lactoglobulin with chlorogenic acid under alkaline con-
ditions revealed that benzacridines also occur in protein-
bound form (Ali et al., 2013). The results obtained from
the alkaline treatment of sunflower meal used as ruminant
feed also indicate the presence of protein-bound benza-
cridines (Bongartz et al., 2018). Obviously, the e-amino
group of lysine represents the preferred sites of derivati-
zation. Given that N-terminal amino acids, unless deriva-
tized, by definition bear a free amino group, it is reasonable
to assume that analogous reactions may happen with pep-
tides and proteins in general. Although preliminary in
vitro assays indicate a lack of toxicity of free benzacridines
(Tacomino et al., 2017), studies on the metabolic fate and
toxicological properties of bound benzacridines have not
yet been conducted.

The studies conducted so far on benzacridines and
other colored compounds formed by oxidative coupling
of chlorogenic acids and amino acids suggest promising
properties of these compounds for potential use as food
colorants. There is a lack of knowledge about the presence
of protein-bound colored reaction products—in particular,
their binding sites and the extent of protein modifica-
tion. It is even conceivable that benzacridines mediate
the crosslinking of proteins. The conditions required
for these modifications to form have yet to be deter-
mined. Proteins containing benzacridine moieties can
either be used directly as colorants or serve as substrates
for enzymatic proteolysis. This process generates peptides
with unique technological, even also biological properties
that may extend beyond just providing color. In addi-
tion to comprehensive technological studies that need to
be performed to demonstrate the potential of the pig-
ments as food colorants, their legal status needs to be
addressed.

5.2 | Changes in technological properties
of proteins

PCs may affect the protein’s technological properties, that
is, foam stabilization, emulsion stabilization, and gela-
tion. The performance of proteins in the formation of
these (food) systems is dictated by the proteins’ solubiliza-
tion, structure, surface hydrophobicity, charge, and size.
Although similar to the previous findings on the effect
of PCs on protein structure (cf. Subsections 2.1 and 2.2;

35UBD| 7 SUOWILLIOD dAIeID 3|qedl|dde au Aq pausenoh are Sajole WO ‘3N Jo Sajn. oy Akeld1auljuQ A3|IAM UO (SUO [ PUOS-PUR-SWLBIW0D S| IM A ReIg 1)U |UO//:SONY) SUOIIPUOD pUe SWS | 8U)88S *[7202/60/6T] U0 ARiqiTauliuQ A ‘31ipag .| ted yoleasay puy Asealun usbulueBep Ag GT00L LESY-THST/TTTT OT/I0p/WO00 A8 |IM ARelq 1 pUI U0 }1//:SANY WO papeolumoq 'S ‘v20z 'LESPTIST



PROTEIN-PHENOLIC INTERACTIONS AND REACTIONS

Comprehensive

Ews 15 of 28

Figure 4), there are also inconsistent results about the
impact on the technological properties.

5.2.1 | Foams and emulsions

Foams and emulsions play a crucial role in providing struc-
tures in food. In such multiphase systems, two immiscible
phases, gas-water or oil-water interfaces, are present. Pro-
teins possess a high capacity to stabilize such systems,
as their amphiphilic properties (presence of hydropho-
bic and hydrophilic amino acids) enable them to stabilize
the air-water or oil-water interface by adsorption, fol-
lowed by intra- and intermolecular interaction among
adsorbed proteins (Kieserling et al., 2021; Narsimhan &
Xiang, 2018). To achieve proper interface stabilization,
proteins usually need to have high solubility, structural
flexibility, and preferably a non-aggregated (or native) state
in the quaternary structure (Sagis & Yang, 2022). Small
and soluble proteins can quickly adsorb at the interface,
giving small air bubbles and oil droplets. Then, protein-
protein interaction is necessary to form a viscoelastic
interfacial protein film, which results in high stability
against foam collapse and oil droplet coalescence (Foeged-
ing et al., 2006; Kieserling et al., 2021). There is a strong
indication that hydrophobic interactions among proteins
play a major role in protein-protein interactions at the
interface. Other possible key properties are protein flexi-
bility to structurally orient interaction sites toward each
other and the formation of a dense protein film, which
can, for instance, be achieved with low repulsive (electro-
static) forces between adsorbed proteins (Cao et al., 2018;
Kieserling et al., 2021).

Protein—-phenolic interaction can strongly affect sur-
face activity, depending on the type of protein, PC, mode
of binding (covalent vs. noncovalent), level of modifica-
tion, and crosslinking. Thus, it is extremely difficult to
extrapolate common effects.

For noncovalent interactions, there are reports about
increased foam ability and stability of whey protein iso-
late, after adding gallic acid and epigallocatechin gallate
(Cao et al., 2018) or chlorogenic acid (Jiang et al., 2018).
In both cases, this was explained by a decreased surface
hydrophobicity and increased solubility of the protein.
For sunflower proteins, the noncovalent interaction with
chlorogenic acid resulted in the crosslinking of 4- to 100-
nm-large aggregates (Karefyllakis et al., 2017). While the
surface tension of the mixture was lower than that of the
protein alone, the oil droplet size was larger, which could
indicate droplet flocculation.

Reports also show that unbound PCs can compete
with proteins for the interface, weakening the interfacial
film and destabilizing the foam stability. For example,
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Yang et al. (2021) found that sinapic acid-whey pro-
tein isolate mixtures lowered interfacial stiffness and
foam stability, hindering protein-protein interaction at
the interface. Similar findings were reported for rape-
seed protein-stabilized emulsion droplets. Free sinapic
acid interrupted the interfacial film, and the crosslinking
of proteins induced by sinapic acid also resulted in overall
weaker interfacial films and enhanced coalescence (Ntone
et al., 2022). Bock et al. (2022) tested different phenolic
acid derivatives for their effect on protein-stabilized inter-
faces and found that they can result in weaker interfacial
films (O/W) and more flocculation of droplets. In contrast,
PCs can also impact larger aggregated structures, such as
protein amyloid-like fibrils. Yan et al. (2024) demonstrated
that the emulsifying properties of amyloid-like fibrils of
lentil proteins were enhanced by noncovalent interactions
with epigallocatechin gallate. The PCs altered the shape of
the fibrils from an elongated to a more aggregated struc-
ture, resulting in stronger interactions at the oil-water
interface, likely due to more exposed hydrophobic groups,
ultimately leading to increased emulsion stability. This
enhancement was attributed to a more balanced hydropho-
bic/hydrophilic ratio of the products (Yan et al., 2024).
Thus, for noncovalent interactions, both positive and neg-
ative effects were observed. Here, positive effects were
usually explained by increased solubility of the modified
proteins, while negative effects were usually caused by
unbound PCs and crosslinking effects, which could poten-
tially be controlled by controlling the protein:PC ratio.

However, crosslinking does not always result in
decreased interface stability. For example, the foam stabil-
ity was improved for lactoferrin-tannic acid mixtures that
formed aggregates of 30-70 nm. It was assumed that this
was due to particle pinning and thin film stabilization.
Also, von Staszewski et al. (2014) found that aggregates
between f-lactoglobulin and green tea PCs gave higher
emulsion stability than pure f-lactoglobulin, explained
by Pickering-like stabilization or the formation of a thick
interfacial film. Thus, further research is required to
elucidate the effect of PCs on the aggregation of proteins
and the resulting interfacial stabilization mechanisms.

With regard to covalent modifications, the results are
less divergent than for noncovalent modifications, as
mentioned previously, due to the higher stability of the
interaction, making it more controllable. The covalent
modification of proteins affected the solubility and the
flexibility of the protein, which increased the overall
emulsifying properties of plant proteins, with some dis-
crepancies caused by using different conditions such as
preheating. The most relevant studies are summarized by
Keppler et al. (2024).

Compared to single-phase water systems, the primary
challenge in comprehending the influence of PCs on
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Potential locations of phenolic compounds (PCs) during the interfacial stabilization process. The PCs may exist (I) in the

bulk water phase, then interact or react with the protein prior adsorption, (IT) at the interface in a nonbound free form or may interact/react

with adsorbed proteins (III) from the bulk water phase or (IV) from the oil phase, following Bock et al. (2024).

protein-stabilized interfacial systems lies in the increased
complexity resulting from the presence of an additional oil
phase, thereby leading to a multitude of interaction sites.
As illustrated in Figure 8 for an oil-water interface, the
PC can (I) interact with the protein within the bulk water
phase and then adsorb at the interface in a protein-bound
state, (IT) adsorb at the interface in a nonbound free form
(i.e., especially amphiphilic PCs with polar and unipolar
moieties), or interact with the already adsorbed protein
from (IIT) the bulk water phase or (IV) the oil phase.

For example, the interaction and reaction of proteins
with PCs in the bulk water phase (I) before adsorption
might influence the protein structure (e.g., hydropho-
bicity) and subsequently its interfacial behavior. There-
fore, systematic studies of the interfacial behavior should
include structural analyses of the interaction and reaction
products, enabling conclusions regarding their influence
on emulsion and foam stability. However, certain (plant)
proteins exhibit complex structural characteristics even
prior to undergoing interactions and reactions with PCs.
For instance, the solubility of plant proteins is frequently
quite low even before engaging with PCs and may further
diminish due to protein-phenolic interactions or reactions.
This presents a significant challenge for interfacial studies
focusing on such interactions or reactions, as analysis of

the resulting insoluble products is often unfeasible using
conventional methods.

In terms of the interface, all remaining interaction
sites of the PC (II-V) possess the potential to inhibit the
formation or to disrupt the already existing interfacial
protein—protein interactions, leading to weak interfacial
protein films and, consequently, low stability of oil (or air)
droplets, as exemplified by Bock et al. (2022) through the
enhancement of droplet flocculation of emulsions. Ulti-
mately, the distribution pattern of PCs underscores the
complexity of analyzing its role in interfacial systems,
necessitating consideration of its location across all scenar-
ios. The role of unbound PCs after covalent modifications
is generally not studied and should definitely be included
as a control.

522 | Gels

Protein gels are three-dimensional network structures
entrapping a liquid, which are supported by intermolec-
ular covalent and noncovalent protein bonds. There are
different types of gels, but the most common ones in food
are those induced through heating, subsequent protein
denaturation (i.e., structure unfolding), and crosslinking
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(Nicolai & Chassenieux, 2019). The formation of heat-
induced gels occurs in three steps: (I) unfolding and
dissociation of proteins, (II) aggregation of the unfolded
proteins due to interactions between newly exposed groups
(e.g., hydrophobic or disulfide groups), and (III) the inter-
action of aggregates to form a space-filling gel network.
To form stiff gels, the proteins should be well-distributed
in solution, which requires highly soluble proteins with
a repulsive electrostatic charge (Chen et al., 2016). Also,
the aggregated state plays a key role, as native and
non-aggregated proteins are most suitable to induce the
two-step aggregation to form the homogeneous gel net-
work. Extensive pre-aggregation of proteins might give
more heterogeneous gels, which could be weaker and more
brittle, also due to fewer interaction sites per unit of volume
compared to smaller and more native proteins.

For noncovalent modification, crosslinking was found
to be especially detrimental to a homogeneous gel struc-
ture. Chen et al. (2021) investigated pea protein mixtures
with green tea PCs and observed increasing concentrations
of inhomogeneous clusters with increasing additions of
green tea PCs. This resulted in a poorly distributed network
structure and, thus, weaker gels. They postulated that the
presence of PCs disrupts a continuous protein—protein gel
structure. Also, Jia et al. (2022) found that the addition of
chlorogenic acid to sunflower protein had a negative effect
on the gel strength, and similar findings were observed
for canola protein gels after the addition of sinapic acid or
thomasidioic acid (Rubino et al., 1996).

However, when covalently modifying sunflower pro-
tein with chlorogenic acid, a slight increase in gelling
properties was observed, which then declined sharply
when the protein was modified more strongly (Jia et al.,
2022). A strong level of covalent modification likely blocks
all cysteine residues with PCs, thereby disrupting net-
work formation (Keppler et al.,, 2020). While there are
not yet many studies on the effect of PCs on the gelling
properties of proteins in food, there are reports about uti-
lizing the interaction for making bioadhesives and glues
with additional antioxidative or antibacterial properties. In
these reports, the bioadhesives are called “bioinspired” or
“mussel-inspired,” because the wet adhesion properties of
mussel foot proteins are caused by tyrosine oxidation to L-
DOPA, with catechol groups found to be the cause of their
strong glue effect. The addition of PCs, such as caffeic acid,
chlorogenic acid, or gallic acid, to denatured soy proteins
at alkaline pH was postulated to mimic these effects after
forming covalent interactions between the protein and the
PCs. While for chlorogenic acid and caffeic acid, the vis-
coelastic properties of the soy protein isolate gel decreased,
they increased for gallic acid. Thus, different PCs had dif-
ferent effects on the protein gels, probably due to the level

inFood Science and Food Safety

of modification and type of interaction. When adding PCs
to preformed soy protein—-agarose hydrogels, the PCs acted
as plasticizers, resulting in stretchable material with inter-
esting mechanical properties (Argenziano et al., 2023).
There are also other applications, where the addition of
PCs can be used to modulate protein network proper-
ties. For example, polyphenols were found to interact
with functional amyloid protein aggregates from lysozyme,
soy, or whey, inducing the formation of supramolecular
structures that can be used as (food) hydrogels of high
mechanical stability (Hu et al., 2018; Nian et al., 2022; Xu
etal., 2022).

There is limited research available concerning the gela-
tion of proteins in the presence of PCs. The presented
information is largely generalized, with some discrepan-
cies stemming from methodological variations, as well as
differences in PCs and protein types. Nonetheless, it is
noteworthy that noncovalent interactions between pro-
teins and PCs appear to hinder gel network formation,
as evidenced by the formation of heterogeneous clusters
at higher interaction levels, while covalent interactions at
lower levels tend to give stiff gels.

A significant challenge arises in experimental setups
where protein modification levels are increased, neces-
sitating a substantial excess of PCs to protein. Even
with extensive filtration and dialysis aimed at exclud-
ing noncovalent modifications, complete removal of all
noncovalently bound PCs from covalently modified pro-
teins remains elusive. Consequently, these residual PC
molecules often contribute to observed gelation effects,
complicating interpretation.

Beyond these experimental challenges, gel formation
is inherently complex, with various gel networks arising
from different forces, such as prevalent covalently linked
gels versus those primarily stabilized by hydrophobic inter-
actions. The addition of PCs can thus yield diverse effects,
contingent upon the specific proteins, PC types, protein:PC
ratios, and the underlying network structure of the gel.

5.3 | Changes in physiological properties
While Subsections 5.1 and 5.2 addressed the impacts of
protein—phenolic interactions and reactions on food prop-
erties prior to consumption, the following subsections
provide an overview of their effects postconsumption.
Digestibility and bioavailability of proteins and PCs are the
main determinants for their bioactivity, where interactions
or reactions may potentially interfere (cf. Subsection 5.3.1).
Another relatively new physiological consideration is the
influence of PCs on protein allergenicity (cf. Subsec-
tion 5.3.2).
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5.3.1 | Digestibility and bioavailability of
protein interaction and reaction products

Many studies showed that the addition of PCs to pro-
teins alters protein digestibility. In the case of noncovalent
bonds, digestibility can be affected by interactions of PCs
with dietary proteins or with proteases of the gastrointesti-
nal tract (Ertop & Bektas, 2018). In fact, interaction with
PCs can either stabilize or destabilize (i.e., induce partial
unfolding) the protein structure (Kanakis et al., 2011) or
sterically hinder the access of proteases so that protein
digestibility is reduced. A partial unfolding of the pro-
tein structure would in turn increase protein digestibility
(Hasni et al., 2011).

Several studies investigated the effects of protein-
phenolic interactions on in vitro digestion of isolated
proteins by specific proteases. Regarding pepsin, the
digestibility of S-lactoglobulin was decreased in the pres-
ence of PCs from green and black tea, coffee, or cacao
(Stojadinovic et al., 2013). In contrast, Tantoush et al.
(2012) found an increasing effect of green tea PCs on the
digestibility of different proteins such as f-lactoglobulin
or peanut proteins. The peptic digestibility of soy protein
and egg white gradually increased with increased amounts
of grape seed PCs (Yu et al., 2016), whereas for casein,
there was an increase at low concentrations and a decrease
at higher concentrations of PCs. Digestibility with trypsin
was reduced for casein and soy protein isolate by grape
seed PCs (Yu et al., 2016). The same authors found reduced
digestibility of proteins from bread with grape pomace PCs
added, after using pepsin followed by trypsin. Further-
more, for tannins with a molecular weight of over 500 Da
and condensed tannins, a negative effect on the digestibil-
ity of bovine serum albumin has been reported (Kumar &
Horigome, 1986).

Regarding the effect of PC interactions on the activ-
ity of the gastrointestinal proteases, the proteases pepsin,
trypsin, chymotrypsin, and elastase have been studied
most frequently. The interaction of PCs with proteases
is conceivable in various ways: in principle, binding of
PCs can lead to a partial unfolding (in the case of bulky
PCs) or stabilization of the enzyme structure and, thus,
changes in their activity. On the one hand, this can be
accompanied by a reduction in enzyme activity, and, on
the other hand, proteins that serve as substrates could
better fit the catalytic center. Furthermore, competitive
inhibition can occur at the catalytic or allosteric center
(Cirkovic Velickovic & Stanic-Vucinic, 2018). Some stud-
ies showed significant inhibition of pepsin by various PCs
(e.g., epigallocatechin gallate, catechin, and tea extracts)
and different protein substrates. Their effect on pepsin was
different in the various studies; both inactivation of the
protease and improved digestion of f-lactoglobulin were

observed (He et al., 2007; Tagliazucchi et al., 2005). Dif-
ferent results were also shown for chlorogenic acid in the
digestion of lysozyme and soy protein isolate by pepsin
and for coffee extract in the degradation of S-lactoglobulin
(Rawel et al., 2000, 2002). In contrast, in these studies,
polymeric tea PCs and hydroxycinnamic acids have a con-
sistently inhibitory effect on trypsin, chymotrypsin, and
elastase in these studies. The trypsin activity was signifi-
cantly decreased by tea PCs, but not completely inhibited
(Huang et al., 2004).

The covalent modification of proteins with various PCs
(Kroll et al., 2000; Rawel et al., 2000) resulted in a higher
resistance of the proteins toward digestion by gastrointesti-
nal proteases (Rawel, H. M., Kroll, J., & Hohl, U. C., 2001).
Above all, covalent bonds occur for the e-amino group
of lysine or thiol-group of cysteine (cf. Subsection 2.1.2).
Thus, binding to e-amino groups of lysine residues could
prevent the binding of trypsin, resulting in digested pep-
tides with a high molecular weight (Zee & Garcia, 2012).
However, at higher levels of chlorogenic acid attached to
bovine serum albumin, Rawel et al. (2002) demonstrated
that tryptic digestion is increased compared to low lev-
els. This might be due to high levels of chlorogenic acid
partially unfolding the protein structure, thereby facili-
tating the tryptic attack. An in vivo study of soy protein
showed that the protein digestibility corrected amino acid
score (PDCAAS) values dropped stronger for lysine, tryp-
tophan, and sulfur-containing amino acids at high versus
low derivatization levels with chlorogenic acid (Rohn et al.,
2006). Thus, protein—phenolic interactions undoubtedly
affect protein digestibility, although reports on the exact
nature and extent of these effects remain discrepant.

In numerous studies, precise differentiation between
the effects of PCs on dietary protein and protease activity
remains challenging. Typically, only the final concentra-
tion of soluble peptides (e.g., solubility in trichloroacetic
acid) is evaluated, mainly neglecting critical parameters
such as peptide length or their identification. Ongoing
developments in untargeted peptide analysis using mass
spectrometry and automated annotation will help to pro-
vide more detailed data in the future (Vreeke et al., 2022).
Moreover, studies often display inconsistencies due to var-
ied experimental conditions and inadequate exploration of
factors such as the initial and modified protein/protease
structure, direct interactions with PCs, or the extent of
modification. Figure 9 illustrates the impact of PC-induced
interactions and reactions on peptide composition, directly
affecting peptidase binding sites (Figure 9, No. 58) or
indirectly through protein structural changes exposing
additional binding sites (No. 59), compared to unbound
proteins (No. 57). Consequently, protein—phenolic interac-
tions may either impair (No. 61) or enhance (No. 62) the
protein digestibility. Furthermore, many studies focus on a
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FIGURE 9

Overview of different possibilities regarding the enzymatic digestion of proteins with and without interaction or reaction

with phenolic compounds as well as the respective formation of different peptide schemes.

single protease, providing mechanistic insights but failing
to replace in vivo tests that are crucial for determining the
digestible indispensable amino acid score (DIAAS) or the
PDCAAS. The in vivo digestive environment encompasses
diverse conditions (e.g., ionic strength, pH) and competing
interactions and reactions, often overlooked in laboratory
settings. For instance, salivary proteins may compete with
dietary proteins and digestive enzymes, leading to the for-
mation of protein aggregates within the digestive tract
(Morzel et al., 2022).

5.3.2 | Phenolic compounds may affect
protein allergenicity

When PCs interact with protein epitopes, the interactions,
especially covalent reactions, may influence the proteins’
allergenicity and hence food allergy (Pan et al., 2022; Singh,
2011). Protein epitopes comprise either a specific sequence
of amino acids within the primary structure (“sequential
epitopes”) or a three-dimensional arrangement of amino
acids, that is, secondary and tertiary structure (“conforma-
tional epitopes”). Consequently, protein allergenicity may

be affected both directly by protein-phenolic interactions
and reactions and indirectly by changes in the proteins’
structure and, thus, the linear and the three-dimensional
epitopes.

Pessato et al. (2018) described a significant reduction in
the binding of monoclonal immunoglobulin E antibodies
to whey protein after noncovalent interaction with epigal-
locatechin gallate. The authors explained the reduction
of phenol interactions with a single amino acid within
the whey proteins’ primary structure, that is, proline
and the subsequent structural changes. Regarding the
secondary structure, Pu et al. (2021) described an a-helix-
to B-sheet transition of -lactoglobulin after interaction
with different PCs. Hereby, noncovalent interactions
with phloretin showed the highest reduction in a-helix
from 49.5% to 8.2%, thereby clearly decreasing the aller-
genicity. Liu et al. (2021) used the flavonoids luteolin,
myricetin, and hyperoside and suggested covalent reac-
tions with $-lactoglobulin. While the molecular mass of
the reaction products increased, the immunoglobulin G
or immunoglobulin E binding activity decreased. The
experiments on rat mast cells of the RBL-2H3 line showed
a decrease in S-hexosaminidase and histamine release,
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indicating a reduction in the allergenic effect of the
protein-phenolic reaction products described. Fur-
thermore, the secondary structure of the proteins was
partly unfolded compared to [B-lactoglobulin without
phenol interactions. Thus, the authors assumed that 8-
lactoglobulin—flavonoid reaction products influence T-cell
activity and, therefore, attenuate the allergic response.
Another way to affect protein epitopes is to form insoluble
reaction products between the epitopes of gliadins (the
proteins that cause wheat allergy) by adding phenolic-
enriched extracts of apples, cranberry, and artichoke
(Pérot et al., 2017). The authors explained the lowered
allergenic effect by a potential formation of covalent
protein—phenolic reaction products, thereby affecting the
proteins’ epitopes. However, masking by noncovalent
interactions cannot be excluded.

Some observations suggest that protein structural
changes induced by PCs may not necessarily correlate
with decreased protein allergenicity. Indeed, certain stud-
ies have proposed that structural modifications of epitopes
could potentially enhance the allergenicity of proteins.
For instance, Davis and Williams (1998) demonstrated that
basic physical treatments, such as heating and the con-
sequent unfolding of B-lactoglobulin, led to the exposure
of previously concealed epitopes. Additionally, chemical
modifications like g-lactoglobulin glycation enhanced
the affinity of immunoglobulin E antibodies compared to
unmodified S-lactoglobulin (Corzo-Martinez et al., 2010).
Furthermore, allergic reactions involve intricate cascades
typically triggered by entire protein groups (e.g., milk
allergy involves the milk protein group of caseins and all
whey proteins), whereas PCs tend to mask only individual
epitopes of specific proteins. Thus, to mitigate allergic
reaction cascades, such as milk allergy, a comprehensive
understanding of the specific interactions and reactions
between PCs and epitopes, along with resultant structural
alterations of the protein, is essential. However, achieving
such depth of understanding is currently challenging.
For instance, the reliable and reproducible occurrence
of structural changes in sequential and conformational
epitopes remains elusive, as previously discussed in
several sections. Moreover, beyond the realm of chemical
mechanisms, it is necessary to devise suitable method-
ologies to ascertain whether the modified epitopes retain
recognition beyond enzyme-linked immunosorbent assay,
such as through evaluation with human blood sera, which
often poses an obstacle. Additionally, determining the
degree of modification and stability of resultant reaction
products during digestion presents substantial inquiries.

Notably, despite the considerable potential for allergy
reduction, comprehensive investigations systematically
characterizing the influence of different structural features
of PCs on the protein structure and associated modifica-

tions of various sequential and conformational epitopes,
and thereby protein allergenicity in phenol-rich foods, are
prominently absent.

6 | GAINING SYSTEMATIC INSIGHT
INTO THE MECHANISMS AND EFFECTS
OF PROTEIN-PHENOLIC INTERACTIONS
AND REACTIONS OFFERS VALUABLE
OPPORTUNITIES

Most interactions and reactions occurring between pro-
teins and PCs happen accidentally during food processing
and preparation, depending on the PC and protein com-
position and the physicochemical conditions. However,
with an increasing understanding of the underlying reac-
tion mechanisms, one may even think of a targeted use by
directing the influencing factors to enhance or diminish
the interactions.

The application and utilization of protein—phenolic
interactions in food preparation have received more and
more attention in the last few years, whereby the following
topics can be observed quite frequently: utilization of both
noncovalent interactions and covalently induced protein
crosslinks in stabilizing food systems, including emulsions
(Zhang et al., 2021) and bakery products properties (Selin-
heimo et al., 2008). These interactions can be influenced by
manipulating the conditions used during food processing
and preparation, such as concentrations, pH, and heating
(Jia et al., 2022; Zhang et al., 2021), as well as by apply-
ing specific (combinations of) enzymes (Isaschar-Ovdat &
Fishman, 2018). The attractiveness of applying this con-
cept arises because it could provide enhanced antioxidant
effects, higher nutritional values, and more stable products
(Zhang et al., 2021). In general, both types of interac-
tions may work synergistically to improve food quality (de
Oliveira et al., 2016; Prigent et al., 2003).

However, protein—phenolic interactions may also nega-
tively affect food properties. For example, covalent bonds
can lower the nutritional quality of the proteins, espe-
cially when essential amino acids are involved (Petzke
et al., 2005; Rohn et al., 2006). Moreover, unwanted pro-
cesses like browning or precipitation can be induced due
to the oxidation of PCs and their interactions with pro-
teins. It should be further investigated which degree of
protein modification by PCs (i.e., the number of bound
PCs per protein) induces meaningful changes in protein
properties. Therefore, it is essential to gain further insights
into controlling and evaluating such interactions (spon-
taneous noncovalent interaction and covalent reaction)
in dispersed food systems. In studying these interactions,
the factors affecting the types and possible combinations
of interactions should also be considered in order to
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FIGURE 10 Impactof protein-phenolic interactions and reactions on food and potential future research questions.

utilize their respective advantages and limit undesirable
effects on protein and phenolic properties (Zhang et al.,
2021). Besides this, one should consider, when intention-
ally adding PCs to food to induce interactions or reactions
with proteins, that excessive consumption of PCs (and
their quinones) has been associated with adverse health
effects (Blaut et al., 2006; Bolton et al., 2000; Cladis
et al., 2021).

Further developments are still needed in analytical
approaches that can be used as methods to character-
ize covalent and noncovalent interactions separately and
in combination. While trying to gain more systematic
insight into the mechanisms involved, the noncovalent
interactions are “partly removable,” as these are reversible
(Prigent et al., 2003; Rawel et al., 2005; Zhang et al., 2021).
Moreover, in silico studies serve as valuable complemen-
tary methods for characterizing noncovalent interactions,
elucidating the mechanisms underlying distinctions such
as reversible versus irreversible interactions, competi-
tive versus noncompetitive interactions, and site-specific
versus nonspecific interactions (Shahidi & Dissanayaka,
2023). Following covalent reactions is challenging, as the
methods available for the characterization mostly rely on
breaking down substrates to the level of amino residues
or using a multi-enzymatic digestion strategy integrated

into a proteomics-based workflow. Both approaches have
their specific setbacks. This highlights the need to develop
robust analytical approaches to analyze both noncovalent
interactions and covalent protein—phenolic reactions.

Currently, it remains challenging to correlate the
induced covalent reactions and structural changes in mod-
ified proteins or peptides to protein technological and
biological functionality. This implies the need for some
means of controlling the interactions, predicting possibil-
ities, and tailoring reactions via systematic research. For
some PCs, information is now available related to their
reactivity toward covalent reactions with different amino
acids and peptides (Bongartz et al., 2016; Iacomino et al.,
2017). The field of covalent reaction of PCs to proteins
still contains many unknowns and should be subject to
future scientific studies. More insight is indeed needed to
scrutinize the oxidation behavior of the individual PCs,
establishing relationships between PC structures and their
reactivity toward relevant groups in proteins and identify-
ing their intermediary reaction products, before addressing
the final complex mixtures of products resulting from
their interactions with proteins. When approaching the
situation from the protein side, protein structure and the
exposure of the reactive amino acid side chains seem to be
the most prominent factors to be addressed.
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In conclusion, the complexity of the structural and func-
tional changes in protein and PCs during food processing
and preparation opens the door to much application poten-
tial and opportunities for further work. Especially here,
an upcoming research field of interactions of flavor com-
ponents originating from the complex redox reactions of
PCs and their integration into proteins could provide an
excellent novel research opportunity (Keppler et al., 2020;
Zhang et al., 2021). Moreover, complementary data on
the toxicological potential, absorption behavior, further
metabolism after intake, and physiological impact of the
reaction products will be necessary to allow such pro-
tein modifications to become an attractive option and
facilitate their more widespread use. Progress toward
answering the significant outstanding research questions
in this field (Figure 10) will certainly contribute to a bet-
ter understanding of not only the mechanisms involved in
protein—phenolic interactions but will also shed light on
how to control such interactions.

7 | CONCLUSION

Beyond traditional literature reviews, this review offers
a comprehensive discussion of the current debatable
and convoluted facets of the topic of protein-phenolic
noncovalent interactions and covalent reactions. A fun-
damental understanding of the initial interaction and
reaction mechanisms concerning the influence of physic-
ochemical conditions and structural features of PCs and
proteins exists. Nonetheless, it is evident that a significant
knowledge deficit persists concerning subsequent mech-
anisms regarding interaction and reaction dynamics, the
formation of crosslinks, and their consequences for the
properties of proteins and PCs. Conversely, understanding
of the resulting properties of foods has advanced, thanks
to extensive investigations into their sensory attributes,
technological properties, and physiological impacts. How-
ever, often these effects elude explanation by specific
interaction and reaction products due to the consider-
able structural diversity in product mixtures, which are
challenging to analyze. Additionally, it is crucial to rec-
ognize the multitude of interactions, reaction pathways,
and dynamics, not only between proteins and PCs but
also involving other food constituents. These interactions
and reactions further contribute to the convoluted dynam-
ics and complex mixture of resultant products. Therefore,
comprehensive research in this field requires the con-
sideration of all of these factors to fully understand the\
underlying mechanisms and consequences.
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