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d conjugation between phenolic
compounds and proteins: mechanisms,
characterisation and applications as novel
encapsulants

Bo Wang, *a Loc B. Phamb and Benu Adhikari *b

Food phenolic compounds (PCs) and proteins interact and react via non-covalent and covalent routes to

form phenolic compound–protein (PCP) complexes and conjugates. In the last decade, increasing

research has focused on protein modification based on these interactions in various food systems. This

review provides the mechanism of PCP complexation and conjugation and relevant analytical techniques

for detection and quantification purposes. Moreover, key functional properties of PCP complexes and

conjugates, including solubility, emulsifying property, antioxidant activity, thermal stability, anti-microbial

activity and digestibility, are discussed. The applications of the complexes and conjugates as novel

encapsulants to stabilise bioactive but sensitive as novel food ingredients are also overviewed. It is worth

noting that the correlation between PCP complexation and conjugation and these functional properties

are not fully understood. There is still research paucity exploring the applications of PCP complexes and

conjugates as promising encapsulants. Future research is required to advance the science in this area

and facilitate application.
Sustainability spotlight

The contemporary food industry does not favour the interactions (non-covalent complexation) and reactions (covalent conjugation) between food proteins and
phenolic compounds. As such, separating phenolic compounds from food materials before processing signicantly increases the fabrication cost of the nal
product. However, an increasing amount of research indicates improved protein techno-functional properties based on the optimisation of phenolic compound-
protein complexation and conjugation. Various produced complexes and conjugates have shown improved antioxidation activities and resistance to in vitro

enzymatic digestion in a simulated gastric environment. Therefore, they are promising food materials to stabilise susceptible food compounds to extend their
shelf life to achieve the Sustainable Development Goals (goal 12, responsible production). This approach will also ensure the successful delivery of sensitive food
compounds to the target site to provide biological benets for better human health (Sustainable Development Goals, goal 3, good health and well-being). In this
context, this manuscript overviews relevant studies published in the last decade (2013–2023). It discusses the mechanism of complexation and conjugation,
characterisation methods, tailored protein techno-functional properties and their tested applications to stabilise sensitive food compounds. It highlights the
technological pathways to design, monitor, characterise and apply phenolic compound–protein complexes and conjugates as novel encapsulants. Therefore, it
meets the Sustainable Development Goals established by the UN.
1 Introduction

Plants synthesise phenolic compounds (PCs) as secondary
metabolites against abiotic and biotic factors.1 These
compounds chemically comprise an aromatic ring(s) with at
least one attached hydroxyl group.2 Recently, many health
benets associated with the dietary intake of PCs, including
cardio-protection as well as anticarcinogenic, antioxidant, anti-
apoptotic, and anti-inammatory activities, have been
reported.3–6 Ingested PCs exhibit these biological benets via
, Australian Catholic University, Sydney,

.edu.au; Tel: +61 298392744

urne, VIC 3028, Australia. E-mail: benu.

24, 2, 1206–1227
various mechanisms such as scavenging free radicals, elimi-
nating radical precursors, chelating metal ions and inhibiting
the enzymes involved in reactive oxygen species (ROS)
production.7–9

Owing to their highly reactive nature, PCs readily interact or
react with other food compounds during food processing,
storage and digestion. Conventionally, phenolic compound–
protein (PCP) interactions or reactions are considered negative
because they alter the properties of food. For instance, these
interactions or reactions may cause the formation of insoluble
compounds, which compromises the appearance of beverages
and wine and the digestibility of proteins.10–12 As such, PCs are
usually separated from the food system using multiple tech-
niques such as solvent extraction, ultrasound- or microwave-
assisted separation and supercritical uid extraction before
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Number of research publications on PCP complexation and
conjugation in food, biochemistry, bioengineering and biomaterial
areas from 2013 to 2023 (indexed by Scopus, accessed in December
2023).

Review Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
6/

6/
19

 3
:0

5:
43

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
further processing.13–17 Although these methods gained some
success to different extents, many resources and expenses such
as energy, chemicals and advanced equipment are required.

Furthermore, food bioactive compounds such as poly-
unsaturated lipids, probiotics and essential oils have health
benets. However, these compounds are chemically unstable
and readily degraded during food processing storage when
exposed to environmental stresses such as light, heat, and
oxygen, thereby reducing their bioavailability.18 In this context,
proteins have been commonly used as foaming agents, colloid
stabilisers, biodegradable lm-forming materials and encap-
sulants to stabilise susceptible compounds. In general, the
efficacy and effectiveness of food proteins as encapsulants are
closely related to their physicochemical properties, such as
structure, solubility as well as swelling, foaming, emulsifying,
gelling and oil-binding abilities.19,20 There is a demand for
developing novel protein-based encapsulants with improved
functional properties. To date, the effect of chemical (e.g. via
acetylation, succinylation, phosphorylation, lyophilisation,
glycosylation, thiolation or crosslinking),21–23 physical (e.g. via
high pressure, radiation or ultrasound)24–26 and enzymatic (e.g.
via endopeptidases, transglutaminase and oxidase)27–29 treat-
ments on the protein structure and property change have been
studied by the researchers. The PCP interaction and reaction
between plant-based proteins and phenolic compounds have
been overviewed in some recent papers.30,31 However, most of
these existing studies only focused on PCP interaction or reac-
tion mechanism and changed the physicochemical
properties.32–36 There is a lack of research investigating the effect
of interaction or reaction on the protein property change and
exploring the potential applications of the derived products as
potential encapsulants.

Therefore, this review paper provides an overview of the
interaction and reaction between PCs and proteins, the PCP
complexation and conjugation mechanism, the character-
isation method, the effect of complexation and conjugation on
protein properties, and the end product applications as
encapsulants. We aim to enlighten future researchers to
develop novel food materials with improved functional prop-
erties by strategically modifying protein structure and property
using interaction or reaction.

2 Literature search and result analysis

To overview themost recently published studies in this area, the
following search criteria were used to source the journal articles
published in Scopus from 2013 to 2023.

(ALL (protein–phenolic AND complex) OR ALL (protein–
phenolic AND interaction) OR ALL (protein–phenol AND
complex) OR ALL (protein–phenol AND interaction) OR TITLE-
ABS-KEY (protein–phenolic AND conjugate) OR TITLE-ABS-
KEY (protein–phenolic AND reaction) OR TITLE-ABS-KEY
(protein–phenol AND conjugate) OR TITLE-ABS-KEY (protein–
phenol AND conjugate))

Subsequently, review papers and book chapters were
excluded, as this review only discusses the original research.
The scope was further limited to research papers written in
© 2024 The Author(s). Published by the Royal Society of Chemistry
English and published in the areas of food, biochemistry,
bioengineering, and biomaterials. The literature search result is
shown in Fig. 1.

3 Mechanism of PCP complexation
and conjugation

From a chemical point of view, PCs can either non-covalently
interact or covalently react with proteins.20,37–39 In the
following sections of this paper, the interaction and reaction are
referred to as PCP complexation and conjugation, with the end
products as complex and conjugates, respectively.

3.1 PCP complexation

The mechanism of PCP complexation is shown in Fig. 2. This
complexation is reversible due to the weaker binding between
PCs and proteins. This phenomenon is mainly driven by
hydrophobic interaction, van der Waals association and
hydrogen bonding.40–43 Ultimately, soluble or insoluble PCP
complexes are formed.

Hydrogen bonding is one of the main drivers to bind PCs
with proteins in a PCP complex. The hydrogen atom in the
hydroxyl group acts as a hydrogen donor and forms hydrogen
bonds via its interaction with the oxygen atom in C]O of the
amide group, oxygen or nitrogen on the side chain of amino
acid residues such as –OH and –NH2 groups.44 In Guo and Jar-
regi's study, resveratrol and b-lactoglobulin were complexed via
hydrogen bonds to form nanoparticles around 181.8 nm.45 Jiang
et al. induced PCP complexation between chalconoids and
alpha-actalubin.46 The authors found that Trp 118, Glu 11 and
Lys 5 in the protein molecule formed hydrogen bonds with
hydroxyl safflower yellow A.

Hydrophobic interactions also facilitate the PCP complexa-
tion. It involves the nonpolar aromatic ring of the PCs and
hydrophobic amino acid residues in the protein molecule
chain.47 In Lu et al.'s study, PCP complexation between whey
protein and rosmarinic acid was investigated.48 The authors
proved that the hydrophobic pocket formed by Ser 191, Arg 198,
Leu 237, His 241, Leu 259, Ile 263, His 287, Ala 290 and Glu 291
Sustainable Food Technol., 2024, 2, 1206–1227 | 1207
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Fig. 2 Mechanism of PCP complexation (adapted from Shahidi and Dissanayak's study,40 under the Creative Commons Attribution 4.0 Inter-
national License).
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amino acid residues in the protein chain “entrapped” rosmar-
inic acid via hydrophobic interactions. A similar result was also
reported in myosin–curcumin complexes.49
Fig. 3 Mechanism of PCP conjugation via (a) oxidation process-Michael
process (adapted from Shahidi and Dissanayak's study,40 under the Crea

1208 | Sustainable Food Technol., 2024, 2, 1206–1227
The van der Waals association is a weak force that attracts
neutral molecules to one another.50 For example, Wu et al. re-
ported that green tea (−)-epicatechin gallate (EGCG) complexed
addition and amino-quinone adducts and (b) the free radical-mediated
tive Commons Attribution 4.0 International License).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with bovine-lactoglobulin (BLG) spontaneously via van der
Waals interactions and hydrogen bonding.51 Similarly, the
complexation between b-lactoglobulin and PCs including
ferulic acid, quercetin and vanillic acid was driven by hydrogen
bonds, van der Waals association and hydrophobic forces.52
3.2 PCP conjugation

The covalent PCP conjugation is an irreversible reaction due to
the nature of covalent bonds between the PCs and proteins.
Compared to the PCP complexation, this conjugation is pref-
erable from a food processing perspective due to its intrinsic
strength. Briey, the PCP conjugation starts from the oxidation
of PCs by enzymatic and non-enzymatic methods, among which
the alkaline treatment is the most used approach.

Fig. 3 presents the reaction scheme of PCP conjugation.
Briey, PCs are oxidised to form quinone or semiquinone
radical intermediates. In this step, the formation of these
radical intermediates depends on the structural conguration
of PCs. For example, quinone radical intermediates are usually
formed from PCs such as caffeic acid, gallic acid, quercetin and
myricetin, which have catechol in their structure,53,54 while
semiquinone radical intermediates are produced from ferulic
acid, p-coumaric acid, and sinapic acid, which have mono-
phenols in their structure. Subsequently, the formed quinone or
semiquinone radical intermediates react with amino groups in
the protein chain via Schiff-base (C]N) and Michael addition
mechanisms (C–NH), as shown in Fig. 3(a). Meanwhile, the
radical attack by hydroxyl radicals on the protein molecular
chain may induce the formation of protein radicals, which
further conjugate with PCs. These protein radicals may also
covalently bind with semiquinone radical intermediates, as
shown in Fig. 3(b).

To date, most published studies on PCP conjugation focused
on animal-derived proteins including myoglobin,55 gelatin,54

and dairy protein.56 Recently, there have been an increasing
number of publications on conjugation between PCs and plant-
based proteins. For example, Jia et al. mixed EGCG and whey
protein isolate in an alkaline condition at pH 9 for 12 h to
induce PCP conjugation.57 The PCP conjugate formation was
conrmed via several physicochemical measurements. Simi-
larly, Parolia et al. induced PCP conjugation between lentil
protein and various PCs including quercetin, rutin and ellagic
acid under alkaline conditions.58 Xu et al. also prepared zein–
chlorogenic acid, zein–garlic acid and zein–carreic acid PCP
conjugates.59

Similar to the above-mentioned PCP complexation, the PCP
conjugation is also affected signicantly by their nature and
structure. Sui et al. investigated the PCP complexation and
conjugation between anthocyanins from black rice and soybean
protein isolate.60 The authors reported that the anthocyanins
were more likely to form conjugates than complexes. The
attachment of the anthocyanins to the soy protein molecular
chain changed the protein structure and some of the functional
properties. In Pham et al.'s study, hydroxytyrosol, axseed
polyphenols and ferulic acid were used to form conjugation
with axseed protein isolates.61 The authors observed that only
© 2024 The Author(s). Published by the Royal Society of Chemistry
hydroxytyrosol crosslinked multiple protein chains, while
ferulic acid and axseed polyphenols only attached themselves
on single protein molecules.

4 Measurement of PCP complexation
and conjugation

To date, there is still limited information about the mechanism
of PCP complexation and conjugation at the molecular level.
However, the formation of complexes and conjugates signi-
cantly changes the protein structure, molecular weight, solu-
bility, antioxidative activity, etc. Therefore, some analytical
methods that have been used to characterise the protein prop-
erties can be employed to assess and quantify the PCP
complexation and conjugation.

4.1 Fluorescence spectrophotometry

Fluorescence quenching is a useful technique, providing
information on the protein change when it associates with
PCs.62 The measurement of uorescence parameters, in terms
of uorescence emission, uorescence anisotropy and uores-
cence lifetime, is carried out for this purpose.63–65 Briey,
proteins have an excitation wavelength of 240–280 nm due to
the presence of aromatic amino acids. This causes their uo-
rescence emission at 340–350 nm. Once proteins form complex
or conjugates with PCs, their uorescence emission intensity
and wavelength in this range signicantly change.12,52

In Li et al.'s study, the PCP complexation between four kinds
of PCs (apigenin, naringenin, kaempferol, genistein) and b-
lactoglobulin was investigated.66 The authors observed
a decreased protein uorescence intensity with the increased
avonoid concentration in the PCP system. This result indi-
cated strong PCP complexation via uorescence quenching.

The uorescence emission spectrum is also used to study the
PCP conjugation. The protein intrinsic uorescence emission
spectrum is usually dominated by tryptophan and may be
altered by PCP conjugation. Wang et al. observed a signicant
decrease in a-La when the protein was conjugated with CA or
EGCG.67 This indicated that the indole ring of tryptophan was
most likely involved in the covalent reaction. Similarly, PCP
conjugation between whey protein isolates and EGCG caused
the change in uorescence emission wavelength of protein from
336 to 339 nm.57 This result suggested that the major uo-
rophore tryptophan was exposed to a more hydrophilic envi-
ronment aer conjugation.

4.2 Protein structure

PCP complexation and conjugation change the conformation of
proteins. Particularly, it involves reducing relevant groups and
introducing new functional groups on protein backbones.
Fourier transform infrared (FT-IR) spectroscopy and circular
dichroism (CD) spectroscopy are commonly used to detect and
quantify these structural changes, as shown in Table 1.

4.2.1 FTIR spectroscopy. The amide band I (C–O stretch-
ing, 1600–1690 cm−1), band II (N–H bending and C–N stretch-
ing, 1480–1575 cm−1), and band III (C–N stretching and N–H
Sustainable Food Technol., 2024, 2, 1206–1227 | 1209
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bending, 1229–1301 cm−1) in a protein FTIR spectra are oen
referred to study its structure. Among these bands, amide band
I is the most sensitive spectral region for the protein secondary
structure in terms of a-helix (1658–1650 cm−1), b-sheet (1640–
1615 cm−1), b-turn (1700–1660 cm−1) and random coil (1650–
1640 cm−1).

Wu et al. studied the PCP complexation between (−)-epi-
gallocatechin (EGC) and b-lactoglobulin.51 The result suggests
an amide I band shi from 1639.37 to 1641.30 cm−1 and an
amide II band shi from 1541.01 to 1542.93 cm−1, respectively.
This indicated a signicant protein structure change by the
complexation. A similar result was reported in Chen et al.'s
study, where ovalbumin formed a PCP complex with tannic
acid.80 The original protein and PCs have typical characteristic
bands at 1538 and 1450 cm−1, respectively, due to vibrations of
secondary N–H bonds in the protein and symmetrical stretch-
ing vibrations of the carboxyl groups in the PCs. The PCP
complexation shied the peak of N–H bending to 1547 cm−1,
with the one for carboxyl groups to 1466 cm−1. Wang et al.
detected the reduced amplitude of amide A, and I and II bands
of a-La aer it complexed with EGCG at pH 8.0. Particularly, the
PCP complexation signicantly shied the protein band at
1692 cm−1, which was contributed by a structure of turns and
bends, towards a larger wave number range, suggesting
a structural change.81

The shi of characteristic band in the protein spectra is also
observed when it forms conjugates with Pcs. In Pham et al.'s
study, conjugation was induced between a axseed protein
isolate and various phenolic compounds.61 Due to the conju-
gation, the band of amide II was shied towards a higher
wavelength number. Liu et al. induced the PCP conjugation
between lactoferrin and EGCG.82 The authors found the
secondary structure of the protein (11.5% a-helix, 9.5% b-sheet,
54.1% b-turn and 24.9% random coil) was changed (18.1% a-
helix, 15.2% b-sheet, 43.5% b-turn and 23.1% random coil).

4.2.2 Circular dichroism (CD) spectroscopy. CD spectros-
copy provides a rapid approach to determine the conforma-
tional change in the secondary structures of proteins. Generally,
the amide chromophore of peptide bonds in proteins domi-
nates CD spectra below 250 nm. Alpha-helix, b-sheet, b-turn and
random coil have their characteristic bands at 208–222, 216,
195–200 and 175 nm, respectively. Upon binding with PCs,
protein molecule may fold or unfold, leading to a change in
their secondary structure.40

In Al-Hanish et al.'s study, PCP complexation between bovine
a-lactalbumin and green tea polyphenol, EGCG, was induced.74

This complexation decreased the a-helix content of protein
from 31.7 to 24.1%, while increasing its b-sheet content from
38.9 to 46.7%. The random coil content of the protein remained
unchanged. Therefore, the authors suggested that the EGCG
binding does not reduce ordered a-lactalbumin structure but
only rearranges the secondary structure pattern. Korpela et al.
induced the complexation between procyanidin B2 and
transglutaminase-crosslinked oat globulin. The PCP complex-
ation signicantly reduced a-helix content in the protein, most
likely because procyanidin B2 destroyed the protein's hydrogen
bonding network by inserting itself into the hydrophobic
Sustainable Food Technol., 2024, 2, 1206–1227 | 1211
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surface of OGmolecules.83 The decreased a-helix content during
the PCP complexation was also observed by other
researchers.84,85 However, a different trend was observed during
the PCP complexation between ovalbumin and ellagic acid.86 In
this study, when the protein and phenolic compounds inter-
acted at 1 : 30, the overall structure of ovalbumin did not change
signicantly. The a-helix content slightly increased from 40.0 to
42.8%, while the b-turn content decreased by 3.5%.

CD can detect the conformation changes of protein caused
by PCP conjugation. In Yi et al.'s study, a-lactalbumin was
conjugated with catechin.87 The authors reported that the
conjugation reduced the a-helix content from 29.8 to 25.1% and
increased the b-sheet content from 14.6 to 18.8% in protein. A
decreased a-helix content in the protein was also observed in
PCP conjugation formed by bovine serum albumin and
chlorogenic acid.12 These results indicate the partial unfolding
of the protein during the reaction. However, the protein
conformational changes caused by PCP conjugation are some-
what affected by polyphenol type. In Liu et al.'s study, zein
formed conjugate with quercetagetin.88 The authors observed
a decreased a-helix and a b-sheet while increasing the b-turn
and random coil contents in the protein secondary structure.

Furthermore, PCP conjugation between chlorogenic acid
and EGCG and zein did not induce any protein secondary
structure. Similarly, Pham et al. reported the increased a-helix
and b-sheet of axseed protein isolate when it was conjugated
with axseed polyphenol.61 However, increased a-helix and b-
turn contents of the same protein were detected when it was
conjugated with ferulic acid.
4.3 Molecule docking

Molecular docking has been used as an effective computational
tool to predict the intermolecular interaction or reaction
between multiple molecules. Several studies investigated the
possible binding sites of dairy proteins and different poly-
phenols via PCP complexation. It is worth noting that during
the molecular docking of the PCP complex, the proteins are
oen considered as rigid molecules while the phenolic
compounds are molecules with exibility to some extent.
However, the molecular docking approach is based on classical
physics. Therefore, it is more suitable for PCP complexation
than conjugation.

The molecular docking result of some example PCP
complexation is presented in Table 2. In Li et al.'s study, the
complexation of four PCs, namely, apigenin, naringenin,
kaempferol and genistein with b-lactoglobulin was investi-
gated.100 Among the binding sites, the most suitable result was
the one with the highest−CDOCKER energy (−ECD) and highest
−CDOCKER interaction energy (−IECD). According to the result
of computational docking simulation, the site II of the protein
molecular chain, with residues of Trp19, Tyr20, Tyr42, Gln44,
Gln59, Gln68, Leu156, Glu157, Glu158 and His161, was found to
be the best suitable binding sites for PCP complexation. Simi-
larly, Gholami and Bordbar induced the PCP complexation
between naringenin and bovine b-lactoglobulin.101 The molec-
ular docking result indicated that naringenin interacted with
1212 | Sustainable Food Technol., 2024, 2, 1206–1227
some hydrophobic residues such as Val, Phe, Ala, and Leu and
some polar and electrically charged residues such as Thr, Gln,
Cys, and Lys in the outer surface of the protein. Kaur et al.mixed
b-casein and p-coumaric acid solutions and heated the mixture
at 145 °C for 8 s.102 The molecule docking result indicated at
least one hydrogen bond between p-coumaric acid and the
peptide backbone of isoleucine (Ile27).

4.4 UV-vis spectrophotometer

UV-vis spectroscopy is used to provide insights into the impact
of polyphenol type and the nature of the interactions on the
protein molecular structure. Phenolic acids oen exhibit UV
absorption maxima at 270–280 nm and 305–330 nm, while
avonoids show UV absorption maxima at 270–280 nm and
310–350 nm. Furthermore, proteins exhibit UV absorption
maxima at 214 nm (absorption of peptide bond) and 280 nm
(absorption of aromatic amino acids). Once the phenolic
compounds are conjugated with proteins, the UV absorption
maxima of proteins shi, but this shi depends on the type of
phenolic compounds and proteins and the reaction conditions.

Liu et al. found that the zein–EGCG PCP conjugate had an
appreciably higher absorbance than their physical mixture.88

Based on these results, the authors suggested that the forma-
tion of covalent bonds changed the structure of zein. The
conjugate formation (at pH 9.0) may lead to structural changes
in the protein, resulting in exposure of more tyrosine and
tryptophan residues to the surrounding solvent. In Yan et al.'s
study, the authors observed that the maximum absorption peak
in the UV-vis spectra of the native protein isolate from Cinna-
momum camphora seed kernels was around 280 nm, possibly
attributed to the p / p* transition of Phe, Trp and Tyr resi-
dues.39 Aer this protein was conjugated with PCs, the intensity
of the maximum absorption peak at approximately 280 nm of PI
was progressively increased with the increase in PPE concen-
tration. This result suggested that the conjugation might
change the microenvironment of the Tyr and Trp residues of
protein. In addition, the PCP complexes exhibited distinct
broad peaks at around 315 nm, which may be mainly caused by
the addition of PPE (with an absorbance peak at 315 nm).

4.5 Molecular weight

Based on the attachment of PCs on the protein molecular chain
via PCP conjugation, the protein molecular weight is changed
permanently. The sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) technique has been commonly
used to detect this molecular weight change. Briey, the SDS
interacts with proteins to form an SDS-protein complex, thus
disrupting non-covalent interactions in the sample such as
hydrophobic interaction, ionic bonds and hydrogen
bonds.103–106 Therefore, only the molecular weight change
caused by PCP conjugation can be detected and quantied.

In Sui et al.'s study, a PCP conjugate between black rice
anthocyanins and a soybean protein isolate was produced.60 The
SDS-PAGE result suggested that the intensity of b-conglycinin
and glycinin subunits (<100 kDa) decreased, with the formation
of a new band at a molecular weight of approximately 180 kDa.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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It was due to the crosslinking of the proteins by the PCs. Gu
et al. also reported the molecular weight increase of egg white
protein via PCP conjugation with catechin.107

It is worth noting that multiple advanced chromatographic
and mass spectrometric techniques such as size exclusion
chromatography (SEC), electrospray ionisation-mass spec-
trometry (ESI-MS) or matrix-assisted laser desorption/
ionisation time-of-light mass spectrometry (MALDI-TOF-MS)
have been further used to quantify the molecular weight of
PCP conjugates. In Jia et al.'s study, the PCP conjugation
between the whey protein isolate and EGCG was performed.57

The authors observed the formation of a newmolecular weight
band at approximately 36 kDa using SDS-PAGE under
reducing conditions due to the crosslinking of the protein.
Then, the authors used SEC measurement to conrm the
protein crosslinking by PCs. Yi et al. observed a slightly
increased molecular weight of a-lactalbumin via its conjuga-
tion with catechin using SDS-PAGE.87 Subsequently, ESI-MS
was used to quantify a molecular weight increase of
272.6 Da, which is the molecular weight of catechin. This
suggested that at least one catechin molecule was adducted to
the protein molecular chain.

Similarly, Pham et al. reported the PCP conjugation
between the axseed protein isolate and various phenolic
compounds including axseed polyphenols, ferulic acid and
hydroxytyrosol, respectively.61 Although the SDS-PAGE result
did not show any signicant change in the molecular weight of
axseed protein isolate-axseed polyphenols and axseed
protein isolate-ferulic acid conjugates, a slight increase in the
molecular weight by several hundred Dalton was successfully
detected by MALDI-TOF-MS. This indicated that these
phenolic compounds simply formed the semiquinone and
then attached onto the side chain of FPI. These authors also
conrmed the crosslinking of the axseed protein moleculars
by hydroxytyrosol based on SDS-PAGE and MALDI-TOF-MS
analyses.
5 Characteristics of PCP complexes
and conjugates

PCP complexation and conjugation can change the functional
properties of both polymers, particularly in terms of solubility,
emulsifying property, thermal stability, antioxidant activity,
anti-microbial activity and digestibility, as shown in Table 3.
5.1 Solubility

Generally, both PCP complexation and conjugation usually
cause protein aggregation and precipitation, reducing protein
solubility. Cano et al. incorporated tannin into caseinate- and
gelatin-based lms. The authors observed a reduced water
solubility of both proteins with increased tannin content.129 In
a recent study by Qian et al., a lentil protein isolate/cyanidin-3-
O-glucoside complex was formed. It reduced the solubility and
increased the particle size and turbidity of the protein.130 This
trend was also reported in gluten- and gelatin-based lms.131

This change was due to the disruption of hydrogen bonds
© 2024 The Author(s). Published by the Royal Society of Chemistry
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among the protein chains and new hydrogen interactions
between hydroxyl groups of the tannin molecule and polar
groups of protein (amide carbonyl of the peptide backbone) and
hydrophobic interaction.131,132 In von Staszewski et al.'s study,
insoluble PCP complexes between green tea polyphenols and b-
lactoglobulin/caseinomacropeptide were formed immediately
once the protein and PCs were mixed.133 However, Prigent et al.
did not nd any signicant effect on the solubility of BSA and a-
lactalbumin when they formed a PCP complex binding with
chlorogenic acid.134

Santos et al. developed a zein-based lm with lower water
vapour permeability via its PCP conjugation with oxidised
tannic acid.135 The phenolic compound crosslinked the protein
and reduced its solubility. A similar trend was also observed in
axseed protein–ferulic acid conjugates,61 axseed protein–
axseed polyphenolic conjugates,61 egg white protein–EGCG
conjugates136 and some myoglobin-based conjugates.46 In
Strauch and Lila's study, cranberry polyphenols were conju-
gated with a pea protein isolate. The conjugation reduced
protein solubility by 75%.137 However, the solubility of the PCP
conjugate varies depending on the nature of the PCs and
proteins. Abd El-Maksoud et al. reported the comparable or
even superior water solubility of the b-lactoglobulin/caffeic
conjugate over the original protein.138 In Pham et al.'s study,
the PCP conjugate formed by the axseed protein and hydrox-
ytyrosol showed a reduced hydrophobicity compared with the
native protein, due to the exposure of hydrophilic groups during
the PCP conjugation.61
5.2 Emulsifying properties

Due to their amphiphilic nature, proteins exhibit an emulsi-
fying property to participate in forming and stabilising the
emulsion. It is one of the most important protein functional
properties for their applications as food ingredients. The
emulsifying property of protein is signicantly affected by its
solubility. Thus, both PCP complexation and conjugation may
affect these functional properties. The degree of change
depends on the nature of the protein and PCs and the reaction
nature.

Once ovalbumin formed PCP complexes with tannic acid,
a decreased emulsifying property of the protein was observed,
due to the sheltering of the hydrophobic groups of protein.80 In
another study, although the emulsion droplet stabilised by b-
lactoglobulin/caffeic acid complexes exhibited a similar size to
the ones coated by the native protein, the creaming index of the
emulsion signicantly increased with the incorporation of PCs
in the system.138 However, different trends were reported in
other studies. For example, the emulsifying property of the soy
protein isolate–resveratrol PCP complex to produce an oil-in-
water emulsion was not signicantly different, compared with
the native soy protein.139 In another study, the PCP complexa-
tion between the soy protein isolate and curcumin did not
change the emulsifying and foaming properties of the
protein.140 In Jiang et al.'s study, the complexation between a-
lactalbumin and chalconoids improved the emulsion stability
of the protein.141 The authors suggested that it might be due to
1218 | Sustainable Food Technol., 2024, 2, 1206–1227
the increased electrostatic repulsive force between emulsion
particles due to the PCP complexation.

PCs have a predominantly positive inuence on the emul-
sifying properties of proteins through conjugation. The emul-
sion droplets coated with the lactoferrin–chlorogenic acid
conjugate had a smaller droplet size than the one stabilised by
the protein alone.88 This was possibly due to the increased
electrostatic and steric repulsion when the phenolic
compounds were adducted on the protein molecular chain.
Similar results were also reported in a-lactalbumin/EGCG and
a-lactalbumin/chlorogenic acid conjugates,67 whey protein
isolate/chlorogenic acid conjugates142 and b-lactoglobulin/
coffee phenolics,143 etc. However, different trends were re-
ported, too. The gelatin–tannic acid conjugate–stabilised oil-in-
water emulsion had a slightly bigger droplet size than the
emulsion with native gelatin as an emulsier.144 It might be due
to the decreased surface hydrophobicity of the conjugate, which
hindered the migration of gelatin to the oil/water interface.
Similarly, decreased emulsifying activity and emulsion stability
were found in emulsions emulsied by axseed protein isolate-
axseed polyphenol and axseed protein isolate-hydroxytyrosol
conjugates, compared with the ones with native protein as
emulsiers.145
5.3 Antioxidant activity

The antioxidant activities of PCs have been well reported.146–148

As such, both PCP complexes and conjugates exhibited
enhanced antioxidant activity to a certain extent, compared
with the native protein. However, it is worth noting that the
antioxidant activity of the complex and conjugate is usually
less powerful than that of the native PCs. Technically, the
antioxidant activity of the PCP complex and conjugate can be
evaluated by various in vitro tests, such as reducing power,
lipid peroxidation and low density lipoprotein oxidation inhi-
bition assays, 2,20-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging assays and oxygen radical absorbance capacity
(ORAC) assay.

Many studies reported the reduced antioxidant activity of
PCs due to their complexation with dairy proteins, as a result of
some dietary behaviours (e.g., drinking tea or coffee with milk).
In Sharma et al.'s study, the effect of added milk and sugar on
the antioxidant activity of black tea was evaluated using 1,1-
diphenyl-2-picrylhydrazyl (DPPH) and b-carotene–linoleic acid
model systems.149 The result suggested the radical scavenging
and antioxidant activities of the systems were in the order of
plain black tea > black tea with sugar > black tea with milk. This
was because the presence of the dairy protein might hinder the
radical scavengers from reaching their optimum scavenging
capacity. The PCP complex between proteins such as caseinate
and gelatin and tannins from different sources, including white
peel grape, red peel grape and oak bark, showed decreased
antioxidant activity than the phenolics, although the complexes
were more antioxidative than the native protein.129 In Wan
et al.'s study, the soy protein isolate was complexed with
resveratrol.139 The product exhibited signicantly improved
© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxidant activity than the native protein, in terms of DPPH
radical scavenging activity, ORAC and reducing power, due to
the presence of resveratrol in the complex. Additionally, this
antioxidant activity was further improved by thermal processing
at 90 °C for 30 min.

The antioxidant activity of the PCP conjugate was observed
in gelatine–tannic acid, gelatine–caffeic acid and gelatine–
ferulic acid conjugates,144 lactoferrin–EGCG conjugates150 and
BLG–CLA conjugates.143 The PCP conjugate formed by a-lact-
albumin and ECCG exhibited signicantly higher DPPH and
ABTS radical scavenging activities than those of the protein,
due to the covalent incorporation of the PCs.20,81 In Yin et al.'s
study, phosphorylated egg white protein was conjugated with
EGCG and the conjugation was found to be responsible for its
signicantly improved antioxidant activity, measured using
ABTS+ free radical scavenging activity and oxygen radical
antioxidant capacity assay.136 Geng et al. used an ultrasound
technique to facilitate the PCP conjugation between the soy
protein isolate and EGCG. Among the natural protein, PCP
complex and PCP conjugate, the conjugate had the highest
DPPH (84.84 ± 1.34%) and ABTS (88.89 ± 1.23%) values.151

Interestingly, the increased antioxidant activity of phenolic
compounds due to conjugation was also reported in zein–
EGCG, zein-Q and zein–CA conjugate.88 Several recent studies
reported the stronger antioxidant activity of the PCP conjugate
than the complex. Wei et al. measured the antioxidant activity
of the EGCG-protein conjugate in terms of DPPH, ABTS and
FRAP assays and compared these capacities with the
complex.152 The authors conrmed the superiority of EGCG–
protein conjugates due to the relatively strong binding by the
covalent conjugation. Similar results were reported in the
catechin polymer-egg white protein and caffeic acid–b-lacto-
globulin conjugate and complex.107,116
5.4 Thermal stability

The thermal stability of the protein depends on its structure. As
such, PCP complexation and conjugation have signicant
effects on this functional property. The investigation can be
performed by detecting the protein coagulation during heating
or using a thermodynamic technique such as differential
scanning calorimetry (DSC) and isothermal titration calorim-
etry (ITC).

Generally, the thermal property of the proteins is enhanced
via PCP complexation and conjugation.153–156 However, some
contradictory results were also observed. O'Connell and fox and
O'Connell et al. investigated the effect of phenolic compound
addition on the thermal stability of milk proteins, based on the
detection of protein coagulation at 120 and 140 °C.157,158 These
authors observed an increased stability of milk proteins aer
they were complexed with ferulic acid and vanillic acid.
However, a contrary phenomenon was observed when tannic
and quinic acid were added to the milk. In Ojha et al.'s study,
the PCP complexation between bovine serum albumin (BSA)
and ferulic acid (FA) was induced at pH 7.4.159 The binding
parameters determined using ITC indicated an increased
thermal stability of the protein. Similarly, the enhanced thermal
© 2024 The Author(s). Published by the Royal Society of Chemistry
stability of whey protein was observed once it formed a PCP
complex with coffee phenolics.143

The PCP conjugates usually exhibited enhanced thermal
stability, compared with native protein and even the PCP
complexes, due to the presence of covalent bonds.138,160,161 For
example, Liu et al. reported that the conjugation between lac-
toferrin and various PCs, including EGCG, chlorogenic acid and
gallic acid, signicantly improved the protein thermal
stability.82 Similarly, soy glycinin exhibited a higher thermal
denaturation temperature aer it formed conjugates with
phenolic acids and avonoids.162 In Liu et al.'s study,
complexation and conjugation between zein and EGCG were
induced in ethanol–water solutions. The authors observed that
the denaturation temperature value of the zein–EGCG conju-
gate was higher than that of the control zein and zein–EGCG
complex.88

5.5 Anti-microbial activity

In recent years, the use of natural phenolic compounds as anti-
microbial agents to preserve food has gained research interest.
Based on PCP complexation and conjugation, food proteins
may also exhibit an inhibitory effect on some foodborne path-
ogens. However, studies on the effect of PCP complexation or
conjugation on the anti-microbial activity of the products are
still limited. Furthermore, most research focused on PCP
conjugates, possibly due to the weak binding between the
polymers in the PCP complex.

In Fu et al.'s study, the PCP conjugate formed chlorogenic
acid and gelatin was produced via the formation of covalent
bonds between the carboxyl group of chlorogenic acid and free
amino groups of gelatin.163 The anti-microbial activity of this
conjugate against selected Gram-negative bacteria (Escherichia
coli and Pseudomonas aeruginosa) and Gram-positive bacteria
(Listeria monocytogenes and Staphylococcus aureus) was further
investigated. The result showed that the inhibitory activity of
the conjugate was quite close to that of free chlorogenic acid
against the test pathogenic microbe. In Novakovic et al.'s study,
the authors induced the PCP conjugation between the lysozyme
and the avarone. The formed conjugate exhibited strong anti-
microbial activity against multiple bacteria.164 However,
contradictory results were reported by Keppler et al.165 These
authors prepared a rosmarinic acid quinone-BLG conjugate by
an alkaline-induced method. This conjugate showed no signif-
icant anti-microbial effect on Staphylococcus aureus.

5.6 Digestibility

The PCP complexation and conjugation may reduce protein
digestibility, due to the inhibition of digestive enzymes to
access the active sites. In Stojadinovic et al.'s study, PCs from
tea, coffee and cocoa were complexed with b-lactoglobulin.63

The in vitro digestibility of the resulting PCP complex was
studied using the enzymatic method. The result suggested that
complexation signicantly hindered the protein digestion by
protecting its secondary structure at pH 1.2. Additionally,
a positive correlation was found between the strength of PCP
complexation and the inhibitory effect against enzyme
Sustainable Food Technol., 2024, 2, 1206–1227 | 1219
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hydrolysis under simulated gastric conditions. Similarly, the
sorghum bran proanthocyanidins and onion skin phenolic
compounds signicantly decreased the digestibility of wheat
gluten aer the PCP complex was formed.166,167 It is worth
noting that the complexation between PCs and protein may
affect the digestibility of protein differently in the different
stages of digestion. For example, Shen et al. induced the PCP
complexation between egg white protein and tea polyphenol.
The complexation signicantly improved the digestibility of egg
white protein in the pepsin solution at pH 1.2 but inhibited its
digestion in the pancreatin solution at pH 7.5.64 It was due to
the changed secondary structure of ovalbumin and lysozyme.

The PCP conjugation also usually reduces the protein
bioavailability of essential amino acids. It can be because the
phenolic compound/protein conjugation sterically blocks
cleavage sites for the enzymes.168 Jiang et al. induced the
conjugation between the soy protein isolate and black rice
anthocyanins and investigated the in vitro hydrolysis of the
conjugate.77 The authors found that the conjugate had a higher
hydrolysis degree than the native protein due to polypeptide
chains unfolding during conjugation. However, this conjuga-
tion reduced the peptide permeabilities across Caco-2 cell
monolayers, indicating the potentially compromised bioavail-
ability of the conjugate. The same phenomenon was also
observed in Rawel et al.'s study, where the chlorogenic acid–
bovine serum albumin conjugates exhibited a lower bioavail-
ability than native BSA based on exposure to trypsin groups.12

Strauch and Lila compared the in vitro digestibility of the pea
protein isolate and pea protein isolate/cranberry polyphenol
conjugate. These authors observed that the PCP conjugation
slowed gastric (pepsin) digestion by 25% and intestinal
(pancreatin) digestion by 35%.169

Interestingly, the reduced protein digestibility by conjuga-
tion with PCs may help decrease their allergenicity since the
attached phenolic compounds may bind with the IgE recogni-
tion epitope.112 This phenomenon was reported in whey protein
isolate-chlorogenic acid, b-lactoglobulin/EGCG and b-
lactoglobulin/chlorogenic acid conjugates.38,142
6 Application of PCP complexes and
conjugates as novel encapsulants

Due to their amphiphilic, non-toxic and biocompatible nature,
proteins are effective encapsulants for developing emulsion-
based encapsulation systems. Bioactive compounds can be
protected against degradation by avoiding reacting with other
food ingredients and environmental stresses. In general, the
efficacy of proteins for this application depends on their
structure, as shown in Table 4. The key characteristics of the
encapsulation system, such as particle size, shape, structure,
surface properties and anti-microbial properties, are affected by
the PCP complexation and conjugation.
6.1 PCP complex

PCP complexationmay improve the physicochemical stability of
the encapsulation systems. Chen et al. reported that the oil-in-
1220 | Sustainable Food Technol., 2024, 2, 1206–1227
water emulsion stability was increased when the ovalbumin–
tannic acid complex was used as an emulsier, compared with
the one stabilised by the native protein.80 Although the PCP
complex exhibited a lower surface charge than that of the
original protein, the presence of hydrogen bonds and hydro-
phobic interaction due to PCP complexation contributed to this
increased stability. Similarly, the soy protein isolate–anthocy-
anin complex exhibited a higher emulsifying activity index than
the protein. The complex-stabilised emulsion had a reduced
particle size and increased emulsion stability index, compared
with the one emulsied by proteins.60However, a different trend
was observed inWan et al.'s study.139 The authors found that the
complexation between the soy protein isolate and resveratrol
did not affect the oil-in-water emulsion droplet sizes, although
the accumulation of resveratrol at the oil/water interface
signicantly improved the oxidative stability of the emulsion.
Baba et al. induced complexation between palm leaf poly-
phenols and bovine and camel dairy proteins.89 The formed
complexes were then used to encapsulate curcumin in nano-
emulsions. The result suggested that the thermal stability,
photostability and bioaccessibility of curcumin were signi-
cantly improved when the complex was used as the encapsu-
lant, compared to the ones stabilised by the original proteins. In
Diêp et al.'s study, lignin formed a complex with the whey
protein isolate. This PCP complex was then used to microen-
capsulate Lactobacillus reuteri KUB-AC5 via spray drying.173 The
authors reported an increased probiotic survival rate with the
increase in lignin content in the PCP complex. Gong et al.174

developed an oil-in-water emulsion with a sodium caseinate/
resveratrol complex as an encapsulant to stabilise walnut oil.
The presence of resveratrol in this emulsion system signi-
cantly reduced lipid oxidation by approximately 30 and 20% in
terms of hydroperoxides and TBARS, compared with the emul-
sion with only proteins as emulsiers. It is worth noting that
although some PCP complexes are promising encapsulants,
there is still research paucity in this area. It might be possibly
due to the unstable nature of the complex.
6.2 PCP conjugate

The PCP conjugate has been more studied than the complex for
encapsulation applications, due to the stronger binding by
covalent bonds. In Jia et al.'s study, the oil-in-water emulsion
stabilised by the WPI-EGCG conjugate exhibited signicantly
reduced droplet size, compared with the one prepared using
native WPI, due to conformational changes.57 Similarly, the
physical stability of the a-lactalbumin-based emulsion con-
taining b-carotene was improved once the protein was conju-
gated with EGCG. The use of these PCP conjugates as
encapsulants signicantly improved the chemical stability of b-
carotene, possibly due to the enhanced emulsifying capacity
and antioxidant activity of protein.67 Wang et al. induced the
PCP conjugation between the glycosylated black bean protein
isolate and EGCG, followed by preparing an oil-in-water emul-
sion using the conjugate as the stabiliser. This emulsion
showed considerable stability against storage, oxidation,
thermal treatments and freeze–thaw. It was because the PCP
© 2024 The Author(s). Published by the Royal Society of Chemistry
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conjugation signicantly increased protein adsorption at the
oil/water interface, reduced the droplet size and produced
a compact layer.182 In Fan et al.'s study, resveratrol-enriched
zein nanoparticles were successfully encapsulated in the
system stabilised by the bovine serum albumin–caffeic acid
conjugate.183 The albumin–caffeic acid conjugation signicantly
increased the encapsulation efficiency of resveratrol from 91.5
to 96.3%. Similarly, beta-lactoglobulin and chlorogenic acid
were conjugated to form nanoparticles to enhance the stability
of EGCG, as reported by Fan et al.184 This PCP conjugate also
signicantly protected these tea PCs in the simulated gastro-
intestinal digestion uid.

Moreover, the thermal stability and UV stability of resvera-
trol were also increased due to the antioxidant activity of the
conjugate. Wei et al. fabricated the gallic acid-ovotransferrin
conjugate and used this novel material to prepare a Picker-
ing emulsion in the presence of carboxymethyl dextran to
deliver curcumin.185 The authors observed improved bio-
accessibility and lipolysis of curcumin. Yi et al. developed
a nanoencapsulation system to deliver beta-carotene by using
catechin and b-lactoglobulin conjugates as encapsulants.186

Compared with the emulsion with the original protein as the
emulsier, the retention of beta-carotene in the conjugate-
based emulsion was signicantly improved. It was possible
due to the high affinity between the catechin residual and beta-
carotene. Similarly, the enhanced stability of sh oil was also
observed in the nanoemulsion with catechin–egg white
protein, catechin–a-lactalbumin and catechin–ovalbumin as
emulsiers, compared to the oils in the protein-based emul-
sions.187 However, it is worth noting that different results are
also reported. Abd El-Maksoud et al. did not observe a clear
correlation between the sh oil-in-water emulsion creaming
index and the number of caffeic acids conjugated with b-
lactoglobulin, although the oxidative stability of the stabilised
sh oil increased.138

PCP conjugates were also trialled as a part of the encapsu-
lant. The studies by Pham et al.'s group can be referred to as an
example with the schematic diagram shown in Fig. 4. First, the
axseed protein isolate was conjugated with various phenolic
compounds such as axseed polyphenol and hydroxytyrosol.61

The formed PCP conjugate was used to stabilise axseed oil in
an oil-in-water emulsion. During the 32 days storage at 20 and
40 °C, the PCP conjugate provided more effective protection to
the sensitive axseed oil against lipid oxidation than protein
alone.188 Subsequently, the authors induced complex coacerva-
tion between these PCP conjugates and axseed gum to maxi-
mise the microencapsulation efficiency and protection of the
lipids. The complex coacervates produced using the PCP
conjugate and axseed gum were more effective in protecting
the sensitive oil against oxidation than the one formed by
protein and gum during 4 weeks storage at 40 °C.189 In the in
vitro digestion test, these PCP conjugate–gum complex
coacervate-based microcapsules kept their integrity during the
gastric stage but successfully digested in the intestinal stage to
release the stabilised oil, suggesting the PCP conjugate-based
complex coacervates as promising encapsulants.190
© 2024 The Author(s). Published by the Royal Society of Chemistry
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7 Conclusion and future perspectives

There have been an increasing number of studies focusing on the
modication of proteins to facilitate their food applications.
Recently, complexation and conjugation between PCs and food
proteins have been explored as promising methods for this
purpose. In this context, this review provided an overview of the
complexation and conjugation between PCs and food proteins,
as well as the effect of these interactions or reactions on the
functional properties of the resulting compounds. Generally, PCs
and food proteins can form complexes via hydrophobic interac-
tions, hydrogen bonding and van der Waals forces. However, the
complex products are susceptible to environmental stresses and
are easily disrupted. As such, PCP conjugates with permanent
covalent bonds between PCs and proteins may be more suitable
for applications. This review also discussed the potential appli-
cation of the produced complex and conjugate as novel encap-
sulants to stabilise bioactive compounds.

It is worth noting that the development of novel encapsulants
via PCP complexation or conjugation is still in its early stages.
Although various studies have proved that PCP complexation or
conjugation is affected by the properties of PCs and proteins,
their amount, and their interaction or reaction nature, the
synthetic mechanism of PCP complexation or conjugation is still
unclear. The correlation between PCP complexation or conjuga-
tion and protein/phenolic with structure types also remains
unknown. The existing PCP complexation and conjugation
studies are based on the changed functional properties of the
protein, as well as the control of the PCP complexation and
conjugation to produce end products with desired functional
© 2024 The Author(s). Published by the Royal Society of Chemistry
properties. Most of the existing studies only focused on the
complexation or conjugation between proteins and simple
phenols. The PCP complexation or conjugation between proteins
and polyphenols has not been well investigated. Moreover, the
impact of PCP complex- or conjugate-based encapsulation
systems on quality attributes of actual food products has not
been studied. Future research is required in these areas.
Furthermore, there are quite few studies focusing on the bio-
logical activities of PCP complexes and conjugates. To facilitate
their food applications, some biological properties such as
toxicity, anti-diabetic, anti-allergic, anti-inammatory and anti-
mutagenic activities should be prioritised.
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Food Hydrocolloids, 2020, 100, 105443.

130 H. Qian, F. Guo, H. Xiong, H. Zhang, L. Jiang and Y. Sun,
Foods, 2022, 12, 104.

131 C. Peña, K. de la Caba, A. Eceiza, R. Ruseckaite and
I. Mondragon, Bioresour. Technol., 2010, 101, 6836–6842.

132 K. Yi, G. Cheng and F. Xing, J. Appl. Polym. Sci., 2006, 101,
3125–3130.

133 M. von Staszewski, F. L. Jara, A. L. T. G. Ruiz, R. J. Jagus,
J. E. Carvalho and A. M. R. Pilosof, J. Funct. Foods, 2012,
4, 800–809.
1226 | Sustainable Food Technol., 2024, 2, 1206–1227
134 S. V. Prigent, H. Gruppen, A. J. Visser, G. A. Van
Koningsveld, G. A. De Jong and A. G. Voragen, J. Agric.
Food Chem., 2003, 51, 5088–5095.

135 T. M. Santos, M. d. S. M. Souza Filho, C. R. Muniz,
J. P. S. Morais, L. R. V. Kotzebue, A. L. S. Pereira and
H. M. Azeredo, J. Sci. Food Agric., 2017, 97, 4580–4587.

136 C. Yin, L. Yang, H. Zhao and C. P. Li, Food Res. Int., 2014, 64,
855–863.

137 R. C. Strauch and M. A. Lila, Food Sci. Nutr., 2021, 9, 3740–
3751.

138 A. A. Abd El-Maksoud, I. H. Abd El-Ghany, H. S. El-Beltagi,
S. Anankanbil, C. Banerjee, S. V. Petersen, B. Pérez and
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