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1.  INTRODUCTION

Laccases (EC 1.10.3.2) (Figure 1) are a group of oxidoreductase 
enzymes, with members originate from fungi, plants and bacteria 
[1]. These copper-containing enzymes catalyze the oxidation of a 
wide range of phenolic substrates, concurrent with the reductive 
conversion of oxygen molecules to water molecules. In the process, 
substrate crosslinking is frequently observed. Because of their broad 
substrate specificity, laccases are frequently considered as excellent 
industrial enzymes, with potential applications in various manu-
facturing and processing steps [2]. Previously, industrial applica-
tions of laccases have been widely reported, ranged from food and 
beverage industry, textiles, pulp and paper processing, to bioreme-
diation [2,3]. Similarly, laccase application in food protein cross-
linking had also been reviewed, with the accompanied functional 
improvement highlighted [4,5]. However, despite the numerous 
reviews available on laccases, limited review information is focused 
on the progress of laccase-catalyzed protein crosslinking, medi-
ated by different phytochemicals. In this review article, we high-
lighted on the laccase-catalyzed, phytochemical-mediated protein 
crosslinking conjugates, along with the associated functional and  
bioactivity changes, reported by different research groups over the 
last 10 years.

2.  PHYTOCHEMICALS

Phytochemicals are diverse groups of chemical compounds, fre-
quently associated with a variety of bioactivities, and derived 
mainly from members of the plant kingdom. These plant-derived 
chemical metabolites consist of various derivatives of alkaloids, 
flavonoids, phenolic acids, and terpenoids [6,7]. In nature, plants 
reply on these diverse phytochemicals to cope with various 
threats from the harsh environment, as well as other abiotic and 
biotic challenges. In traditional and modern medicine, many of 
these phytochemicals contained in medicinal plant extracts have 
been treasured for their medicinal values and health-promoting 
potentials [7,8]. Similarly, contemporary scientific research has 
provided concrete links between selected phytochemicals with var-
ious health-promoting and therapeutic bioactivities, ranged from 
antioxidant, anti-diabetic, anti-proliferative, anti-hypertensive, 
bacterial inhibition, to cellular protection [9,10]. Additionally, pro-
teomics and nutrigenomics studies are trying to link how selected 
dietary phytochemicals could affect our gene expression, and sub-
sequently bodily health [11]. Frequently, once screened and iden-
tified with a health-promoting and disease-fighting bioactivities, 
these plant-derived phytomolecules are next subjected to addi-
tional molecular modifications and substitutions, in the efforts 
to generate molecular derivatives with enhanced bioactivity and 
bioavailability. After successful clinical trials, some of these phyto-
chemical derivatives have eventually be developed into commercial 
therapeutic drugs [12]. In fact, it is estimated that more than half 
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A B S T R AC T
Laccase is a Class 1 oxidoreductase enzyme, which catalyzes the oxidation of a wide range of phenolic substrates. Previously, 
several reviews had highlighted on the industrial importance of laccase, including in food industry. Similarly, the ability of laccase 
to crosslink and polymerize food protein molecules had also been reviewed. However, no much review information is available 
on the crosslinking of protein molecules, mediated by phytochemicals. In this review, we highlighted on the laccase-catalyzed, 
phytochemical-mediated protein crosslinking conjugates, and their associated functional changes, reported by different research 
groups over the last 10 years. In many of these reported studies, milk protein components are utilized, along with the addition 
of selected phytochemicals (chlorogenic acid, ferulic acid). As proteins are major dietary components, while phytochemicals are 
plant-derived chemicals with well-studied bioactivities, their conjugations could potentially lead to the identification of novel 
health-promoting compounds.
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Figure 1 | Crystal structure of laccase from Myceliophthora thermophile 
(PDB ID: 6F5K). Article source: Ernst HA, Jørgensen LJ, Bukh C,  
Piontek K, Plattner DA, et al. A comparative structural analysis of the 
surface properties of asco-laccases. PLoS One 2018;13:e0206589.

of our modern drugs can trace their origins to plant-derived phy-
tochemicals. Some well-known examples include anti-tumor drugs 
(vincristine, vinblastine and paclitaxel) and anti-malarial drug 
(artemisinin), which have previously been reviewed [12].

3. � ALTERATIONS OF PROTEIN STRUCTURAL 
AND FUNCTIONAL PROPERTIES

Proteins, as well as peptides and amino acids, represent the major 
components in dietary food matrix. Numerous research interests 
have been focused on how these protein compositions will influ-
ence the taste, nutritional, as well as the texture and functionality 
of food. When subjected to thermal treatments and non-enzymatic 
Maillard reaction, the protein structural compositions will be 
denatured and altered, frequently accompanied by the formation of 
new conjugates, with altered tastes and functionalities [13,14]. For 
instance, previous studies had reported on the formation of new 
amino acid conjugates, following thermal treatments of black garlic 
and Panax ginseng [15,16]. Similarly, hydrolytic enzymes (prote-
ases) have been shown to impart changes in proteins’ structural, 
as well as functional and bioactive properties [17]. In this regard, 
numerous scientific studies have revealed on how members of the 
hydrolytic enzymes, especially of the protease grouping, could be 
applied to promote the release of bioactive peptides frequently 
associated with enhanced and novel bioactivities [18–20]. Likewise, 
oxidative enzymes (laccase, transglutaminase, tyrosinase) have pre-
viously been reported to produce crosslinked proteins with altered 
functionalities such as strength, gelation, emulsifying and water 
holding capacities [4,21].

Laccase, being a member of the oxidative enzymes, had previously 
been utilized to introduce crosslinking into various protein com-
ponents, and the accompanied alterations in structural and func-
tional properties have been reviewed. Among the various oxidative 
enzymes capable of protein crosslinking, laccase represents a par-
ticularly popular choice, encouraged by its broad substrate speci-
ficity and hence potential applications in diverse industries [2,4].  
For example, the addition of laccase and sugar beet pectin had 
been shown to improve the stability and properties of concentrated 
protein emulsion [22]. Similarly, laccase-mediated crosslinking 
had helped to improve the rheological properties of amadumbe 
dough [23]. However, few review information is available on the 
crosslinking of protein molecules, mediated by phytochemicals.  
In the subsequent sections of this review, we highlighted on the  
laccase-catalyzed, phytochemical-mediated protein crosslinking 
conjugates, reported by various research groups over the last ten 
years (Table 1). In addition, we also reviewed on the associated 
structural and functional changes, as well as the various method-
ologies used to investigate the phytochemical-mediated protein 
crosslinking conjugates. As proteins are the major dietary com-
ponents, while phytochemicals are plant-derived chemicals with 
well-studied bioactivities, their conjugations could potentially lead 
to the identification of novel health-promoting compounds.

4. � CHARACTERISTICS OF LACCASE-
CATALYZED, PHYTOCHEMICAL-
MEDIATED PROTEIN CROSSLINKING

To date, the majority of reported works on laccase-catalyzed, 
phytochemical-mediated protein crosslinking was found utiliz-
ing various milk protein components (casein and lactalbumin) 
as starting materials (Table 1). This is comprehensible, consid-
ering the high protein contents in milk, as well as the interests in 
its commercial values. As to date, no related research was found 
using plant-derived protein in laccase-catalyzed, phytochemical-
mediated crosslinking study. The lack of related research using 
plant-derived proteins may due to the relatively low protein  
contents in plant matrices. As for the enzyme sources, most of 
the reported studies focused on using laccases originated from 
fungi and mushrooms. Among these reviewed studies, half of 
them involved using laccases from Trametes hirsuta and Trametes 
versicolor [28,30–33,36].

In these reported studies on laccase-catalyzed, phytochemical-
mediated protein crosslinking, a variety of phytochemicals 
(catechin, chlorogenic acid, ferulic acid) have been reported to 
facilitate the protein crosslinking processes (Table 1). Among 
these phytochemicals, members of the hydroxycinnamic acids 
(chlorogenic acid, ferulic acid) received the widest research 
interest (Figure 2). In fact, among the research studies covered 
in this review, almost two-thirds of them were performed using 
ferulic acid. Previously, ferulic acid and its derivatives have 
been reported with health-promoting potentials, ranged from 
anti-hypertensive to cellular protection [37,38]. Additionally, a 
recent study also highlighted on how ferulic acid synergistically 
enhanced the performance of metformin in an anti-diabetic study 
[39]. Studies have postulated that phytochemical molecules with 
smaller sizes may ease their access into the laccase’s active site, 
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Figure 2 | Chemical structures of three of the commonly used 
phytochemicals. Detailed information, including synonyms and chemical 
properties, of these hydroxycinnamic acids are available at ChemSpider 
(http://www.chemspider.com/).

Figure 3 | Inter- versus intra-molecular crosslinking in protein molecules.

during the enzymatic catalytic reactions. On the contrary, larger 
phytochemical molecules may yield steric hindrance that could 
hinder with their participation in the laccase-catalyzed reac-
tions. These reasons may help to explain the high utilization of  
ferulic acid in laccase-catalyzed, phytochemical-mediated protein 
crosslinking.

In the presence of laccase, catalytic reactions were carried out and 
subsequently led to the formation of covalent bonding between 
adjacent protein molecules. Here, protein crosslinking was report-
edly formed via adjacent tyrosine residues [33]. Similarly, laccase-
catalyzed crosslinking had also been reported via cysteine residues, 
especially in the presence of selected phytochemicals [33,36]. 
Interestingly, laccase was also found to activate a lysine-containing  
peptide, and subsequently catalyzed the crosslinking between this 
lysine-containing peptide and a dihydroxylated aromatic com-
pound, in a study using mass spectrometry and nuclear magnetic 
resonance analysis [27]. On the other hand, laccase-catalyzed  
protein crosslinking reactions could theoretically occur via the  
formation of inter-molecular, as well as intra-molecular cross-
linking. That is, the crosslinking could take place between two 
different protein molecules, or within the same protein molecule, 
respectively (Figure 3). In this regard, the extent of inter-molecular 
crosslinking could have a direct effect on the rheological, as well 
as functional and bioactive properties. However, this phenome-
non is not reported by the studies covered in this review. It would 
be interesting to have more studies investigated on the extent of 
inter-molecular protein crosslinking, in the presence of selected 
phytochemicals.

5. � REPORTED PROPERTY CHANGES IN 
PHYTOCHEMICAL-MEDIATED PROTEIN 
CROSSLINKING CONJUGATES

During the laccase-catalyzed crosslinking, new covalent interac-
tions are introduced into the protein matrices. Consequently, the 
molecular orientation and arrangements in the protein matrices are 
altered, which may lead to desired changes in their texture, rheolog-
ical, as well as functional properties. Similarly, with the addition of 
selected phytochemicals into these laccase-catalyzed protein cross-
linking reactions, the crosslinking patterns will be further altered 
and increased, along with the introduction of novel structural and 
functional properties. In Table 1, we summarized the changes in 
functional properties, observed in these phytochemical-mediated, 
protein crosslinking conjugates.

Following laccase-catalyzed, ferulic acid-mediated protein cross-
linking, some of the novel characteristics introduced are structural-
ly-related. Among them, stronger protein gel strength was reported 
using sodium caseinate gel and a-lactalbumin, following treat-
ments with laccase and ferulic acid [31,34,35]. This phenomenon is 
presumably due to the formation of extensive protein crosslinking 
networks, and it is agreeable with the detection of finer crosslink-
ing networks under microscopic observation [31]. Previous study 
had suggested on the idea that ferulic acid’s small structure may 
ease its access to laccase’s active site and promote the formation of 
additional protein crosslinking. In addition to stronger gel strength 
[31,34,35], higher water holding capacity [34], increased surface 
hydrophobicity [35], as well as improved protein emulsifying 
property [32] were also reported with these protein crosslinking 
conjugates. Similarly, in a dairy product research, increased curd 
weight was reported, following crosslinking treatment with chloro-
genic acid and laccase [24]. On a separate note, in a study involving 
a-lactalbumin and ferulic acid, ultrasound treatment was previ-
ously reported with the capability to promote both covalent and 
non-covalent interactions between a-lactalbumin protein mole-
cules and aggregates, subsequently leading to changes in functional 
property of lactalbumin-ferulic acid conjugates [35]. However, the 
detailed mechanism remains to be determined.

Besides structural and functional alterations, several research stud-
ies also reported on enhanced antioxidant potentials in the ferulic 
acid-mediated, protein crosslinking conjugates [24,29,34]. Here, 
the observed antioxidant potentials were detected using DPPH•  
and ABTS• scavenging assays, as well as ferrous reducing power 
assay. This observation is comprehensible, as ferulic acid and other 
members of the hydroxycinnamic acids had previously been rec-
ognized for their antioxidant potentials, when tested in assorted 
antioxidant assays [37,38]. In the laccase-catalyzed protein cross-
linking, the incorporated ferulic acid molecules may exert its 
antioxidant potentials and contributed toward the enhanced anti-
oxidant potentials.

In addition to antioxidant potentials, several research groups 
also reported on enhancements in other bioactivities, following 
laccase-catalyzed, phytochemical-mediated protein or peptide 
crosslinking. For instance, ferulic acid-carnosine conjugates was 
reported with increased anti-proliferative effect [29]. In this study, 
when tested on Caco-2 cells (colonic endothelial tumor cells) in 
a neutral red uptake cell viability assay, the laccase-catalyzed ferulic 
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acid-carnosine conjugate was detected with higher cytotoxic effect, 
compared to either ferulic acid or carnosine alone [29]. Likewise, 
a separate study reported on the potential application of laccase-
catalyzed, phytochemical-mediated protein crosslinking to miti-
gate allergenicity induced by dairy product [30]. In this allergenicity 
assessment study, caffeic acid-mediated b-casein crosslinking was 
reported with decreased IgE binding, as well as reduced basophil 
activation in patients with cow milk allergy [30].

6. � ANALYTICAL METHODS USED  
TO STUDY PROTEIN CROSSLINKING 
CONJUGATES

During the investigation of laccase-catalyzed, phytochemical-
mediated protein crosslinking, assorted analytical and detection 
techniques were applied. Among these different techniques, dena-
turing gel electrophoresis [Sodium Dodecyl Sulfate-Polyacrylamide 
Gel Electrophoresis (SDS-PAGE)] represented the most widely 
applied techniques used to detect and confirm the formation of 
crosslinked proteins [24,25,31,33]. On these SDS-PAGE, the pres-
ence of unique high Molecular-Weight (MW) band is the frequent 
indication of crosslinked protein formation. In addition, Size 
Exclusion Chromatography (SEC) was applied to detect for the for-
mation of phytochemical-mediated, protein crosslinking conjugates 
[31,34,35]. Here, the higher MW protein crosslinking conjugates will 
be excluded from the pores of the porous beads, and hence eluted 
in a shorter time from the column. Taking advantage of the differ-
ence in molecular size, and consequently the shorter elution time, 
the protein crosslinking conjugates could be detected separately. 
Similarly, SEC was applied to provide additional evidence as to the 
participation of phytochemical, such as ferulic acid, in the protein 
crosslinking [31], whereby free ferulic acid was shown to disappear 
from the elution, in the presence of laccase.

On the other hand, combination of advanced analytical methods 
such as Mass Spectrometry (MS) [25,27,29,36], high performance 
liquid chromatography [26,29], and fluorescence spectroscopy 
[33,34,35] were also reportedly applied to investigate the lac-
case-catalyzed, phytochemical-mediated protein crosslinking. For 
instance, in a tandem MS study, the finding helped to provide sup-
porting evidence as to the functional roles of tyrosine and cysteine 
residues in the crosslinked mechanism [36]. Similarly, other instru-
mental methods such as Nuclear Magnetic Resonance (NMR) 
spectroscopy and Fourier-Transform Infrared Spectroscopy (FT-IR) 
were also applied to investigate the protein crosslinking conjugates 
[25,27]. Here, the presence of protein crosslinking products could 
be identified, by taking advantages of their unique fingerprint 
peaks corresponding to particular functional groups.

7. � CHALLENGES ENCOUNTERED  
AND POTENTIAL FUTURE  
STUDY DIRECTIONS

As highlighted in the preceding sections of this review article, 
laccase represents a promising enzyme for the production of 
phytochemical-mediated protein crosslinking conjugates, with 
encouraging future prospects and novel applications. Additionally, 

many of these protein crosslinking conjugates had been reported 
with enhancements in their structural, functional, and bioactive 
properties. Yet, the full potential of laccase applications in these 
aspects remains untapped, with many new applications awaiting 
for discovery. However, many technical challenges remain to be 
tackled. Likewise, questions pertaining to the characteristics of 
protein crosslinking conjugates, as well as the detailed catalytic 
mechanism, remain to be answered.

For instance, in many cases, during the detection of phytochemical-
mediated protein crosslinking conjugates, it remains unclear if the 
crosslinked protein population consisting of dimers, trimers, or 
other configurations. Similarly, limited study is available to illus-
trate on the degree of phytochemical’s contributions toward protein 
crosslinking, in other words, how many of these protein crosslink-
ing conjugates would not be formed in the absence of the aforemen-
tioned phytochemicals. In addition, the extents of intra-molecular 
versus inter-molecular protein crosslinking remain to be char-
acterized (Figure 3). Surely, the formation of crosslinking within 
the same protein molecule versus between two different protein 
molecules, respectively, will affect differently on the rheological, 
functional and bioactive properties of the crosslinked conjugates. 
Further investigation into this aspect may likely contribute toward 
our understanding to direct the laccase’s crosslinking processes 
into producing protein crosslinking conjugates with the desired 
texture and functional properties.

In terms of the catalytic mechanism, the current available literature 
suggesting that the laccase-catalyzed protein crosslinking is formed 
via amino residues such as tyrosine, cysteine and lysine [27,36]. 
However, the possibility of laccase enzyme to activate other amino 
residues could not be ruled out, especially considering the fact that 
laccase is widely described as an enzyme with broad substrate spec-
ificity. This is especially so for amino residues bearing structural 
similarities to tyrosine and lysine, such as phenylalanine and argi-
nine, respectively. On the other hand, in terms of laccase sources, 
the majority of the reviewed studies were conducted using native 
laccase from a variety of fungal sources (Table 1). Among these 
reviewed research studies, only one reported the use of recombi-
nant laccase from Pleurotus eryngii [24]. Likewise, two-third of 
these reported laccase-catalyzed, phytochemical-mediated protein 
crosslinking involved using ferulic acid, a phytochemical from the 
hydroxycinnamic acid group.

In the future studies, it would be exciting for new laccase sources 
to be reported. Additionally, it is hoped that current advances in 
recombinant DNA technology, such as gene shuffling and other 
enzyme engineering techniques, could be applied to generate new 
laccase variants with modified substrate specificity, which could 
activate novel substrates during the protein crosslinking process. 
These new laccase variants, both recombined and natural sourced, 
will surely contribute toward the generation of novel protein cross-
linking conjugates that are accompanied by novel texture, function-
ality and bioactive properties. However, these recombinant laccases 
may result in additional technical challenges awaiting to be solved. 
Possible challenges that may arise include improper enzyme fold-
ing issues which may lead to complications such as denaturation, 
as well as enzyme solubility issues. Additionally, the recombinant 
efforts may adversely affect the laccase’s active site and yield recom-
bined laccase variants with compromised catalytic efficiency. On a 
closely related topic, toxicological and pharmacological information 
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is currently lacking on protein crosslinking conjugates formed 
by laccase-catalyzed, phytochemical-mediated reactions. It still 
remains unclear how these protein crosslinking conjugates will be 
adsorbed, metabolized, distributed and excreted in an organism. 
In the future, it would be of great benefits to have research studies 
reporting on the toxicological and pharmacological aspects of these 
protein crosslinking conjugates, especially with the applications of 
the aforementioned recombinant laccases.

8.  CONCLUSION

In conclusion, laccase-catalyzed, phytochemical-mediated pro-
tein crosslinking represents an exciting field to investigate for 
novel protein crosslinking conjugates that may accompanied by 
novel structural and functional properties. Similarly, the incor-
poration of selected phytochemicals with desired bioactive prop-
erties, may help to generate protein crosslinking conjugates with 
novel therapeutic values. In the future, with the investigation of 
new laccase variants, as well as new protein and phytochemical 
sources, it is hoped that more phytochemical-mediated, protein 
crosslinking conjugates will be reported with new functional and 
bioactive properties.
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