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ABSTRACT: With the increase of food allergy events related to not properly cooked kidney beans (Phaseolus vulgaris L.), more and
more researchers are paying attention to the sensitization potential of lectin, one of the major storage and defensive proteins with the
specific carbohydrate-binding activity. The immunoglobulin E (IgE), non-IgE, and mixed allergic reactions induced by the lectins
were inducted in the current paper, and the detection methods of kidney bean lectin, including the purification strategies,
hemagglutination activity, specific polysaccharide or glycoprotein interactions, antibody combinations, mass spectrometry methods,
and allergomics strategies, were summarized, while various food processing aspects, such as the physical thermal processing, physical
non-thermal processing, chemical modifications, and biological treatments, were reviewed in the potential of sensitization reduction.
It might be the first comprehensive review on lectin allergen detection from kidney bean and the desensitization strategy in food
processing and will provide a basis for food safety control.
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■ INTRODUCTION

Kidney bean (Phaseolus vulgaris L.), also called common bean,
is one of the oldest vegetables and has been widely cultivated
and consumed around the world.1 In 2020, the global
production of P. vulgaris L. beans was 34 million ha and 30
million ton, which was a large proportion of the global output
of beans of 95 million ha and 92 million ton (http://www.fao.
org/faostat/en/#data/QC).2 However, in recent years, the
reports and studies related to undercooked kidney beans (P.
vulgaris L.) eliciting allergic reactions have been increased
sharply in India, Canada, Australia, and the U.K.3 The allergic
symptoms usually appear within 1−3 h after eating improperly
prepared beans, manifesting as naupathia, vomiting, diarrhea,
and abdominal pain.4 During the years 2003−2014, there were
124 sensitization events related to kidney beans occurred in
China, which affected 7526 individuals.5 In 2006, more than
100 people in Japan were hospitalized for eating roasted white
kidney bean powder and 1000 people suffered from acute
intestinal symptoms.6 In Morocco, 51% of children and 39% of
adults from a total of 114 patients [76 children and 38 adults,
who were consulted for hypersensitivity and had not yet been
sensitized or challenged orally to white kidney beans (P.
vulgaris L.)] exhibited positive values of the specific
immunoglobulin E (IgE) level to white kidney bean proteins,
indicated that the Moroccan population was also very sensitive
to P. vulgaris L. bean allergens.7

According to the recent literature, the most identified
proteins in P. vulgaris L. beans, including phaseolin, lectin-
related α-amylase inhibitor, and the true lectin proteins,
phytohemagglutinins [PHAs, mainly phytohemagglutinin P
(PHA-P)], have aroused wide interests among researchers for
allergic exploration based on the proteomic studies using two-

dimensional electrophoresis and mass spectrometry [matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI−TOF MS) and MALDI−TOF/TOF].8,9
In the previous investigation for Indian patients (n = 355) with
a history of legume allergy, 22.0% of patients were sensitized to
kidney bean protein extract by the skin prick test (SPT) for the
specific IgE (sIgE) and total IgE determinations, and four
identified proteins, named lectin (phytohemagglutinin),
phaseolin, α-amylase inhibitor precursor, and group 3 late
embryogenesis abundant protein, were confirmed as the
potential major allergen proteins in the kidney beans by the
liquid chromatography−tandem mass spectrometry (LC−MS/
MS) analysis and enzyme-linked immunosorbent assay
(ELISA) inhibition test.10 Besides, the non-specific lipid
transfer protein (Pha v 3) has been reported as a major
allergen in green beans (P. vulgaris) and has been proven as a
potential risk for lipid-transfer-protein-syndrome patients.11

Subsequently, kidney bean allergen proteins were purified by
the anion exchanger, gel filtration, and high-performance liquid
chromatography (HPLC). The purified lectin protein, also
named PHA, was identified with 88% of the sera IgE binding
capacity of patients and 78% SPT-positive reaction to kidney-
bean-sensitive patients, and only 102 ng of purified P. vulgaris
lectin could cause 50% IgE inhibition.12
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According to the previous case of severe anaphylaxis to
kidney bean by a 23-year-old female without any atopic history
of allergies in France, lectins of edible legume seeds with good
resistance to heat denaturation and digestive proteolysis were
speculated as potentially allergenic proteins.13 Besides, the
allergenicity of kidney bean lectin proteins has also been
reported in mice, pigs, cattle, etc.14,15 In the previous study by
feeding kidney beans to rats, the level of immune response of
rat to kidney bean lectin was detected to be proportional to the
length of feeding time, and there was a typical booster effect
when rats had repeated exposure to dietary antigens, while
dietary lectin was absorbed continuously throughout each
period of bean feeding.16 In a group of experiments using
kidney beans to feed calves, high titers of lectin antibodies were
detected in blood samples on the 13th day of feeding by the
ELISA method, indicated that kidney bean lectin could
selectively pass through the mucosa and enter the systemic
circulation to trigger allergic reactions.17 In addition, similar
phenomena have also been observed in experiments on feeding
kidney bean lectin to porcine and rabbit.18,19

Lectin is a type of non-enzymatic sugar-binding protein that
can non-covalently and reversibly bind to specific mono-
saccharides and oligosaccharides and plays a key role in pest
prevention in the beans as one of the storage proteins (about
12 mg/g of dry red kidney bean seeds).20−23 The lectin protein
was first found in castor bean (Ricinus communis L.) extracts in
the year 1888, and the first purified hemagglutinin con-
canavalin A (Con A) was obtained from jack beans (Canavalia
ensiformis) in the year 1919.24−26 Until in the middle of the
20th century, the purified lectin protein (PHA) of the kidney
bean (P. vulgaris L.) was obtained using column chromatog-
raphy, and the hemagglutination characteristics, potential
biomedical properties, and sensitizing effects were rapidly
explored.27 As shown in the Web of Science by April 30, 2021,
about 1153 articles were published concerning the extraction,

characterization, and function analysis of P. vulgaris lectins.
Since the wide consumption of kidney beans and their related
products, more and more researchers are paying attention to
the allergenic potential of kidney bean lectins recently; the
current review highlights the detection methods of the allergen
protein at various aspects and presents the recent food
processing technologies devoted to hypoallergenic foods.

■ STRUCTURE AND SPECIFICITY OF KIDNEY BEAN
LECTINS

Legume lectins are highly homologous in sequence and have
similar physicochemical and structural properties. Previously,
our laboratory isolated the lectin from black turtle bean (P.
vulgaris L.), and the sequence (NCBI accession number
AHB17899.1) and the three-dimensional structure presented
high homology (97.18% similarity) with phytohemagglutinin E
(PHA-E).28,29 As shown in Figure 1, most native kidney bean
lectins are tetramers composed of four subunits through
hydrophobic interactions, hydrogen bonds, and salt bonds.
Red kidney bean phytohemagglutinin might be composed of
five tetramer isoforms, viz., L4, L3E1, L2E2, L1E3, and E4, which
would be formed by the combination of lymphocyte-specific
and red-blood-cell-specific subunits.30,31 The relative molecular
weight of tetramer phytohemagglutinin L (PHA-L) might be
about 120−130 kDa and consisted of four identical subunits
[molecular weight (MW) = 29.5−32 kDa],14,32−34 while PHA-
E might be composed of four 34 kDa subunits.35

As presented in Figure 1, the monomer structure of kidney
bean lectin (PHA-L, PDB number 1FAT), comprising two
antiparallel sandwiched β-sheets, which are connected by α-
turns, β-turns, and bends along with short loops, displays a jelly
roll motif best described as a sandwich and contains two
divalent cation metal-binding sites (Mn2+ and Ca2+) and a
carbohydrate recognition domain (CRD).36,37 The two
antiparallel β-sheets constitute a flat six-strand “back” sheet, a

Figure 1. Structure of P. vulgaris L. lectin (PDB ID 1FAT). The structures covered by red, yellow, blue, and green represent the four subunits of
PHA-L, respectively. The small picture a is the lectin monomer structure, which is comprised of two antiparallel sandwiched β-sheets. Each of the
monomers contains two metal-ion-binding sites and carbohydrate-binding sites; the purple ball represents Mn2+; the green ball represents Ca2+; and
the white−gray molecules are the specific carbohydrates bound by lectin. The small picture b is the distribution of amino acids at the metal-ion-
binding sites, and the pictures c and d are the interaction surfaces between lectin subunits, respectively.
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concave seven-strand “front” sheet, and five short “top” β-
sheets, which hold the two pieces together.38 Mn2+ and Ca2+

are not only necessary for the carbohydrate-binding activity of
lectin, but also for functional conformation stability of the
monosaccharide binding site, and they are also important for
the hemagglutination activity.39−41 Previously, when the
kidney bean lectin was completely reacted with ethyl-
enediaminetetraacetic acid (EDTA), the coagulation activity
of the lectin was almost lost and the activity would be
completely restored by re-addition of Ca2+ and Mn2+.41−43

Mg2+ might have a substitution effect on the metal ions.44,45

The CRD is a shallow depression located on the top surface of
the dome-like structure, which can bind with both mono-
saccharides and oligosaccharides.46 The basic structure of CRD
in P. vulgaris L. lectins consists of four binding site loops A, B,
C, and D, which are adjacent in the three-dimensional
structure of the capsule, but they are not close together in
sequence, as shown in Figure 2. The bottom of the binding site
is composed of a few conserved key amino acid residues in the
loops, including Asp in loop A, Gly or Arg in loop B, aromatic
residues and Asn in loop C.47−49 In general, these residues
contribute to hydrogen bonding and van der Waals interaction
with sugar, and the changes in loops C and D may be the main
determinant of monosaccharide specificity.50,51 In addition, the
lectin monomer also contains a hydrophobic cavity mainly
formed by conserved hydrophobic residues.
Each monomer of PHA-E lectin is involved in two different

monomer−monomer interfaces: one is a conventional β-sheet-
like contact between two polypeptides, and the other is mainly
formed by van der Waals interactions between two dimers.
Two curved 12-stranded β-sheets are face to face in the
tetramer, resulting in a large channel between them.52 The
channel is mainly formed by conservative hydrophobic
residues and is a hydrophobic cavity, which might be related
to the thermal stability of lectin.41 Besides, the aggregation
state of purified lectin might be different under various pH
environments. For example, the lectin protein might be in a
dimer state at pH 2.5 and would be in a natural tetramer state
at pH 7.2, while it might polymerize into the polymer in
alkaline conditions.53−55

Although different legume lectins have high similarity in
sequence and the primary, secondary, and tertiary structures,
the quaternary structure might show considerable changes,
which would lead to the changes of the monomer interaction
and the presence/absence of protein modification and then
might affect the specificity of polyvalent glycan binding. For
example, although PHA-E and PHA-L have 70% sequence
homology and both are isolated and purified from red kidney
beans, PHA-L would bind with β-1,6-GlcNAc moiety from a
N-linked glycan core, while binding specificity of PHA-E has
been confirmed as bisected N-linked glycan structures, Man-α-
1−6-linked part of tri- or tetra-antennary N-glycans.56−61 The
minimal structural unit required for PHA-L binding was the
disaccharide GlcNAc(1 → 2)Man.58 Besides, there is a cross-
reactivity between PHA-E and PHA-L.1 In addition, kidney
bean lectin has cross-reactivity with peanut Ara h 1 and Ara h
agglutinin (PNA), black gram, and pigeon pea,62,63 while red
kidney bean proteins were found to show cross-reactivity with
proteins derived from peanut, soybean, chickpea, and black
gram.9,64

■ SENSITIZATION OF KIDNEY BEAN LECTINS

The gastrointestinal digestive system is the main route for food
allergens to enter the human body. Up to now, several
international food security organizations, such as the European
Food Safety Authority (EFSA), the international Codex
Alimentarius Commission (CAC), the Food and Agriculture
Organization of the United Nations (FAO), and the World
Health Organization (WHO), have established logical and
clear decision systems to evaluate the allergenicity potential of
food proteins by simulated digestion.65−67 The natural Zihua
kidney bean (P. vulgaris) lectin gradually decreased in the
simulated gastric fluid (SGF) with the extension of the
digestion time until to 60 min, while the protein was trypsin-
resistant for at least 48 h.41 In our previous study, black turtle
bean (P. vulgaris) lectin was relatively stable in both SGF (half-
life = 22.71 min) and trypsin digestion (half-life = 90 min) in
vitro digestibility investigation using the sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS−PAGE) dynamic
density analysis.43 Furthermore, both heat treatment and

Figure 2. Structure of four binding site loops in the carbohydrate recognition domain. The structure of the carbohydrate recognition domain in P.
vulgaris lectin consists of four binding site loops A, B, C, and D. The key amino acid residues in loops A, B, C, and D are Asp, Gly, Asn, and an
additional interaction provided by amino acids in loop D, respectively.
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removal of metal ions could enhance the sensitivity of lectins
to hydrolysis in SGF.68 Moreover, more and more researchers
are concerning the digestive stability of allergens in the
gastrointestinal tract whether using the purified state or the
protein embedded in a complex food matrix.69 A previous
study found that the presence of the food matrix enhanced the
immune response to individual allergens. Because nuts and
peanuts have a medium protein concentration and high-fat
content, the fat components were speculated to enhance the
allergenicity of protein allergens by protecting them from being
digested or affecting the activation of immune cells.70 The

allergenicity reduction was also observed in the complexation
of peanut protein with polyphenols from blueberry and
cranberry.71 Furthermore, in vivo digestion would partially
destroy the allergen epitopes and also expose the allergen
epitopes in the natural protein structure. The analysis of
antidigestive peptides containing allergen epitopes is a piece of
important information for the evaluation of potential
allergenicity; however, the related information about the
kidney bean lectin is scarce.
Because PHA could resist the decomposition of digestive

enzymes and intestinal bacteria in vivo, the lectin protein was

Figure 3. Sensitization mechanism of P. vulgaris lectin. After the ingestion of kidney beans, part of the undegraded lectins would pass through the
intestinal epithelial cells and be captured by dendritic cells, which, in turn, to trigger the Th1 and/or Th2 cell pathway and induce IgE/non-IgE and
mixed-mediated allergies. Lectins can also induce basophils and eosinophils to secrete pre-synthesized IL-4, thereby promoting the differentiation
and formation of Th2 cells.

Table 1. Epitope of “Phaseolus vulgaris” in IEDB

epitope
ID object peptide position

non-peptidic epitope
accession antigen name

antigen
accession organism name

20097 linear peptide 418−432 glycine-rich cell wall structural protein 1.8 precursor P10496.1 Phaseolus
vulgaris

122244 non-peptidic CHEBI_59034 phytohemagglutinin CAD28837.1 Phaseolus
vulgaris

131171 non-peptidic CHEBI_59031 phytohemagglutinin CAD28837.1 Phaseolus
vulgaris

174332 non-peptidic CHEBI_63758 phytohemagglutinin CAD28837.1 Phaseolus
vulgaris

174333 non-peptidic CHEBI_63760 phytohemagglutinin CAD28837.1 Phaseolus
vulgaris

850799 linear peptide 95−103 erythroagglutinating phytohemagglutinin (Phaseolus
vulgaris)

AHB17899.1 Phaseolus
vulgaris

850837 linear peptide 39−47 erythroagglutinating phytohemagglutinin (Phaseolus
vulgaris)

AHB17899.1 Phaseolus
vulgarisAHB17899.1

850841 linear peptide 149−160 erythroagglutinating phytohemagglutinin (Phaseolus
vulgaris)

AHB17899.1 Phaseolus
vulgaris

850858 linear peptide 131−141 erythroagglutinating phytohemagglutinin (Phaseolus
vulgaris)

AHB17899.1 Phaseolus
vulgaris

850860 linear peptide 55−66 erythroagglutinating phytohemagglutinin (Phaseolus
vulgaris)

AHB17899.1 Phaseolus
vulgaris

850891 linear peptide 116−125 erythroagglutinating phytohemagglutinin (Phaseolus
vulgaris)

AHB17899.1 Phaseolus
vulgaris
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confirmed to specifically bind to the glycoconjugate located on
the surface of the intestinal lumen and would be endocytosed
into the circulatory system to induce immune responses at the
cellular level.72 Circulating antibodies to the lectin [immuno-
globulin G (IgG) class] were detected in the serum of bean-fed
rats by an enzyme-linked immunosorbent assay and suggested
that this systemic uptake of lectin could result in hyper-
sensitivity reactions.64 However, as shown in Figure 3, the food
allergenic mechanism caused by kidney bean lectins was
complicated, including IgE-mediated reactions, non-IgE-
mediated reactions, and mixed mediated allergic reactions
(including both IgE- and cell-mediated immunological
reactions).1,9,12,15,16,73−75

The reaction mechanism of IgE-mediated anaphylaxis could
be divided into two stages, including the sensitization stage and
the induction stage.76 The undigested lectin would enter the
blood circulation through endocytosis and induce the dendritic
cells of the body to present antigen epitopes, leading to the
differentiation of T helper 2 (Th2) cells and the secretion of
IgE antibody, which would promote mast cell sensitization
during the primary exposure. Then, during the second
exposure of lectins, the lectin epitope would cross-link with
the IgE antibody, which was bound to the FcεRI receptor,
leading to the release of various pro-inflammatory factors and
the occurrence of allergic symptoms.77 Table 1 showed the P.

vulgaris epitopes recorded in the allergen database, Immune
Epitope Database (IEDB, https://www.IEDB.org). In our
previous research, four B cell epitopes and two T cell epitopes
(B1, NVNDNGEPTLSS; B2, VGSEPKDKGG; B3, NNY-
KYDSNAHT; B4, LYNVHWDPKPRH; T1, LQRDATVSS;
and T2, FNIDVPNNS) of black turtle bean (P. vulgaris L.)
lectin were identified using the immunoinformatic screening
and epitope peptide synthesis, ELISA, lymphocyte proliferation
experiments, and cytokine spectrum.29

Kidney bean lectin also could trigger non-IgE-mediated food
anaphylaxis as the production of IgG antibodies induced by
PHA, and it was confirmed by feeding raw kidney beans to
rats.19 Repeated exposure to kidney bean lectin might have a
natural promotion effect, and specific serum IgG and
immunoglobulin A (IgA) antibodies were produced in mice
by oral and intravenous administration of bean lectin.78 In
addition, total IgA was increased in a dose-dependent manner
by feeding different concentrations of pure PHA-E lectin to
mice according to the previous studies.79 IgA is the most
important antibody on the surface of the intestinal mucosa,
which might prevent food antigens from entering the human
body.
Furthermore, red kidney bean lectin was found to trigger

mixed food allergic reactions mediated by IgE and non-IgE in
sensitization by culturing BALB/c mice, RBL-2H3 cells, and

Figure 4. Purification strategies of P. vulgaris lectin.
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bone marrow mast cells (BMMCs).15,80 The serum-specific
IgE and IgG levels of the PHA-P-treated BALB/c mice group
significantly increased with the raising of the levels of
interleukin (IL)-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-
17, tumor necrosis factor α (TNF-α), and interferon γ (IFN-
γ), suggesting the occurrence of the mixed allergic reactions,
including both changes of Th1 and Th2 cytokines. Our
laboratory previously observed the increase of IL-4 and IFN-γ
in Sprague Dawley (SD) rats by intraperitoneal injection of
kidney bean lectin.81 According to the in vitro research, kidney
bean lectin (PHA) could induce rat spleen cells to secrete IL-2,
IL-12, and IFN-γ,60 and PHA-E and PHA-L could cause a
significant increase in the levels of GATA-3 and T-bet in
BMMCs.1 On one side, GATA-3 is a GATA gene encoding a
human T-cell-specific transcription factor and would promote
the secretion of cytokines, such as IL-4, IL-5, and IL-13, by
activated Th2 cells, and on the other side, T-bet is a novel
transcription factor belonging to the T-box family, would be
selectively expressed in Th1 cells, would induce the production
of IFN-γ, and would play a decisive role in the differentiation
of Th1 cells. Therefore, both the increasing levels of GATA-3
and T-bet indicated that kidney bean lectin not only induced
the production of Th2 cytokines but also induced the
differentiation of Th1 cells. Thus, P. vulgaris lectin could affect
the balance of Th1/Th2 cells through IgE-mediated type I
allergic reaction accompanied by the release of IL-4, IFN-γ,
histamine, and other cytokines.43,82 Furthermore, the secretion
of preformed IL-4 was found to be in proportion to the
amount of lectin in the in vitro experiments using 1 μM P.
vulgaris lectins to bind with the purified eosinophils and mast
cells.83 IL-4 is an important allergic mediator in the allergic
response, which would promote the generation of Th2 cells,
and IL-4 could also induce isotype from immunoglobulin M
(IgM) to IgE in B cells and facilitate the extravasation of
granulocytes into tissues.84,85

■ PURIFICATION OF KIDNEY BEAN LECTINS
At present, with the rapid demand for the in-depth exploration
of lectin in both the immunity and biomedical properties, the
need for purified lectins is increasing, and it is also a detection
strategy for the lectin proteins. The main processes of various
kinds of separation and purification strategies were shown in
Figure 4.
In the early stage, the ammonium sulfate precipitation

method and solvent precipitations were often used to extract
lectin protein; however, the purity was low, and the activity
would be greatly lost. The P. vulgaris L. lectin protein was
usually obtained by precipitation of ammonium sulfate with
60−80% saturation.86

Size-exclusion chromatography enables the further separa-
tion of proteins based on their relative sizes under
physiological conditions. To purify the lectin from tepary
bean (P. acutifolius) seeds, the crude extract was precipitated
with ammonium sulfate, dialyzed, and then chromatographed
using a Sephadex G-75 column to obtain the lectin-rich
component with an agglutinating activity of 5565 AU/mg
(expressed in lectin units per milligram of protein).87

Ion exchange (IEX) would be another useful strategy based
on the net charge of protein molecules after ammonium sulfate
fractional precipitation. Two lectins from Great North bean (P.
vulgaris L.) were separated using the ammonium sulfate
fractional precipitation, carboxymethyl (CM) and diethylami-
noethyl (DEAE) cellulose ion-exchange chromatography, and

Sephacry S-200HR gel filtration chromatography, and 2.8 mg
of lectin was obtained from 500 g of beans.88,89

The hydrophobicity of the protein could also be used in the
hydrophobic interaction chromatography for the protein
separation through the hydrophobic interaction between the
immobilized hydrophobic ligand and the nonpolar regions on
the surface of the protein.90,91

However, the main problem might be difficult to purify the
lectin on a large scale. At present, it is still the focus of scientific
workers to develop a new high-efficiency, effective, and
economical large-scale biological separation technology that
can provide a high purity and high recovery rate at the same
time. One of the major breakthroughs in lectin purification was
the development of the affinity chromatography (AC) method
using cross-linked dextran gel to capture lectins based on the
specific carbohydrate-binding property.26,92 The purification
process containing affinity steps could obtain higher recovery
and purification factors. The researchers found that the porcine
thyroglobulin (Tg)−Sepharose column had a high affinity with
the kidney bean lectin, and approximately 700 mg of
phytohemagglutinin protein could be obtained by purification
of a saline extract of 100 g of beans with 100 mL of porcine
Tg−Sepharose.93 Previous studies confirmed that PHA
purified by a one-step Tg−Sepharose 4B column processed
higher purity (0.75 ± 0.13 mg of PHA/mg of lyophilized
powder) than the sample obtained by two-step purification,
including Affi-Gel blue and then Tg−Sepharose 4B purification
in sequence (0.62 ± 0.20 mg of PHA/mg of lyophilized
powder).30 Previously, a high-yield lectin from a dried P.
vulgaris cultivar (1.1 g of hemagglutinin/100 g of seed) was
also obtained using a chromatographic protocol that involved
Blue-Sepharose, Q-Sepharose, and Superdex 75.94

In general, several chromatographic steps, such as size-
exclusion chromatography, ion-exchange chromatography,
hydrophobic interaction chromatography, affinity chromatog-
raphy, and gel filtration chromatography, have been used to
purify the lectin in crude extracts according to the arrangement
usually.95,96 The precipitation and affinity chromatography
might be the first step in purification nowadays, while gel
filtration and ion exchange were the second steps.
According to the previous studies, glucose or mannose has

been successfully grafted onto aminated iron oxide nano-
particles to adsorb the Con A protein with a high affinity of up
to 280 mg/g.97 The size of magnetic nanoparticles would be
controllable and could be easily controlled by the external
magnetic field gradient. Later, the gum-arabic-modified
magnetic nanoparticles grafted by glucose exhibited a
significant specific interaction with Con A using the reducing
amine method.98 The membrane, such as macroporous
cellulose membranes, could also be chemically cross-linking
with epoxy groups to immobilize maltose and would be used
for affinity purification for lectin protein.99 At present, liquid−
liquid extraction techniques, including the reverse micelle
extraction technique and aqueous two-phase extraction
(ATPE), were also attempted for the separation and
purification of lectins. The aqueous two-phase system
(ATPS) has high biocompatibility and selectivity, easy and
reliable amplification, and continuous operation abilities. A
lectin extraction method from Zihua snap bean (P. vulgaris)
was established on the basis of a polyethylene glycol (PEG)
600/ammonium sulfate aqueous two-phase system, indicated
that lectin could preferentially be partitioned into the PEG-rich
phase, and the ATPS, composed of 15% (NH4)2SO4 (w/w),
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18% PEG 600 (w/w), 0.4/5 g of NaCl, and 1 mL of crude
extract, showed good selectivity for lectin at pH 7.5.100

Reversed micelle (RM) is an amphiphilic molecule at a
nanometer size level in an organic solvent and can be stabilized
by the surfactant at the phase interface. The lectin from black
turtle bean was successfully extracted using the reversed
micellar extraction (RME) with a protein recovery of 53.28%
and a purification factor of 8.2 times.101,102 In the red kidney

bean lectin extraction system using the RM, the optimal
conditions showing better specific hemagglutination activity
were extraction at pH 4−6 for 4−6 min, back extraction at pH
9−11 for 8 min, and ion strength at 0.15 M NaCl.103

■ DETECTION METHODS OF KIDNEY BEAN LECTINS
Because of the micro-level and various existing forms, it is a
challenge to detect allergens in different food matrices. At

Figure 5. Detection methods for P. vulgaris lectin: (a) visual hemagglutination activity detection methods, (b) visual precipitation detection
methods, (c) biosensor detection methods, (d) SDS−PAGE and WB, (e) double immunodiffusion methods, (f) ELISA methods, (g) rocket
immunoelectrophoresis methods, and (h) mass spectrometry methods.
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present, except for the purification strategy, rapid, cheap,
sensitive, and accurate analysis methods, such as immunology,
genetics, mass spectrometry, peptidomics, and proteomics,
have been quickly developed and widely used for allergen
detection. Especially for lectin detection, there are three major
strategies: one is based on the protein specificity, such as N-
acetyl glucose binding specificity and antigen−antibody
reaction;104,105 one is a combination with the high-throughput
instruments, such as nuclear magnetic resonance, mass
spectrometry, microarray chip, etc.; and another is the use of
bioinformatics software for prediction and analysis. The main
detection methods applied in the lectin detection have been
shown in Figure 5. However, these methods based on protein
specificity need higher requirements for antibodies, and the
accuracy might be affected by the existence of cross-reactivity.
Besides, the equipment employed in the high-throughput
measure might be expensive, and results obtained by the
bioinformatics software need to be further verified. Therefore,
several detection methods would be rationally arranged in the
research.
Visual Hemagglutination Activity Detection. Signifi-

cant hemagglutination activity of P. vulgaris lectin on human
blood type and animal erythrocyte has been confirmed in the
previous studies.35,106−108 Apparently, kidney bean lectin with
the hemagglutination activity would lead to the agglutinate of
erythrocytes. Actually, the protein could interact with
carbohydrate moieties on the surface of erythrocytes based
on the specific sugar-binding properties and result in the
forming of multiple cross-bridge structures among cells, which
would be a visual detection method for lectins.35,109 The
hemagglutination activity test can be determined by a 96-well
hemagglutination plate method, tube method, etc. In the
procedure of using a 96-well plate, the red blood cell
suspension was prepared first, then the kidney bean lectin
with standard dilution times was added in equal volume, and
the results of erythrocyte agglutination could be observed
directly after standing for a certain time.32,86 The unit of
hemagglutination activity (U) could be expressed as the
reciprocal of the maximal dilution of the sample showing
complete agglutination, and the specific activity of the lectin
(U/mg) can be defined as the number of hemagglutination
units per milligram of protein.30,101,110 In the procedure using a
tube, the lectin samples were mixed with the red blood cells,
then centrifugation would be performed at low speed (about
2000 rpm) after a period of incubation to remove the
supernatant, and the adsorbed cell was dried to a constant
weight to evaluate the degree of hemagglutination.111

On the one side, to improve the sensitivity of the
coagulation reaction, trypsin or papain has been applied to
treat the red blood cells before determination.112 Furthermore,
the sensitivity of the method could also be improved using
radiolabeled lectin or using spectrophotometry or the
turbidimetric method to detect the results of hemagglutina-
tion.113 On the other side, the hemagglutination test is often
affected by various factors, such as the number and molecular
size of sugar-binding sites on the lectin, concentration of lectin,
source of erythrocytes, blood type, erythrocyte concentration,
and accessibility of the surface sites or mobility of the
erythrocyte surface film. Meanwhile, the system factors, such as
solution pH, ionic strength, and system temperature, also have
effects on the coagulation activity of lectin.114 Therefore,
because the accuracy, precision, and sensitivity of the results
should be further considered, the hemagglutination method

would often be used for a preliminary determination or visual
hemagglutination activity measure.

Visual Precipitation Detection of Lectins Based on
Sugar Binding. Because the lectin can interact with the
carbohydrate complex using the polyvalent glycosyl binding
sites, then the precipitation would easily occur under a certain
salt concentration at a certain temperature and the amount of
labeled conjugate and binding constant could be calculated by
detecting the intensity of the radioactive label in the
carbohydrate complex by separation of the conjugate using
centrifugation or filtration. The intensity of the inhibitor or
competitive substrate on the hemagglutination or precipitin
reactions could also be detected to reveal the structural
differences in binding specificities of lectins.115

Lectin Interaction Signal with Polysaccharide and
Glycoprotein for Accurate Detection. The biosensor is a
device that can detect different compounds, which consists of
three parts, including biological recognition, transduction, and
signal processing. Because the biological interaction between
lectins and polysaccharides or glycoproteins can be converted
into signals, it is easy to quantify and analyze the lectin and
lectin complex using various biosensor-based methods.
In the early research, the number of lectin−sugar conjugates

and the binding constant could be calculated by detecting the
intensity of the radioisotope labeled on the glycoconjugates
and the lectin could also be quantified by detecting the
radioactive intensity changing using the inhibitors or
competitive substrates.116 Electrodes have been used as the
sensing surface in the electrochemical biosensor and might be
modified with polymers and nanomaterials (carbon nanotubes,
gold, magnetic nanoparticles, etc.) to convert the specific
recognition signal into a measurable electrical signal, leading to
the successful detection of the nanotracing lectin−sugar
interaction. In the year 2006, the sensitive amperometric
stripping voltammetry was employed to determine the
competitive binding degree of the nanocrystal-labeled sugar
with lectin, and the voltammetric peak current decreased with
the increase of glycan-binding affinity.117,118

At present, more effective detection methods based on the
lectin−glycan interaction were developed using fluorescence,
isothermal titration calorimetry (ITC),119 surface plasmon
resonance (SPR),120−122 quartz crystal microbalance
(QCM),123 and electrochemical impedance spectroscopy
(EIS)124 platforms. The fluorophores could be generally
conjugated to nanomaterials or lectins through well-established
coupling chemistries, like carboxy-amine amidation or click
reactions.125,126 ITC is a label-free, non-destructive technique
that does not require the ligands or substrates, and it can
measure the heat absorbed or released during biomolecular
interactions at the nanomolar level, which only needs a
microgram sample.127 SPR is an optical detection technique
based on the interactions of light with the surface plasmon.128

When the lectin or carbohydrate is binding to the surface of
the sensor chip, the refractive index of the medium and the
reflection angle of the incident light will change.129 QCM relies
on a highly sensitive piezoelectric crystal with resonant
frequency changes by the mass alteration. Monolayer surface
coverage as low as 1 ng cm−2 Hz−1 can be detected for lectin
analysis using glycan-based biosensors.130 EIS is based on the
change in the amplitude of the alternating current (AC) and
the corresponding interfacial characteristic (such as resistance)
on the interaction of carbohydrate−lectin.131
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Besides, several fluorescent probes coated with specific
polysaccharides were reported, but the emission was located in
the short wavelength region.132−134 Two novel glycosyl probes
(PT-Man and PT-Gal) based on aggregation-induced emission
(AIE) have been proposed to detect lectin−sugar interactions
in the near-infrared (NIR) region with a good linear
relationship between the fluorescence intensity and lectin
concentration at a low micromolar range (0.5−2.5 M).135

Recently, graphene oxide (GO) was used to assemble the
platform for sugar-based probes, which reduced the limits of
detection (LODs) to be 8.9 × 10−9, 8.1 × 10−9, and 7.9 × 10−9

M for Con A, LcA, and PNA, respectively.135 Carboxymethyl
chitosan (CM-CHIT) quantum dots have also been recently
employed to develop the novel label-free fluorescence “turn
off−on” biosensor assembled with CuInS2 quantum dots, CM-
CHIT, and Au nanoparticles (NPs). Then, the fluorescence
quenching of CM-CHIT induced by the Au NPs would be
avoided by the lectin interaction with specific polyvalent
glycoproteins, and the lectin detection limit could be down to
0.08 nmol L−1.136

Lectin microarrays have recently been used as a promising
tool for glycan analysis by immobilizing lectins with known
specificities on a solid surface.137 Lectins can quickly and
specifically bind to polysaccharides, and then confocal
fluorescence and field-induced fluorescence could be recorded
with very high accuracy, even for very weak interactions.138

Therefore, the development and research of polysaccharide
microarrays may be a potential research direction for the
quantitative or qualitative detection of lectins.
Immunoassay Methods for Lectin Detection. Nowa-

days, specific antibodies have been employed to quantitatively
detect kidney bean lectin based on the antigen activity.139

Then, more and more immunoassay methods have been
developed with higher sensitivity and strong selectivity, such as
western blot (WB), enzyme immunoassay (EIA), ELISA,
rocket immunoelectrophoresis (RIEP), radioimmunoassay
(RIA), etc.140,141

SDS−PAGE is first applied to separate and identify proteins
with different molecular weights in separation gel according to
their mobility in the electric field; the protein band will be
transferred from SDS−PAGE to polyvinylidene fluoride
(PVDF) or nitrocellulose membrane in the WB; lectin-specific
antibody will be applied for incubation; and then the
secondary antibody with fluorescence or the color group will
be added for the immunological recognition of the antibody-
bound protein.
In the procedure of detecting lectin by enzyme immuno-

assay, most of the lectin-specific antibodies are obtained by
establishing an animal sensitization model, and the obtained
antiserum or antibody is diluted to a certain concentration to
be added to the microtitration plate for coating. Then, the
samples are added for incubation, and the rabbit anti-PHA or
mouse anti-PHA antiserum is added for the absorbance value
determination.42 In the previous study, the kidney bean lectin
was emulsified in Freund’s adjuvant, the sensitization model in
rabbits was established by injection on days 14, 28, and 42, the
antiserum specific for lectin was collected followed by
centrifugation, 40% ammonium sulfate precipitation, and
dialysis, and then the lectin content in different tissues of
kidney bean plant could be detected as low as 0.3 ng/mL using
the antibody.142 Presently, the lectin antibody was usually
purified using protein G Sepharose 4B fast flow column after

the immune serum collection, and the antibody titer would be
further evaluated by the ELISA method.18

The main steps of the ELISA method for the lectin
determination are as follows: the samples stored in buffer
solution are coated on the ELISA plate for an overnight
incubation; then the skim milk is used for sealing; mouse or
rabbit anti-lectin serum is added; subsequently, goat anti-
mouse or anti-rabbit IgE antibody labeled with horseradish
peroxidase (HPR) is added for incubation; and then the
absorbance is detected for lectin analysis.18,114 According to
the published papers, the detection range of the ELISA method
to lectins was 30−1000 ng/mL for WGA and 80−1000 ng/mL
for both PNA and Con A.143 The detection limit of
quantification of PHA was 15 ng.144 Previously, the result of
the ELISA inhibitor suggested that the P. vulgaris bean lectins
could cross-react with the allergens from peanut, black gram,
and pigeon pea and required 185, 228, and 1300 ng of lectin
proteins for 50% inhibition, respectively.12,145 In addition, the
serum of peanut allergy patients could interact with peanut
lectin and Ara h 1 strongly and could also interact with PHA-
E.13,146 Competitive inhibition enzyme-linked immunosorbent
assay (CI-ELISA) is also commonly used for lectin detection
now. According to the published methods, the microtiter plates
were sensitized with P. vulgaris lectin overnight at 4 °C and
filled the well with rabbit anti-PHA serum and inhibitor (rat
feces extract or serum), and then peroxidase-conjugated goat
anti-rabbit IgG would be loaded. After removal of the soluble
secondary antibody, sulfuric acid was added to stop the
reaction after incubation in the dark.147

The double immunodiffusion (Ouchterlony method) can
also characterize the reaction between lectin and rabbit anti-
lectin antibody, because a precipitation line would be formed
on the gel plate when the antigen and antibody meet and reach
the optimal ratio.19,148 The RIEP method is an antigen
detection method that combines electrophoresis and (one-
way) immunodiffusion. During electrophoresis, the action of
the electric field moves the lectin antigen to the positive
electrode, and the antigen and antibody molecules form a
rocket-shaped antigen−antibody immunoprecipitation peak.
Generally, the greater the lectin concentration, the higher the
peak height; therefore, the lectin concentration in the sample
can be quantitatively determined according to the standard
curve. Immunoelectrophoresis (IEP) can be used to prove the
reaction between the antiserum and the commercially available
purified PHA and the sample. IEP will be performed in veronal
buffer with 1.5% agarose on the microscope glass slide; a
prerun of 30 min will be given; the wells will be loaded with
purified PHA (10 μL, 1 mg/mL) and rat biological fluids [such
as fecal extract (10 μL, 100 mg/mL) and sera (10 μL)] to run
the gel at the voltage of 400 V; and then the troughs are
separated by cutting and filling with rabbit anti-PHA
immunoserum (10 μL, neat).149 Recently, a study used the
radial double immunodiffusion (ODI) method to screen
whether there were lectins in rat serum and feces.150 First,
1.5% agarose solution in veronal buffer was poured onto the
microscope. After the gel was solidified, it was cut into a
cylindrical hole with a diameter of 5 mm, the sample [such as
rabbit anti-PHA serum (10 μL), purified PHA (10 μL, 1 mg/
mL), sera (10 μL), and rat feces extract (10 μL, 100 mg/mL)]
was filled in the wells, the slides were cultured at 24 °C for 24
h and then washed and stained, and the experimental results
were observed. In addition, counter immunoelectrophoresis
(CIE) has also been used to detect the presence of lectins in
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feces and serum specimens of rats fed with kidney beans by the
addition of the neat rabbit immunoserum and antigen
solutions (1 mg/mL purified PHA, 100 mg/mL rat fecal
extract, rat serum, etc.) in the 1% agarose GP 60 gel well.151

However, the disadvantages of these above immunoassay
methods are also obvious. First of all, these methods can only
detect the immunological properties, and the binding ability
with intestinal epithelial cells, red blood cell agglutination
ability, and other biological activities cannot be reflected. In
addition, the composition and titer of the antibodies might be
different depending upon the immunized animal, the
preparation process, and the batches, which will affect the
detection range and degree of standardization, and the test
results are also susceptible to cross-reactions in complex
systems.139

In recent years, monoclonal antibodies with better specificity
and reproducibility have been used instead of polyclonal
antibodies, and the detection methods that combine immuno-
assays with some emerging detection platforms have begun to
emerge. Recently, an indirect ELISA detection method based
on mouse monoclonal antibodies was established to detect
soybean lectin with a detection limit of 30 ng/mL (0.03 ppm)
and protein concentration at 50% maximum signal of 786.3
ng/mL.139 Our laboratory immobilized the kidney bean lectin
antibody on the surface of the electrode and designed a fast
and high sensitivity electrochemical immunosensor for the
trace amount detection of lectins with immunogenic activity at
a detection range of 0.05−100 ug/mL.18

Allergomics Strategies. In recent years, with the rapidly
increased number of recognized allergens and the development
of bioinformatics, allergomics is exploring by analyzing the
repertoire of allergens, including genetics, proteomics,
metabolomics, etc., and would provide more sensitive
information for the allergen and epitope prediction with the
relatively higher throughput and faster omics characteristics.152

Except for the sequence analysis, the identification of B cell
and T cell epitopes, and the evaluation of allergies and cross-
reactivity, bioinformatics tools could also calculate or simulate
lectin−protein, lectin−polysaccharide, and lectin−biomolecule
interactions, which would provide a theoretical supplement for
the explanation of the sensitization alterations.153,154

Mass spectrometry would be the most used method in
allergomics, and the concept of targeted quantitative
proteomics and absolute quantitative strategy has been actively
developed and applied in the trace lectin detections in raw or
processed foods.155−157 Prior to sample injection into mass
spectrometry, one-dimensional gel electrophoresis and two-
dimensional gel electrophoresis are more commonly used to
reduce the complexity of proteins in biological samples, and
now, the capillary electrophoresis and chromatographic
methods have become more popular for sample preparation.158

Reversed-phase high-performance liquid chromatography (RP-
HPLC) has been widely used for the separation of proteins and
peptides before proteomics applications. All mass spectrom-
eters consist of three main components (ion source, mass
analyzer, and ion detector), and the main types of mass
spectrometry currently in use include quadrupole time of flight
(TOF), linear ion trap, orbitrap, Fourier transform ion
cyclotron resonance/mass spectrometry, and ion mobility
instruments. For example, mass accuracy below 5 ppm and
achievement of mass resolutions of up to 1 000 000 can be
provided using the Fourier transform ion cyclotron resonance/
mass spectrometry instruments, which is more accurate and

precise, and the whole flow is very fast.159 Our research team
first identified kidney bean lectin from black turtle beans using
electrophoretic separation and LC−MS/MS and confirmed the
relative monomer molecular weight of 31 kDa.28 In recent
years, the development of computer-aided methods has been
very popular, and then the mass spectrometry methods for
lectin detection will be more intelligent and integrated in the
future.160

According to the published papers, a protein could be
regarded as a hypothetical allergen if the protein had a
sequence homology of more than 35% with a known allergen
in a sliding window of at least 80 amino acids,161,162 while
some researchers believe that cross-reactivity usually requires
more than 50−70% identity in the binding region of the
antibody.163 Then, the most commonly used allergen data-
bases, such as COMPARE (https://comparedatabase.org/),
AllergenOnline (http://www.allergenonline.org/), Allergome
(http://www.allergome.org/), National Center for Biotechnol-
ogy Information (NCBI, https://www.ncbi.nlm.nih.gov/),
UniProt (https://www.uniprot.org/), SDAP (http://Fermi.
utmb.edu/SDAP/sdap_src.html), etc., were applied to the
comprehensive and detailed electronic search of potential
allergen IgE cross-reactions.
With the development of biochemistry and molecular

biology, it became possible to use recombinant DNA
technology to produce lectin proteins. Most of the
recombinant P. vulgaris lectins were produced by Pichia
pastoris because of the high similarity of N-oligosaccharides.164

In the 1970s, both PHA-E and PHA-L have been expressed in
P. pastoris using N-terminal phytohemagglutinin of kidney
bean as a signal peptide, and the purified lectin has the same
hemagglutination activity as the native protein.165 P. vulgaris
lectin PHA-E was expressed in the methylotrophic yeast P.
pastoris in another study, and purified recombinant PHA-E was
confirmed as consisting of four forms with molecular masses
between 28.5 and 31.5 kDa.166

Nowadays, the phage display can be used to determine all of
the IgE-binding proteins in the allergenic source, when the
phage DNA library has been set up using the cDNA library of a
particular food allergen source and allergic serum has been
used as the bait molecule. In addition, when the cDNA
fragment collection of a particular allergen has been used to set
up the phage DNA library, the method can be used to identify
the allergen epitopes.152

■ DESENSITIZATION PROCESSING TECHNOLOGY
OF KIDNEY BEAN LECTINS

In clinical practice, the best way to prevent allergic reactions is
to avoid contact with foods containing allergens. However, as a
result of the widespread use of kidney beans in various
processed foods or because of the mixed use of food processing
machines, it is necessary to eliminate allergic ingredients in
food or control them within a safe range. According to the
previous studies, the allergenicity of kidney bean lectins could
be reduced or disappear through physical thermal processing,
physical non-thermal processing, chemical modifications,
biological treatments, etc.

Physical Thermal Processing. Heat Treatment. Heating
is a common food processing method to improve the biological
safety of food and extend the shelf life. Heating can induce
changes in food allergy protein structures, including the
protein unfolding, the loss of secondary and tertiary structures,
the formation of intramolecular and/or intermolecular
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covalent and non-covalent interactions, etc., which, in turn,
would affect the sensitization potential of allergen epitopes.167

In the investigation of canned red kidney beans, the lectin
content in the canned samples was found to be lower than that
in the raw kidney beans.168 Under dry heat conditions, kidney
bean agglutination revealed higher heat resistance, but the
protein would be more easily inactivated under humid and hot
environments.169 The specific IgE adsorption capacity of
kidney bean lectin would be reduced by 74 ± 6.5% in kidney
bean extract after the heat treatment (121 °C for 15 min).170

In the family cooking, boiling the black-eyed peas, soybeans,
green beans, and red kidney beans at 100 °C for 30 min could
completely inactivate the hemagglutinin activity of lectins.108

Furthermore, to maintain the nutritional value of kidney beans
and inactivate the lectin to the greatest extent, steam treatment
at 119 °C for 5 or 10 min was recommended, and the
hemagglutination activity was reduced by 85 and 98.5%,
respectively, while the binding capacity of rabbit serum
antibodies was reduced by 98.6 and 99.2%, respectively.171

Direct heating of black kidney beans at 97 °C for 20 min could
basically destroy the lectin activity, and the same effect could
be achieved by heating at 97 °C for 10 min after soaking for 16
h.172 According to the published papers, three kinds of pre-
soaked kidney beans (red, white, and black kidney beans)
combined with heating above 75 °C could significantly reduce
the allergenicity.173 Studies have pointed out that the
allergenicity of lectins from soaked kidney beans could be
completely eliminated after boiling for 15 min.174 In addition,
heating would also improve the digestive sensitivity of kidney
bean lectin in the gastrointestinal tract, thereby further
reducing its allergenicity.175 However, the lectins might be
protected by the whole beans or polysaccharides during the
thermal processing; thus, future research should notice the
effect of the food matrix on allergen sensitization.
Extrusion Cooking. Because of the huge demand for ready-

to-eat foods in the modern lifestyle, extrusion cooking is widely
applied using the single-screw extruder and/or twin-screw
extruders with high temperature and pressure (up to 200 °C
and 20 MPa).176 Previous studies have demonstrated that low-
temperature (85 °C) extrusion could significantly reduce lectin
in P. vulgaris L. beans by 85−95% over raw beans.177 In detail,
heat, high friction, and shear forces in the extrusion cooking
would result in the denaturation of the lectin protein and
would improve the accessibility by the exposure of proteolysis-
sensitive sites.178

Physical Non-thermal Processing. The traditional heat
treatment process is usually used to reduce the allergenicity of
food, but at the same time, the food quality attributes will be
changed drastically.179 Thus, the non-thermal processing
technology, such as high-pressure treatment, irradiation,
ultrasonication, cold plasma, pulsed light, and pulsed electric
field, has been developed to retain the food characteristics and
reduce the sensitization potential.
Ultra High-Pressure Treatment. As an emerging non-

thermal processing technology in the food industry, high-
pressure technology mainly affects non-covalent interactions
(hydrogen, ion, and hydrophobic bonds) in protein mole-
cules.167,180 Previous studies have shown that the primary and
secondary structures of the allergen protein would be
reversibly twisted after low-pressure treatment (<200 MPa).
When the pressure reached 200 MPa, the tertiary structure and
molecular interactions would be changed, and when the
pressure further increased to 500 MPa, the molecular structure

of the protein would be unfolded, resulting in the exposure of
hydrophobic amino acid residues and intramolecular sulfhydryl
groups (−SH).179 The significant reduction of the IgE binding
capacity of the seeds from soybean, dried peanut, chickpea, and
lentils was confirmed after the instantaneous high-pressure
treatment.181−183 The purified red kidney bean lectin began to
unfold and then gradually formed a molten spherical state
under 50 MPa pressure of high hydrostatic pressure treatment,
while the insignificant changes in the coagulation activity under
≤150 MPa revealed the integrity of the natural structure, but
the kidney bean lectin protein might undergo molecular
rearrangement and molecular polymerization when the
pressure was ≥450 MPa, with a complete loss of sensitization
potential.184,185

Irradiation Treatment. With a little reduction in the
nutrition and sensory of food, irradiation can result in the
conformational changes of the proteins, such as fragmentation,
aggregation, cross-linking, and amino acid modification,
thereby influencing the allergenicity.170,186 After the treatment
of 25 kGy γ-irradiation, the specific IgE binding rate of kidney
bean lectin was reduced by about 34%.170 Although the kidney
bean lectin structure was still intact even at the irradiation of
≤30 kGy under dry or 50% moisture conditions, the
inactivation of lectin was observed in an aqueous solution at
a dose of 10 kGy with the complete destruction in the
secondary and tertiary structures, suggesting the significance of
moisture conditions.187,188 Similarly, structural intactness of
PHA was observed below 30 kGy in the dry state (99.5% dry)
or in a 50% moisture condition, while a 50% reduction in
hemagglutinin and mitogenic activity was observed in the dose
range of 30−50 kGy, and soaked kidney beans exhibited 50%
loss in biological activity at the radiation doses of 30 kGy;
however, purified PHA would be completely inactivated in
aqueous solution at a dose of 10 kGy.189

Ultrasonication. High-power ultrasound can accelerate
certain chemical reactions by physically disintegrating or
establishing pressure and temperature gradients in the
propagating material, thereby causing material modification.
Food products could absorb the ultrasonic waves and cause the
acoustic cavitation phenomenon in the materials, which could
induce structural changes of the native proteins and influence
the allergenic features finally.179 Besides, the high-power
ultrasound might induce the physical disintegration or
establish pressure and temperature gradients in the propagat-
ing media. According to the published papers, ultrasonication
was often used in the bean processing combined with other
treatments. The IgE-binding capacity of the soybean seeds was
reduced by 51.39% after the ultrasonication (300 W)
treatment, followed by germination.190 Continuous ultrasound
and enzyme digestion with trypsin and chymotrypsin have
been employed in the peanut treatment, and the immunor-
eactivity of peanut allergens Ara h 1 and Ara h 2 would be
reduced by 50%.191 In addition, after the germination for 3
days, the peanut protein allergens would be completely
degraded when subjected to high-intensity ultrasound wave
(100 kHz) treatment.192

Cold Plasma Treatment. Ionized gas, also named the fourth
state of matter, is composed of a variety of reactive substances,
including ultraviolet (UV) light photons, ions, electrons, free
radicals, molecules, excited atoms, etc. These substances would
be generated after the gas excitation and ionization and could
induce certain interactions with proteins and change the
primary conformational structure to incapacitate the binding
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sites of antibodies.193,194 According to the previous study,
soybeans were subjected to the cold plasma treatment, the
aggregate state of allergens was observed, and the immune
reactivity was significantly reduced, as detected by ELISA.195

Pulsed Light (PL) Treatment. PL is the white light pulse
consisting of a series of very short and high-power wide spectra
and contains about 54% UV, 20% infrared (IR), and 26%
visible radiation, and then the PL is also the high-energy pulse
processing high penetration power with rapid dissipation.196

Generally, aromatic amino acids, such as phenylalanine and
tyrosine, in food proteins easily absorb UV light, which will be
accompanied by photooxidation and dissociation and then
might be beneficial to the formation of covalent cross-linking
among proteins to form larger aggregates.197 Besides, with the
changing of protein integrity, disulfide bond (S−S) oxidation
might be induced,198 and the destruction of the S−S bond
might directly lead to the rearrangement of the protein
structure and influence the binding ability with IgE.191 It has
been proven that PL treatment could significantly reduce the
sensitization potential of Ara h 1, Ara h 2, and Ara h 3.199

Previous studies also exhibited the decrease of glycinin and β-
conglycinin in the soy extact after the pulsed ultraviolet (PUV)
light for 2, 4, and 6 min, separately.200

Pulsed Electric Field (PEF) Treatment. The PEF will use
short-pulse currents to infiltrate and decompose microbial cells
while only making small changes to the quality attributes of the
food product. PEF treatment will also cause the changes in the
protein allergen structures and affect the IgE binding ability,
which is similar to other non-thermal treatments.201 The effect
of PEF treatment on peanut proteins have been explored
recently, and the protein structure was altered significantly;202

however, some previous studies also demonstrated that no
significant changes in the secondary structures of purified
peanut allergy Ara h 2 and Ara h 6 were observed after the PEF
treatment.203 More studies should be carried out in detail.
Chemical Modifications. In the early days, the specific

amino acids of lectins were modified by the chemical method
to seek the active sites, and the importance of tryptophan in
Jalo bean (P. vulgaris) lectins was confirmed by tryptophan
oxidation with N-bromosuccinimide with the elimination of
the agglutinating, mitogenic, and toxic activities.204 However,
most chemical modifications, such as acylation, phosphor-
ylation, deamination, and alkylation, might induce the
formation of toxic reagents and would be difficult to be
controlled in food processing. According to the recent
literature, the glycosylation, PEG modification, and pH shifting
would be the most promising methods to modify the
sensitization of lectins.
Glycosylation Modification. The peptide chain of the

protein would be broken during the thermal treatment, and the
lysine residues on the surface of the lectin would participate in
the Maillard reaction with reducing sugars, which might result
in the modification of linear epitopes containing these amino
acid sites and lead to reduction of sensitization.205 Glyco-
sylation modification was found to be useful to reduce the
sensitivity of soybean lectin allergens,179 but it might be
interesting that the IgE binding properties of the peanut
agglutinin could not be changed by the glycosylation with
maltose and glucose, while it would be eliminated to a certain
extent by the glycosylation with fructose and ribose,206

suggesting the significance of sugars.
PEG Modification. The PEG derivatives with a molecular

weight above 1000 Da have been approved for pharmaceutical

formulation designs in human use by the U.S. Food and Drug
Administration (FDA), and then PEG succinimidyl carbonate
(PEG−SC), PEG succinimidyl succinate (PEG−SS), and PEG
succinimidyl propionate (PEG−SPA) conjugation have been
used to modify the black kidney bean lectin to reduce the
hemagglutination activity and allergenicity by the steric
hindrance effects as well as improve the gelling properties by
the PEG molecules.207,208

pH Shifting. According to the previous studies, significant
decreases in the α-helix of P. vulgaris lectin were observed at
pH < 1.5 incubation accompanied by the dissociation of the
polymer, disulfide bond fracture, and increase of hydro-
phobicity because of the protonation induction; meanwhile,
more protease cleavage sites of black kidney bean lectin would
be exposed with a significant improvement of digestibility.43 It
might be interesting that the unfolding lectin at acidic
conditions would be refolded when the pH was adjusted to
neutral; structural misarrangement would occur during the pH-
shifting process; and the renaturation rate of completely
denatured PHA-L was calculated as 85% at pH 7.2 from the gel
filtration data after 2 days of renaturation.52 According to our
studies, the hemagglutination activity of P. vulgaris lectin was
reduced by 50% after the pH-shifting treatment from pH 1.5 or
1.0 to 7.2, suggesting that the sugar-binding sites might be
destroyed as a result of conformational changes, and then the
IgE binding ability would also be reduced.209

Molecular Binding. Some molecules, such as polyphenols,
could bind with the protein allergen and also inhibit IgE
recognition by obstructing IgE epitopes. Previously, procyani-
din C1 and chlorogenic acid from Vaccinium fruits were used
to interact with peanut allergen Ara h 2 and changed the
secondary structure of the protein with a significant decrease of
the IgE binding capacity.210 In addition, another previous
study has also demonstrated that the complexation of
blueberry and cranberry polyphenols to peanuts could
potentially reduce the expression of plasma IgE and spleen
CD 63 protein in a peanut-sensitized C3H/HeJ rat.71

Biological Treatments. Germination. As reported, the
lectin content in the black turtle bean samples was also found
to decrease by 46% after the germination treatment for 24 h,
and it would be reduced by 76% after 48 h.211 Similarly, after 7
days of germination, the content of white kidney bean (P.
vulgaris L.) lectin decreased by 85%.212 During the
germination treatment, the proteolysis and some modifications
of the carbohydrate moiety might significantly reduce the
agglutinating potential of PHA-P lectin.213

Fermentation. The reduction of P. vulgaris L. lectin levels
has been found in the natural fermented (NF) and lactic acid
fermented (LF) fermentation processes.214 During the
fermentation process, the linear epitopes and conformational
epitopes of the food protein would be destroyed by the
conformational change induced by hydrolysis and acid-
ification.215 In the in vivo study, a significant decrease in
allergy symptoms was observed in the mice feeding on the
fermented soybeans.216

Enzymatic Hydrolysis. In addition, the method of
enzymatic hydrolysis mainly destroys linear allergen epitopes
by partially or extensively using proteolytic enzymes or cellular
enzymes. Previously, the IgE binding ability of the soluble
protein extract in kidney bean was reduced by 62.2 ± 7.7%
after treatment with alkaline protease and flavor enzymes, and
the release of histamine was decreased significantly in
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sensitized basophils, while only 10% of patients showed allergic
symptoms in the SPT.217

Plant Molecular Breeding. Biological breeding and RNA
interference (RNAi) were also used to eliminate or modify
allergenic proteins in foods. Differences in the concentration of
lectins among cultivars grown in Mexico and the U.S.A. have
been reported.218 In an investigation for three genotypes of
kidney beans, one genotype does not contain phytohemag-
glutinin, one has a lower content of lectin, and then the kidney
bean powder with a low content and without PHA was found
to have no erythrocyte agglutination activity, regardless of
whether it was fermented or not.219 RNAi has been
successfully used to inhibit the formation of allergic protein
Ara h 2 in peanut.220

In short, the consumption safety of kidney bean allergies is
of great significance. At present, animal models are mostly used
to explore related sensitization mechanisms of kidney bean
lectin, but research reports related to human sensitization are
relatively lacking. Therefore, the sensitization threshold of
kidney bean lectin is still unclear. To accurately reflect the
immune activity of the lectin, various purification and
detection methods have been widely used, and the
comprehensive application of several technologies, such as
the combination of immunoassay and electrochemical or
bioinformation methods, makes the detection method more
sensitive, more repeatable, and more efficient. Furthermore,
the combination of multiple food processing methods to
reduce the allergenicity of lectin protein may be one of the
important research directions in this field in the future.
Moreover, because the individual differences of the intestinal
flora might also play an important role in allergies, then, in the
future, the detection of food allergens and the formulation of
desensitization strategies may be developed in the direction of
personal customization.
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etry; LC−MS/MS, liquid chromatography−tandem mass
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detection; MS, mass spectrometry; MW, molecular weight;
NF, natural fermented; NIR, near-infrared; NP, nanoparticle;
ODI, radial double immunodiffusion; PEF, pulsed electric
field; PHA, phytohemagglutinin; Pha v 3, lipid transfer protein;
PEG, polyethylene glycol; PEG−SC, polyethylene glycol
succinimidyl carbonate; PEG−SS, polyethylene glycol succini-
midyl succinate; PEG−SA, polyethylene glycol succinimidyl
propionate; PHA-P, phytohemagglutinin P; PHA-E, phytohe-
magglutinin E; PHA-L, phytohemagglutinin L; PL, pulsed
light; PNA, Ara h agglutinin; QCM, quartz crystal micro-
balance; RIA, radioimmunoassay; RIEP, rocket immunoelec-
trophoresis; RM, reversed micelle; RME, reversed micellar
extraction; RNAi, RNA interference; RP-HPLC, reversed-
phase high-performance liquid chromatography; SGF, simu-
lated gastric fluid; sIgE, specific immunoglobulin E; SPT, skin
prick tested; SPR, surface plasmon resonance; Tg, porcine
thyroglobulin; Th2, T helper 2 cell; TOF, time of flight; UV,
ultraviolet; WB, western blot; WHO, World Health Organ-
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