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Abstract

Due to the increasing demand for plant based proteins in food products, research is being carried out to improve the
functional properties of pea protein. Here, the glycation of pea protein isolate (PPI) with mannooligosaccharides (MOS)
was studied, with the aim to increase solubility. Various MOS were released by enzymatic hydrolysis of galactomannans
and separated into four fractions according to their degree of polymerization (DP; DP of 2, 3, 7-9 and >9). MOS reacted
with PPI under controlled conditions via the Maillard reaction. Different reaction times were tested for the MOS fractions
to vary the extent of glycation and the progress of the Maillard reaction. Thus, the color and the decrease in free amino
groups were measured, and gel electrophoresis was performed to observe the change in molecular weight of the proteins.
Based on the results, MOS fractions with a DP of 7-9 and >9 and reactions times of 24—48 h, respectively, were classified
as promising due to a moderate decrease in free amino groups and only a slight change in color. Differently, glycation
with mannobiose and mannotriose resulted in advanced glycation and was considered unsuitable. The solubility of the
glycated proteins was determined at a pH of 3.5 and 7.0. Under neutral conditions, solubility did not change as a result of
glycation. However, under acidic conditions, glycation increased the solubility of the pea proteins from 26% to about 46%.

Keywords Plant based protein - Protein modifications - Galactomannans - Dietary fiber - Maillard reaction - Protein-
oligosaccharide conjugates

Introduction currently no concerns of pea allergenicity [2]. Pea protein

consists mainly of water-soluble albumins (10-20%, 5-80

Currently, there is a heightened demand for protein enriched
food products. Plant proteins are becoming increasingly a
desired source of protein as their production is more sus-
tainable and cost-effective compared to animal proteins.
Therefore, there is great interest in replacing animal pro-
teins with plant proteins in various food products [1]. After
soy protein, pea (Pisum sativum L.) protein is the most
widely used plant protein, offering high nutritional quality
and health-related benefits in addition to wide availability
and low-cost production. In addition, unlike soy, there are
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kDa) and salt-soluble globulins (70-80%), the latter being
further classified into legumin (11 S storage proteins) and
vicilin (7 S storage proteins) [3]. Overall, pea protein has a
high content of lysine, but limited amounts of methionine
and tryptophan [3]. In terms of functional properties, pea
protein lags behind soy protein [1], and is therefore a plant
protein with high potential for development. To be used in
food products (e.g., in meat alternatives, protein drinks),
proteins must generally fulfill requirements in terms of
nutritional quality, flavor, and specific functionality [1]. To
achieve the desired functional performance, proteins can be
modified physically, biologically, or chemically. One poten-
tial chemical approach is Maillard-induced glycation [2].
The Maillard reaction is a well-known browning reaction
in foods. However, the same mechanism can also be utilized
for the glycation of proteins if it is stopped at an early stage.
In the first step of the Maillard reaction, an amino group
of the protein reacts with the carbonyl group of a reduc-
ing sugar unit in a condensation reaction. Thus, only the
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reducing unit of an oligo- or polysaccharide can react with
the protein. The e-amino group of lysine is highly reactive
and represents the largest proportion of available primary
amines in proteins, making it of particular interest for this
reaction [4]. The N-substituted glycosylamine formed from
aldoses further reacts to form the Schiff base and rearranges
to form the Amadori product. In the later stages of the
Maillard reaction, however, Amadori products convert to
deoxyosones and are further degraded through enolization,
dehydration, fragmentation, oxidation, acid hydrolysis, and/
or reactions with free radicals. As a consequence, various
advanced products such as furfural, hydroxymethylfurfu-
ral, pyruvaldehyde, and/or diacetyl are formed. In the last
steps of the Maillard reaction, nitrogen-containing, brown-
colored polymers and copolymers called melanoidins are
formed [5]. Generally, products of the advanced stages of
the Maillard reaction are not favored as these may be col-
ored and/or may raise concern as potential food borne con-
taminants. Thus, in order to take advantage of the benefits
of the Maillard reaction for the glycation of proteins, it must
be carried out under controlled conditions. Relevant reac-
tion parameters include pH, temperature, the ratio of amino
to carbonyl groups, relative humidity, and the reaction time
[4]. Although being a challenging task, glycation of proteins
with hydrophilic poly- or oligosaccharides such as gum
Arabic, pectins, and maltodextrin has been demonstrated to
increase solubility, emulsifying properties, and heat stabil-
ity [6, 7]. In addition, glycation may remove pea protein
off-flavor [6].

Mannans are hemicelluloses of the plant cell wall,
belonging to the dietary fiber complex. Mannans are based
on a backbone of B-1,4 linked D-mannose units that can be
substituted with side chains of a-D-galactose units attached
in position O6 of the backbone units. In addition, D-glucose
units may be incorporated into the backbone [8]. Cleavage
of mannans by the enzyme endo-p-1,4-mannanase results in
mannooligosaccharides (MOS) of different degree of polym-
erization (DP). MOS can also be obtained by an enzymatic
treatment of mannan-rich by-products of the food industry
such as coffee grounds and currant or coconut pomaces [9].
Currently used mannan-rich materials include locust bean
gum (LBG), guar gum, and konjac flour. These sources are
more expensive than by-products, and from a sustainabil-
ity point of view, MOS generation from by-products would
be preferred. However, due to their high amounts of man-
nans, materials such as LBG are well suited to generate high
amounts of MOS for model studies. LBG originates from
seeds of the carob tree and is used in food and pharmaceuti-
cal industry as thickening and gelling agent. LBG mostly
consists of galactomannans, having a ratio of mannose to
galactose of roughly 4:1 [10].
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As the focus in past studies was mostly on the protein
component of the Maillard-induced glycation [6, 7, 11-14],
our study aimed to broaden the knowledge on the role of the
carbohydrate used. Therefore, the focus of this study was
to isolate fractions of mannooligosaccharides with defined
DP and study their suitability for the glycation of pea pro-
tein isolate (PPI). From a technofunctional point of view, we
aimed to increase the solubility of pea protein through gly-
cation with mannooligosaccharides, thus enabling its use in
liquid or semi-liquid food products such as protein enriched
drinks.

Materials and methods
Materials and reagents

Yellow pea flour was kindly provided by AGT Foods and
Ingredients Inc. (Regina, SK, Canada). PPI was produced by
alkaline extraction at pH 7.5 and precipitation at pH 4.5 at
the Joseph J. Warthesen Food Processing Center of the Uni-
versity of Minnesota as detailed in Hansen ef al. [15]. Com-
mercial pea protein isolate (cPPI, ProFam® Pea 580, 79.5%
protein) was provided by Archer Daniels Midland (ADM;
Decatur, IL, USA). Endo-B-1,4-mannanase (from Aspergil-
lus niger, GH26, EC 3.2.1.78, ~ 600 U/mL) was purchased
from Megazyme (Bray, Ireland). Pierce™ BCA assay kit
and SnakeSkin™ Dialysis Tubing (molecular weight cut
off (MWCO) of 10 kDa) were from Thermo Fisher Sci-
entific Inc. (Waltham, MA, USA). B-Mercaptoethanol
(BME), running buffer (10x Tris/glycine/SDS running buf-
fer), Laemmli buffer, Precision Plus Protein™ molecular
weight marker, and Criterion™ TGX™ Precast polyacryl-
amide gel (4-20%, 18-well) were purchased from Bio-Rad
Laboratories, Inc. (Hercules, CA, USA). LBG, ethanol,
sodium hydroxide, sodium acetate, albumin, dextrose,
L-lysine, sodium dodecyl sulfate (SDS), sodium tetraborate,
o-phthaldialdehyde (OPA), ethylenediaminetetraacetic acid
(EDTA), and glycine were purchased from Sigma-Aldrich
(St. Louis, MO, USA or Darmstadt, Germany).

Preparation of mannooligosaccharides

LBG was dissolved in deionized water (1% (weight (w)/
volume (v))) and mannanase (100 uL) was added. The sus-
pension was incubated for 24 h at 60 °C with shaking, fol-
lowed by enzyme inactivation at 95 °C for 10 min. Residual
polymers were precipitated with 60% (v/v) ethanol. The
suspension was centrifuged, and the supernatant contain-
ing MOS was rotary evaporated (max. temperature 50 °C).
MOS were redissolved in deionized water and separated
with size exclusion chromatography (SEC) using a Bio Gel
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P-2 column (bed volume: 85 x2.6 cm; BioRad Laboratories,
Feldkirchen, Germany). Deionized water with a flow rate
of 0.5 mL/min was used as eluent. The eluate was moni-
tored using a Smartline RI detector 2300 (KNAUER Wis-
senschaftliche Gerdte GmbH, Berlin, Germany) at 45 °C.
The eluate was collected in 6 min fractions. Fractions were
combined according to the chromatograms, resulting in four
fractions (F1 - F4) (Fig. 1).

Structural characterization of
mannooligosaccharides

Degree of polymerization

To get information about the purity and DP of the isolated
fractions, they were measured using a system of high perfor-
mance anion exchange chromatography (HPAEC) coupled
with pulsed amperometric (PAD) and mass spectrometric
(MS) detectors as described earlier by Steck and co-workers
[16]. In brief, a CarboPac PA-200 column (6 pm particle
size, 250 x 3 mm, Thermo Fisher Scientific) was used, and
double deionized water (A), 0.1 M NaOH (B), and 0.1 M
NaOH + 0.5 M sodium acetate (C) formed the mobile phase
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Fig. 1 a Refractive index (RI) chromatogram of the size exclusion
chromatography (SEC) based separation of mannooligosaccharides
released from locust bean gum by endo-p-1,4-mannanase. b High per-
formance anion exchange chromatography with pulsed amperometric
detection and mass spectrometry (HPAEC-PAD/MS) based chromato-
grams of the analysis of the SEC separated fractions of mannooli-
gosaccharides. Mass to charge ratios (m/z) of Li adducts of selected
dominant signals up to a degree of polymerization of 9 are labeled.

(flow rate: 0.4 mL/min). For separating MOS, the column
was rinsed with 100% C for 10 min and with 95% A and
5% B for 20 min prior to injection. Following injection, the
eluent was kept constant for 10 min at 95% A and 5% B, fol-
lowed by a linear gradient from 10 to 15 min to 90% A and
10% B, kept constant for 10 min, followed by a linear gradi-
ent from 25 to 35 min to 80% A and 20% B, from 35 to 45
min to 45% A and 55% B, and from 45 to 75 min to 40% A,
55% B, and 5% C. Finally, the linear gradient was changed
to 100% C from 75 to 85 min to rinse the column. For the
simultaneous detection by PAD and MS, the eluate was split
and desalted by an electrolytically regenerated suppressor
(Dionex AERS 500 + AXP pump, Thermo Fisher Scientific)
for electrospray ionization (ESI) coupled with MS detec-
tion. To facilitate the formation of stable adducts, lithium
chloride solution was added to the eluate before entering the
MS detector. The Li adducts of the analytes were detected
as [M + Li]" or [M + 2*Li]*", enabling the calculation of
the DP.

Monosaccharide composition

The monosaccharide compositions of F1 - F4 were analyzed
following trifluoroacetic acid (TFA) hydrolysis. MOS con-
taining fractions were treated with 2 M TFA for 1 h at 121
°C [17], evaporated, and the samples were washed twice
with ethanol and evaporated to remove TFA residues. The
residues were dissolved in double deionized water and
2-deoxy-D-glucose was added as internal standard (final
concentration: 25 uM). Monosaccharide analysis was per-
formed by HPAEC-PAD using a CarboPac PA-20 column
(6 um particle size, 150 x 3 mm, Thermo Fisher Scientific)
and a mobile phase consisting of double deionized water
(A), 0.1 M NaOH (B), and 0.1 M NaOH + 0.5 M sodium
acetate (C) (flow rate: 0.4 mL/min). Prior to injection, the
column was rinsed with 100% B for 10 min and with 90% A
and 10% B for 10 min. The eluent composition was linearly
changed from 0 to 1.5 min to 97% A and 3% B, followed by
an isocratic elution from 1.5 to 22 min and a linear change
from 22 to 27 min to 100% B. The last 10 min of elution
were performed isocratically with 60% B and 40% C. For
calibration, galactose and mannose standards were used in
concentrations of 1-125 uM. The monosaccharide compo-
sition of the fractions was measured in duplicate.

Glycation

PPI and oligosaccharide fractions F1 - F4 (1:4, w/w) were
solubilized in a potassium phosphate buffer (0.01 M, pH
7.0, 1:4 w/v). After lyophilization, the mixture was ground
in a mortar and distributed evenly in petri dishes (0.4 g in 23
mm diameter dishes or 2.472 g in 87 mm diameter dishes).
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Samples were incubated at 60 °C and 49% relative humidity
[7] for different periods of time (648 h). Each experiment
was done in triplicate, and the samples were combined after
measuring the color. This combined sample was used for
further analysis.

Characterization of the glycated protein
Color

To monitor unwanted browning, the color of the samples
was measured before and after glycation using the colorim-
eter Chroma Meter CR-221 (Minolta Camera Co., Osaka,
Japan). L* (lightness), a* (redness), and b* (yellowness)
values of the CIE (commission internationale de 1’éclairage)
system were measured in triplicate [11].

Loss of free amino groups

To determine the loss of free amino groups, the OPA method
was performed as described by Goodno and co-workers [18]
with modification of preparing the sample solutions in 3%
SDS as described by Schneider and co-workers [7]. A stan-
dard curve was generated using L-lysine. Protein contents
were measured using Pierce™ BCA assay kit following the
manufacturer’s instructions. Finally, the loss of free amino
groups was determined by comparing free amino groups per
protein before and after glycation. All samples were mea-
sured in triplicate.

SDS-poly acrylamide gel electrophoresis (PAGE)

To monitor changes in the protein profile, SDS-PAGE was
done using Criterion™ Cell and PowerPac™ Basic Power
(BioRad Laboratories, Hercules, CA, USA), Criterion TGX
Precast polyacrylamide gels (4-20%, 18-Well), and a Bio-
Rad running buffer (10x Tris/glycine/SDS running buffer)
at 200 V [13]. Samples (to final concentration of 12.5 nug in
5 uL) were prepared under non-reducing (100 pL sample +
100 pL Laemmli buffer) and reducing conditions (100 pL
sample + 95 uL Laemmli buffer + 5 L. BME) and boiled
for 5 min. A molecular weight marker was used for com-
parison. After completion of the electrophoresis run, the gel
was stained using an imperial protein stain solution for 45
min, while shaking. After staining, the gel was washed with
water. Molecular Imager Gel XR system (BioRad Labora-
tories, Hercules, CA, USA) was used for imaging the gels.

Protein content

An automated Leco®™ FP828 nitrogen analyzer (LECO, St.
Joseph, MI, USA) was used to measure protein contents in
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duplicate, following the Dumas principle (AOAC 990.03),
with a standard nitrogen-protein conversion factor of 6.25.
Calibration was performed using EDTA for solid samples
and glycine for liquid samples.

Purification of glycated proteins by dialysis

The mixture of MOS and PPI after glycation was solubilized
in double deionized water (8% (w/v) solution) and placed in
a dialysis tube with a MWCO of 10 kDa. Dialysis was per-
formed at 4 °C with ten water changes at 3—4 h intervals,
followed by lyophilizing of the retained glycated proteins.

Solubility

The protein solubility was determined as described by Wang
and Ismail [19]. Suspensions of the purified glycated PPI
(5% (w/v)) were prepared by stirring for 2 h at room tem-
perature. The pH was adjusted to 7.0 or 3.4 (Eutech™ pH
700 m, Thermo Fisher Scientific Inc., Waltham, MA, USA)
by using NaOH (0.1 N) and HCI (0.1 N) after stirring and
was checked after 1 h of further stirring, respectively. The
suspension was divided into three parts. One part was kept
to represent the initial sample. Another part was heated for
30 min at 80 °C (heated sample) and the third part was left
at room temperature (non-heated sample). The heated and
non-heated samples were centrifuged (Microcentrifuge
5418, Eppendorf, Hamburg, Germany). The protein con-
tents of the initial sample and the supernatants of the heated
and non-heated sample were measured via the Dumas
method (AOAC 990.03). The solubility was calculated as
the ratio of the protein contents of the supernatants of the
heated or non-heated sample after centrifugation to the pro-
tein content of the initial sample without heat treatment and
centrifugation. Samples were prepared in duplicate, and the
protein content of each duplicate was measured twice. For
statistical analysis the mean of protein solubility for each
sample was used.

Statistical analysis

Analysis of variance (ANOVA) and t-tests were performed
OriginPro 2023 for Windows. A paired t-test was used to
determine significant differences (p<0.05) between the
means of two paired samples (color changes). Tukey test
(»=<0.05) was used to determine significant differences
between means of different samples (loss of free amino
groups, solubility).
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Table 1 Degree of polymerization (DP) and monosaccharide composi-
tion (mol% = range/2, n=2) of four fractions of mannooligosaccha-
rides isolated by size exclusion chromatography

DP Monosaccharide composition
Mannose / mol% Galactose / mol%
Fraction 1 >9 65.3+0.2 34.7+0.2
Fraction 2 7-9 66.7+0.1 33.3+0.1
Fraction 3 79.4+0.1 20.6+0.1
Fraction 4 94.1+0.0 5.9+0.0

Results and discussion

Production and structural characterization of
mannooligosaccharides

LBG was enzymatically hydrolyzed using an endo-B-1,4-
mannanase. As previous studies showed that the DP of the
oligosaccharides affects protein glycation under controlled
conditions [7, 12, 19], we were aiming to compare MOS
of different DP. Thus, the hydrolysis conditions were opti-
mized in order to obtain MOS fractions of different DP
instead of using an end point incubation resulting in a very
limited diversity of the liberated MOS. Separation of lib-
erated MOS from residual polysaccharides was achieved
by precipitation of the polysaccharides using 60% ethanol.
Usually 80% ethanol is used to separate oligosaccharides
from soluble polysaccharides [20]. However, as some oli-
gosaccharides with a higher DP precipitate at this high
percentage of ethanol (data not shown), 60% ethanol was
chosen instead to increase both yield and diversity of MOS.

The liberated MOS were fractionated using SEC result-
ing in the isolation of four fractions containing MOS of
different DP (Fig. la). Before being used for glycation
experiments, fractions F1 - F4 were chemically character-
ized. The two peaks in F1 were combined as one fraction

% %

c’ %%

because both peaks showed similar HPAEC-PAD/MS data.
Since LBG are galactomannans, MOS substituted with
galactose are also released by treatment with mannanase
in addition to unsubstituted MOS. According to HPAEC-
PAD/MS data (Fig. 1b) and analysis of the monosaccha-
ride composition (Table 1), the oligosaccharides in F1 were
characterized by a DP of > 9. F2 contained oligosaccha-
rides with a DP of 7-9. The ratio of mannose to galactose
in both fractions was about 2. Thus, the major difference
of F1 and F2 oligosaccharides was based on their DP and
not on their degree of substitution with galactose. By com-
parison with standard compounds of commercial MOS and
isolated galactomannooligosaccharides [9], F2 contained
predominantly a disubstituted mannopentaose and a disub-
stituted mannohexaose (Fig. 2b and c). Application of pre-
viously mentioned analyses to F3 demonstrated a mannose
to galactose ratio of about 5, and comparison with standard
compounds revealed that F3 mainly consists of mannotri-
ose and a monosubstituted mannobiose (Fig. 2a). F4 mainly
contained mannobiose, consistent with a low galactose
content of 6%. Thus, differently from previous studies, in
which oligosaccharides with DP 2—5 were observed after
incubating LBG with mannanase [21, 22], the mannanase
used here released also MOS with a higher DP under the
selected hydrolysis conditions.

Glycation using different mannooligosaccharide
fractions

Color
Initially, PPI was incubated with the four MOS fractions
for 24 h. Following glycation with F3 and F4, the samples

showed a strong decrease in the lightness (L*) and red (a*)

oH OH

OH

OH

Fig. 2 Structures of some major galactomannooligosaccharides that were identified in the size exclusion chromatography fractions: a monosub-
stituted mannobiose, b disubstituted mannopentaose, ¢ disubstituted mannohexaose, dark blue: D-mannopyranose, light blue: D-galactopyranose
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Table 2 Color (L* a* b*) of the mixtures of pea protein isolate (PPI) and oligosaccharide fractions 1 - 4 (F1 - F4) before (0 h) and after (24 h)

incubation
L% a* b* Visual cbhservation
0h 24 h 0Oh 24 h 0h 24 h 0Oh 24 h
PPI+ F1 85 81 85.87° 0.01* -0.10® 13.01* 13.53* D
PPl + F2 B7.B2¢ 84 8gb -0.35* -0.649 11.21* 132" D
PPl + F3 86.58* 53750 -0.35* -1.38% 11.84* 17.38b D
PPl + F4 85.044 45_29b -0.26* -0.50® 12.55* 20.15b

Lowercase letters indicate significant differences between means (n=3) of a sample before and after incubation according to a paired t-test

(p<0.05)

color values and an increase in the yellow value (b*). Dif-
ferently, there were no or only slight color changes if F1 or
F2 were used for glycation (Table 2). Decreasing L* val-
ues indicate later stages of the Maillard reaction, in which
browning occurs, whereas controlled Maillard reaction, in
which progression beyond the initial/intermediate stage is
largely avoided, does not result in any visible color changes
[23]. Therefore, fractions F3 and F4 were deemed less suit-
able for the glycation of PPI than F1 and F2. Slightly greater
color changes than for PPI incubated with F1 or F2 were
observed by Schneider and co-workers [7] when PPI was
incubated with maltodextrin with an average DP of 8.3.
However, since the maltooligosaccharides were not charac-
terized by a narrow DP range, but represented a mixture of
predominantly oligosaccharides with DP from 2 to 20, the
color changes probably originated from the smaller oligo-
saccharides as observed here when F3 and F4 were used for
glycation.

Loss of free amino groups

Color changes due to Maillard reaction are usually also
reflected in a more pronounced decrease in free amino
groups as oligosaccharides are initially covalently bound to
free e-amino groups of lysine [6]. Also, limited glycation of
the essential amino acid lysine is important to secure the bio-
logical value of PPI. Therefore, a low to moderate decrease
in the loss of free amino groups between roughly 15% and
28% was targeted. The loss of free amino groups was 10.1%
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Fig.3 Loss of free amino groups of pea protein isolate (PPI) after gly-
cation with oligosaccharide fractions 1 - 4 (F1-4) for 24 h (% + SD),
lowercase letters indicate significant differences between means (n=3)
of different samples according to the Tukey test (p<0.05)

and 30.3% for PPI glycated with F1 and F2, respectively
(Fig. 3). Unacceptably high losses in amino groups, up to
75.9%, were observed when F3 or F4 were used as source
of carbohydrates. It was demonstrated previously that gly-
cation is faster when monosaccharides are used compared
to di- or oligosaccharides [12]. The assumption that glyca-
tion also occurs faster with di- and small oligosaccharides
as compared to larger oligosaccharides can be confirmed for
MOS. For the glycation experiments, the MOS to protein
ratios were always calculated on weight basis. Therefore,
fractions containing larger amounts of oligosaccharides
with a smaller DP have more reducing ends being available
for the reaction with proteins. Based on the high loss of free
amino groups in combination with advanced browning, F4
was assessed as unsuitable for the glycation of PPI and was
not studied further. Fraction F3 showed less (as compared
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to F4) but still substantial changes in color and loss of free
amino groups in the glycation experiments for 24 h; how-
ever, further incubation times were tested to see if F3 could
perform better under different conditions.

Using the same incubation conditions (60 °C, 49%
relative humidity, 24 h), a loss of free amino groups of
29.6% was observed for PPI glycated with maltodextrin
[7]. A comparable loss of free amino groups of 25.9% was
described when pea protein concentrate was glycated with
gum Arabic for three days at 79% relative humidity and 60
°C [6]. However, the authors reported already a decrease in
free amino groups of 11.4% when pea protein concentrate
was incubated without gum Arabic. Differently, no changes
were observed in our study when PPI was incubated without
the addition of MOS (data not shown). These differences
between the two studies might be due to different amounts
of reducing carbohydrates in the starting protein samples,
depending on the protein isolation process performed.

Adjustment of glycation time and scale-up

Additional incubation times were tested to achieve only
moderate color changes and to adjust for the loss of free
amino groups as a result of glycation (Table 3). Longer
incubations were carried out for F1 and shorter incubations
for F2 and F3, followed by analyses of color change and
loss of free amino groups. In spite of a short incubation
time of 6 h, an unacceptable color change and a loss of free
amino groups of 40.3% were observed when PPI was incu-
bated with F3, excluding also F3 from being a candidate to
glycate PPI. Although glycation with oligosaccharides of a
larger DP requires a longer incubation time, these oligosac-
charides, in contrast to mono-, di-, and small oligosaccha-
rides, offer the possibility of performing Maillard-induced
glycation in a controlled manner. As mentioned before,
fractions with a lower degree of polymerization, such as
F3 and F4, have more reducing ends (on a weight basis)
available to react with the protein. Experiments in which

dextrans of different molecular sizes were used for glycation
of whey protein also showed a higher degree of glycation
when smaller dextrans were used (based on carbohydrate/
protein weight ratios) [24]. However, Chevalier and co-
workers [25] also observed small differences of the reactiv-
ity for monosaccharides with carbon skeletons of different
lengths, i.e. arabinose and glucose, when these were used
in the same molar ratio for the glycation of B-lactoglobulin.
Monosaccharides with longer carbon chains were less reac-
tive with amino groups. Since we used MOS fractions
instead of individual MOS, it was not possible to perform
the experiments on a molar basis here. However, we hypoth-
esize that besides the increased number of reducing ends
in F3 and F4, steric effects impact the glycation rate. The
reaction may be limited by steric hindrance of the oligo-
and polysaccharides to be attached. Thus, mono- and disac-
charides potentially have more positions to which they can
bind. However, if mono- and disaccharides are used for
glycation the Maillard reaction usually progresses beyond
the initial stage and may even result in insoluble aggregates
[26]. Furthermore, highly branched polysaccharides such as
dextrans are suggested to be less reactive than less branched
polysaccharides such as galactomannans [27]. However, it
is difficult to compare data from experiments with different
proteins and polysaccharides under different glycation con-
ditions and draw unambiguous conclusions.

Different from F3 and F4, the fractions F1 and F2 were
deemed suitable for glycation of PPI without restrictions,
given that the extent of loss of amino groups was below
10% when the incubation was performed with F1 for 18 h
only. Based on these data, incubation times of 48 h for F1
and 24 h for F2 were chosen for scale-up experiments in
order to obtain sufficient sample amounts for the determina-
tion of solubility. As desired, only minor changes in color
occurred also after scaling up the glycation process (Table
4) with a slight decrease in L* and a slight increase in b*; a*
showed no relevant change. The loss of free amino groups
after glycation with either F1 or F2 was around 25% and

Table 3 Color (L* a* b*) of the mixture of pea protein isolate (PPI) and oligosaccharide fractions 1 - 3 (F1 - F3) before and after different incuba-
tion times and loss of free amino groups (% + SD, n=3) of the mixture after incubation

Incubation time (h) L* a* b* Loss of free amino groups (%)
before after before after before after
PPI+F1 18 85.64% 85.82° -0.04° 0.05° 13.19° 13.59° 4.9+0.14
24 85.81° 85.87° 0.01° -0.10° 13.01% 13.53° 10.1+1.28
36 85.64 85.74 0.09* 0.09° 13.12% 14.00° 13.2+0.6¢
48 85.54 85.62° 0.00° -0.02° 13.11° 14.05° 16.0+0.2°
PPI+F2 12 88.22° 86.28° -0.27° -0.36° 11.73% 13.51° 15.0+3.14
24 87.82° 84.86° -0.35° -0.64° 11.21° 13.26° 30.3+4.28
PPI+F3 6 86.93 57.99° -0.26° -1.01° 11.928 13.75° 403+1.74
24 86.58% 53.75° -0.35° -1.38° 11.84° 17.38° 65.9+4.38

Lowercase letters indicate significant differences between means (n=3) of a sample before and after incubation according to a, paired t-test
(p<0.05)Uppercase letters numbers indicate significant differences between means (n=3) of different samples according to the Tukey test

(p<0.05)
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Table 4 Color (L* a* b*) of the mixtures of pea protein isolate (PPI) and oligosaccharide fraction 1 (F1) and fraction 2 (F2) after large-scale incu-
bation and loss of free amino groups (% = SD, n=3) of the mixtures after large-scale incubation

Incubation time (h) L* a* b* Loss of free amino groups (%)
before after before after before after

PPI+F1 48 84.61% 84.53% 0.36* 0.34% 10.73% 12.39% 23.5£1.0

PPI+F2 24 86.04°  81.93"  0.06" -0.47° 10.01* 11.68°  263+04

Lowercase letters indicate significant differences between means (n=3) of a sample before and after incubation according to a paired t-test

(p<0.05)

2 s i B o A differences can be observed between the cPPI and the used
150 8 50 B PPLI. In contrast, under non-reducing conditions, PPI showed
00 s B A : 100 e, o 8 O i an additional band between 50 and 75 kDa, corresponding
: : ;7 i"" ; : : 55‘-' - - to legumin, and different intensities of other bands. Under
4 B ’ . & reducing conditions, however, the acidic and basic subunits
. w{E =TI E 3 = o vi:i'i ‘ of legumin were clearly visible for cPPI. This, together with
=" TEE ; e the light smearing of cPPI in the high molecular weight areas
Vawe THE . e T (> 250 kDa) under non-reducing conditions, indicated pro-

0 1 2 3 45 &6 0 1 Secy B RN ]

Fig. 4 Sodium dodecyl sulfate polyacrylamide gel electrophoresis of
different glycated and non-glycated pea protein isolates (PPI) as per-
formed under non reducing (a) and reducing conditions (b), lane 0:
molecular weight marker, lane 1: commercial PPI, lane 2: PPI, lane 3:
PPI+fraction 1 before glycation, lane 4: PPI+fraction 1 after glyca-
tion (48 h), lane 5: PPI+ fraction 2 before glycation, lane 6: PPI+ frac-
tion 2 after glycation (24 h), Lox: Lipoxygenase, Cg: Subunits of con-
vicilin, L Subunits of legumin, V: Subunits of vicilin, Vf: fractions
of vicilin subunits result from posttranslational cleavages, Lo: acidic
peptides cleaved from legumin subunits, L : basic peptides cleaved of
legumin subunits. The unedited gels are shown in the supplementary
data (Figure S1).

thus in the targeted range. As mentioned before, a loss of
25% lysine does not decrease the biological value of PPI
as demonstrated in a previous study, in which the protein
digestibility-corrected amino acid score (PDCAAS) of gly-
cated PPI was analyzed [7]. For commercial PPI (cPPI),
PPI, and glycated PPI, the in vitro protein digestibility of
all samples was around 100%. Moreover, the content of bio-
accessible lysine at a 30% blockage was not reduced. The
authors explained that despite the blockage, lysine (deter-
mined by amino acid analysis) was not degraded due to the
Maillard reaction being limited to the initial stage [7].

Protein profiling of glycated PPl using SDS-PAGE

In order to demonstrate PPI glycation with MOS and
changes of the molecular weight, protein profiling by SDS-
PAGE was carried out (Fig. 4). In addition to the glycated
PPI, PPI, the mixture of PPI and the MOS fraction before
incubation, and a cPPI were analyzed. The samples were
treated with SDS to denature and unfold the proteins as well
as to mask their intrinsic charge. Under reducing condi-
tions, PME cleaves disulfide linkages. Thus, separation is
based on molecular size and less on charge and structure of
the protein [28, 29]. Under reducing conditions, no visual

@ Springer

tein polymerization during the production and processing of
cPPI, specifically legumin polymerization via disulfide link-
ages [15]. No differences were visible between PPI and the
mixtures of PPI with the MOS fractions before incubation.
Also, the bands for vicilin and convicilin were similar under
non-reducing and reducing conditions because these protein
components do not form disulfide linkages [15]. Under non-
reducing conditions, PPI glycated with F1 showed a broad
band in the range of 50 to 75 kDa, along with a reduced
intensity of the bands of individual protein subunits com-
pared to those in the PPI and the mixture of PPI and MOS.
The broad band was also observed for PPI glycated with F2.
In the latter case, an additional band in the range of 75 and
100 kDa was observed. The shift of the bands towards larger
molecular weights suggested that subunits of the globulins
legumin, convicilin, and vicilin were glycated.

Under reducing conditions, both PPI glycated with F1
and with F2 showed protein bands in the range of 37 to
100 kDa, corresponding to protein subunits that shifted to
higher molecular weights compared to the PPI before glyca-
tion. This observation is attributed to the glycation of the
subunits of convicilin and vicilin and the acidic subunits
of legumin. The shift in molecular weight was greater than
that observed of the basic subunits of legumin (at 25 kDa).
This observation is supported by the fact that 7 S vicilin and
8 S convicilin have higher lysine contents than 11 S legu-
min [3, 12]. For the PPI glycated with F2, all the bands that
shifted to a higher molecular weight range had a slightly
higher intensity than those of PPI glycated with F1, indi-
cating a higher quantity of glycated proteins. The observed
broad bands of the glycated proteins indicated heterogene-
ity of the molecular weight distribution as a result of the
attachment of different numbers of oligo-/polysaccharides
[30] rather than due to different DP within the fractions. In
this study, the molecular weight distribution of the MOS
fractions is comparably narrow. Therefore, broad bands are
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mostly attributed to the different number of oligosaccha-
rides linked to the protein subunits within PPI. Furthermore,
protein bands that correspond to very large polymers were
not observed, suggesting the absence of aggregates formed
through disulfide and other covalent interactions which can
be formed during the advanced stage of the Maillard reac-
tion [7]. To sum up, interpretation of protein profiling by
SDS-PAGE and the determined loss of free amino groups
demonstrated successful and controlled glycation of PPI
with MOS fractions, resulting in PPI being modified to a
likely favorable extent.

Purification of glycated pea protein isolate by
dialysis

After successful glycation, the mixtures of glycated PPI and
excess oligosaccharides were dialyzed to increase the pro-
tein purity to facilitate the evaluation of PPI solubility. Since
SDS-PAGE observations confirmed that all relevant proteins
had molecular weights larger than 10 kDa, a dialysis mem-
brane with a MWCO of 10 kDa was selected. Although the
MOS are much smaller than 10 kDa, their complete removal
was not possible. In addition to size-related and steric
effects potential, non-covalent interactions with the protein
may contribute to incomplete removal of the MOS. Partial
purification was demonstrated by an increase of the protein
purity from 20.0% before dialysis to 29.8% after dialysis
(PPI glycated with F1). For the PPI glycated with F2, the
protein purity was further increased from 18.6% to 49.4%.
This is in line with F2 being the fraction containing smaller
MOS than F1 (Table 1). Another reported method for the
purification of glycated proteins is hydrophobic interac-
tion chromatography (HIC) and subsequent dialysis. Using
this method, the protein purity was increased from around
18% to around 56% for PPI glycated with maltodextrin and
to around 60% for glycated whey protein with dextran [7,
19]. In comparison to this more complex and cost-intensive
method, dialysis using a 10 kDa MWCO membrane pro-
vides only slightly lower purification efficiency (in case of
glycation with F2), thus representing a suitable alternative
for the purification of glycated proteins on a large scale.
It should also be mentioned that MOS are categorized as
dietary fiber. Therefore, depending on the application of the
glycated proteins, excess MOS contents can also be used
to enrich food products with dietary fiber. In these cases,
(excessive) purification of glycated protein samples might
not be necessary. In case there is a need for a higher protein
purity, membrane filtration could be coupled with condi-
tions that might disrupt non-covalent interactions between
the carbohydrates and the proteins, such as using salt.

=
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Fig. 5 Solubility of pea protein isolate (PPI) glycated with fraction 1
(F1) and fraction 2 (F2) in comparison to commercial PPI (cPPI) and
non-glycated PPI in 5% protein solution (% + range/2, n=2), lower-
case letters indicate significant differences between means (n=2) of
different samples according to the Tukey test (p<0.05)

Protein solubility

Despite residual MOS contents in the samples after dialy-
sis, protein solubility of the partially purified, glycated
proteins was analyzed in comparison to the non-glycated
PPI. Suspensions containing 5% protein were investigated
as a model for high-protein beverages, which usually con-
tain more than 4.2% protein [7]. When protein solubility of
cPPI and PPI were compared, PPI showed a significantly
higher solubility under all four conditions studied, but the
solubility was generally low (< 55%) (Fig. 5), demonstrat-
ing the need for improvement. Industrial production of
cPPI involves harsh extraction and processing conditions
resulting in poor solubility caused by protein denaturation
and polymerization [15]. High surface hydrophobicity, low
surface charge, and aggregation were described as a conse-
quence of protein denaturation [7]. At pH of 3.4, the solubil-
ity was lower as compared to that at pH of 7.0, because the
acidic pH was near the isoelectric point (4.5) of PPI [15].
Hydrophobic and hydrophilic groups on the protein surface
influence the protein solubility [31]. Therefore, protein gly-
cation, which increases the net negative charge, thus hydro-
philicity on the surface, can result in enhanced solubility.
However, PPI and PPI glycated with F1 or F2 also exhibited
a comparable solubility of around 50% at a pH value of 7.0,
independent of the temperature used. Thus, solubility at pH
7.0 was not increased by glycation with MOS. In the past,
an increase in solubility from 25.7% to 37.8% was shown
by glycation of PPI with maltodextrin, possibly due to the
initially lower solubility of the non-glycated PPI [12]. How-
ever, MOS and maltodextrins clearly show structural differ-
ences, which might have contributed to differences in the
observed solubility.

At pH 3.4, however, the solubility of PPI increased from
25.7% to 44.8% when glycated with F1 and to 47.1% when
glycated with F2 (non-heated conditions). Under heated
conditions, there was also a substantial increase in solu-
bility, from 38.3% to 47.4% and to 52.4% when glycated
with F1 or F2, respectively. There was also an increase in
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the solubility of PPI at pH 3.4 upon heating. The main pro-
teins in pea, vicilin and legumin denature at ~ 82 °C and
90 °C, respectively. This observation was similar to that
of Scheider and co-workers [7] and Bu and co-workers
[11]. Heating just under the temperature of denaturation
could have caused partial unfolding, likely contributing
to enhanced interactions between water and some of the
exposed functional groups.

Results, therefore, indicated that the solubility at pH 3.4
can almost be doubled under non-heated conditions and
be increased by a factor of about 1.5 under heated condi-
tions. Under both conditions, PPI glycated with F2 (MOS
with a DP 7-9) was slightly more soluble than PPI glycated
with F1 (MOS with a DP > 9). Comparable increases were
achieved by glycating PPI with maltodextrins [7, 14]. Based
on these results, glycation with MOS that had a DP of 7-9
contributed a slightly better solubility of PPI than the gly-
cation with MOS with a DP > 9. Based on the findings, it
was not clear whether the enhanced solubility resulted from
the glycation conditions, the extent of loss of free amino
groups, or the slightly smaller DP of the MOS. It has been
suggested that an increase in protein solubility is a result
of synergetic effects of the molecular mass and the amount
of conjugated oligosaccharides [12]. Glycated proteins are
more hydrophilic and attached oligosaccharides represent
a steric hindrance that could limit the interaction among
glycated proteins [6]. In addition, it must be noted that
the unreacted MOS may have an impact of the measured
solubility. Generally, low molecular weight carbohydrates
could compete for water, and thus decrease protein solubil-
ity [32, 33]. Accordingly, the effect of protein glycation on
the solubility might have been underestimated due to the
incomplete removal of free, unreacted MOS. Although we
see comparable effects when MOS and maltodextrins are
used for glycation, these results should not be transferred to
all oligosaccharides. Depending on the structure (linear vs.
branched) and the monomer composition (configuration of
the monomers, neutral vs. acidic monomers) of the oligosac-
charides, the effects on both solubility and steric hindrance
may differ, potentially resulting in different solubility of the
glycated proteins.

To sum up, it was demonstrated that glycation with MOS
of'a DP>7 contributed to an increase in the solubility of pea
protein at pH 3.4. This outcome makes glycated pea protein
more suitable to be used in acidic, high-protein beverages
than non-glycated PPI. Differently, small oligosaccharides
(MOS with a DP of 2-3) were less suitable for protein gly-
cation, thus the hydrolysis of galactomannans must be well
controlled. An advantage of MOS glycated PPI is that MOS
with a DP>3 are considered dietary fiber compounds. Thus,
both protein bound MOS and excess MOS in the partially
purified samples also enrich food products with dietary fiber.

@ Springer

In addition, since MOS can be produced from by-products
of the agri-food industry, their use for protein glycation con-
tributes to a sustainable food production.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00217-0
26-05047-2.

Acknowledgements None.

Author contributions L.W.: Data curation, investigation, methodol-
ogy, visualization, writing—original draft, review and editing original
draft A.S.: Methodology, writing - review and editing original draft
B.L.: Conceptualization, methodology, resources, supervision, writ-
ing—review and editing original draft M.B.: Conceptualization, meth-
odology, resources, supervision, writing—review and editing original
draft.

Funding Open Access funding enabled and organized by Projekt
DEAL. Partial financial support for Lisa Wagner was received from
the Karlsruhe House of Young Scientists (KHYS).

Data availability Data are made available from the corresponding
author upon reasonable request.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Ismail BP, Senaratne-Lenagala L, Stube A, Brackenridge A
(2020) Protein demand: review of plant and animal proteins used
in alternative protein product development and production. Anim
Front 10:53—-63. https://doi.org/10.1093/af/vfaa040

2. Shanthakumar P, Klepacka J, Bains A, Chawla P, Dhull SB, Najda
A (2022) The current situation of pea protein and its application
in the food industry. Molecules 27:5354. https://doi.org/10.3390/
molecules27165354

3. Lam ACY, Karaca AC, Tyler RT, Nickerson MT (2018) Pea pro-
tein isolates: Structure, extraction, and functionality. Food Rev
Int 34:126-147. https://doi.org/10.1080/87559129.2016.1242135

4. De Oliveira FC, Coimbra JSD, De Oliveira EB, Zuiiiga ADG,
Rojas EEG (2016) Food protein-polysaccharide conjugates
obtained via the Maillard reaction: A review. Crit Rev Food Sci
Nutr 56:1108-1125. https://doi.org/10.1080/10408398.2012.755
669


https://doi.org/10.1007/s00217-026-05047-2
https://doi.org/10.1007/s00217-026-05047-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/af/vfaa040
https://doi.org/10.3390/molecules27165354
https://doi.org/10.3390/molecules27165354
https://doi.org/10.1080/87559129.2016.1242135
https://doi.org/10.1080/10408398.2012.755669
https://doi.org/10.1080/10408398.2012.755669

European Food Research and Technology

(2026) 252:116

Page 110of 11 116

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Martins SIFS, Jongen WMF, Van Boekel MAJS (2000) A review
of Maillard reaction in food and implications to kinetic model-
ling. Trends Food Sci Technol 11:364-373. https://doi.org/10.101
6/S0924-2244(01)00022-X

Zha FC, Dong SY, Rao JJ, Chen BC (2019) The structural modi-
fication of pea protein concentrate with gum Arabic by controlled
Maillard reaction enhances its functional properties and flavor
attributes. Food Hydrocoll 92:30-40. https://doi.org/10.1016/j.fo
0dhyd.2019.01.046

Schneider AA, Bu F, Ismail BP (2023) Enhancement of pea protein
solubility and thermal stability for acidic beverage applications
via endogenous Maillard-induced glycation and chromatography
purification. Curr Res Food Sci 6:100452. https://doi.org/10.1016
/j.crfs.2023.100452

Moreira LRS, Filho EXF (2008) An overview of Mannan struc-
ture and Mannan-degrading enzyme systems. Appl Microbiol
Biotechnol 79:165—178. https://doi.org/10.1007/s00253-008-142
3-4

Wagner LJ (2025) Analytik und Anwendungen von Mannanen
und Lebensmittelnebenstromen (Analysis and applications of
mannans and food by-products), PhD thesis (Karlsruhe Institute
of Technology (KIT))

Prajapati VD, Jani GK, Moradiya NG, Randeria NP, Nagar BJ,
Naikwadi NN, Variya BC (2013) Galactomannan: A versatile bio-
degradable seed polysaccharide. Int J Biol Macromol 60:83-92. h
ttps://doi.org/10.1016/j.ijbiomac.2013.05.017

Bu F, Nayak G, Bruggeman P, Annor G, Ismail BP (2022) Impact
of plasma reactive species on the structure and functionality of
pea protein isolate. Food Chem 371:131135. https://doi.org/10.10
16/j.foodchem.2021.131135

Zha FC, Yang ZY, Rao JJ, Chen BC (2020) Conjugation of pea
protein isolate via Maillard-driven chemistry with saccharide of
diverse molecular mass: molecular interactions leading to aggre-
gation or glycation. J Agric Food Chem 68:10157-10166. https:/
/doi.org/10.1021/acs.jafc.0c04281

Boyle C, Hansen L, Hinnenkamp C, Ismail BP (2018) Emerging
camelina protein: extraction, modification, and structural/func-
tional characterization. J Am Oil Chem Soc 95:1049-1062. https
://doi.org/10.1002/aocs. 12045

Kutzli I, Griener D, Gibis M, Schmid C, Dawid C, Baier SK,
Hofmann T, Weiss J (2020) Influence of Maillard reaction con-
ditions on the formation and solubility of pea protein isolate-
maltodextrin conjugates in electrospun fibers. Food Hydrocoll
101:105535. https://doi.org/10.1016/j.foodhyd.2019.105535
Hansen L, Bu F, Ismail BP (2022) Structure-function guided
extraction and scale-up of pea protein isolate production. Foods
11:3773. https://doi.org/10.3390/foods 11233773

Steck J, Kaufhold L, Bunzel M (2021) Structural profiling
of xyloglucans from food plants by high-performance anion-
exchange chromatography with parallel pulsed amperometric and
mass spectrometric detection. J Agric Food Chem 69:8838-8849.
https://doi.org/10.1021/acs.jafc.1c02967

Albersheim P, Nevins DJ, English PD, Karr A (1967) A method
for the analysis of sugars in plant cell-wall polysaccharides by
gas-liquid chromatography. Carbohyd Res 5:340-345. https://doi
.org/10.1016/S0008-6215(00)80510-8

Goodno CC, Swaisgood HE, Catignani GL (1981) A fluorimetric
assay for available lysine in proteins. Anal Biochem 115:203—
211. https://doi.org/10.1016/0003-2697(81)90547-9

Wang Q, Ismail B (2012) Effect of Maillard-induced glycosyl-
ation on the nutritional quality, solubility, thermal stability and
molecular configuration of Whey protein. Int Dairy J 25:112-122.
https://doi.org/10.1016/j.idairyj.2012.02.009

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

McCleary BV, Sloane N, Draga A, Lazewska I (2013) Measure-
ment of total dietary fiber using AOAC method 2009.01 (AACC
international approved method 32-45.01): evaluation and updates.
Cereal Chem 90:396—414. https://doi.org/10.1094/cchem-10-12-
0135-fi

Srivastava PK, Panwar D, Prashanth KVH, Kapoor M (2017)
Structural characterization and in vitro fermentation of
B-mannooligosaccharides produced from locust bean gum by
GH-26 endo-f-1,4-mannanase (ManB-1601). J Agric Food Chem
65:2827-2838. https://doi.org/10.1021/acs.jafc.7b00123

Blibech M, Chaari F, Bhiri F, Dammak I, Ghorbel RE, Chaabouni
SE (2011) Production of manno-oligosaccharides from locust
bean gum using immobilized Penicillium Occitanis mannanase. J
Mol Catal B Enzym 73:111-115. https://doi.org/10.1016/j.molcat
b.2011.08.007

Hodge JE (1953) Chemistry of Browning reactions in model sys-
tems. J Agric Food Chem 1:928-943

Jiménez-Castaiio L, Villamiel M, Lopez-Fandifio R (2007) Gly-
cosylation of individual Whey proteins by Maillard reaction using
dextran of different molecular mass. Food Hydrocoll 21:433-443.
https://doi.org/10.1016/j.foodhyd.2006.05.006

Chevalier F, Chobert JM, Popineau Y, Nicolas MG, Haertlé¢ T
(2001) Improvement of functional properties of B-lactoglobulin
glycated through the Maillard reaction is related to the nature of
the sugar. Int Dairy J 11:145-152. https://doi.org/10.1016/S095
8-6946(01)00040-1

Kato A (2002) Industrial applications of Maillard-type protein-
polysaccharide conjugates. Food Sci Technol Res 8:193—199. htt
ps://doi.org/10.3136/fstr.8.193

Choi SJ, Kim HJ, Park KH, Moon TW (2005) Molecular char-
acteristics of ovalbumin-dextran conjugates formed through the
Maillard reaction. Food Chem 92:93-99. https://doi.org/10.1016/
j-foodchem.2004.04.050

Laemmli UK (1970) Cleavage of structural proteins during
assembly of head of bacteriophage T4. Nature 227:680—685. http
s://doi.org/10.1038/227680a0

Wiesner R, Scheller C, Krebs F, Witzig H, Oltmann-Norden I
(2021) A comparative study of CE-SDS, SDS-PAGE, and simple
western: influences of sample Preparation on molecular weight
determination of proteins. Electrophoresis 42:206-218. https://do
i.org/10.1002/elps.202000199

Nakamura S, Kobayashi K, Kato A (1994) Role of positive charge
of lysozyme in the excellent emulsifying properties of Maillard-
type lysozyme polysaccharide conjugate. J Agric Food Chem
42:2688-2691. https://doi.org/10.1021/jf000482008

Yin SW, Tang CH, Wen QB, Yang XQ, Yuan DB (2010) The
relationships between physicochemical properties and confor-
mational features of succinylated and acetylated kidney bean
(Phaseolus vulgaris L.) protein isolates. Food Res Int 43:730—
738. https://doi.org/10.1016/j.foodres.2009.11.007

Kennedy J, Knill C, Taylor D (1995) Maltodextrins. In: Kearsly
MW, Dziedzic SZ (eds.) Handbook of starch hydrolysis products
and their derivatives. Springer, pp 65-82

Wei Y, Cai ZX, Wu M, Guo YL, Tao R, Li RQ, Wang PG, Ma
AQ, Zhang HB (2020) Comparative studies on the stabilization
of pea protein dispersions by using various polysaccharides. Food
Hydrocoll 98:105233. https://doi.org/10.1016/j.foodhyd.2019.10
5233

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1094/cchem-10-12-0135-fi
https://doi.org/10.1094/cchem-10-12-0135-fi
https://doi.org/10.1021/acs.jafc.7b00123
https://doi.org/10.1016/j.molcatb.2011.08.007
https://doi.org/10.1016/j.molcatb.2011.08.007
https://doi.org/10.1016/j.foodhyd.2006.05.006
https://doi.org/10.1016/j.foodhyd.2006.05.006
https://doi.org/10.1016/S0958-6946(01)00040-1
https://doi.org/10.1016/S0958-6946(01)00040-1
https://doi.org/10.3136/fstr.8.193
https://doi.org/10.3136/fstr.8.193
https://doi.org/10.1016/j.foodchem.2004.04.050
https://doi.org/10.1016/j.foodchem.2004.04.050
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://doi.org/10.1002/elps.202000199
https://doi.org/10.1002/elps.202000199
https://doi.org/10.1021/jf00048a008
https://doi.org/10.1016/j.foodres.2009.11.007
https://doi.org/10.1016/j.foodhyd.2019.105233
https://doi.org/10.1016/j.foodhyd.2019.105233
https://doi.org/10.1016/S0924-2244(01)00022-X
https://doi.org/10.1016/S0924-2244(01)00022-X
https://doi.org/10.1016/j.foodhyd.2019.01.046
https://doi.org/10.1016/j.foodhyd.2019.01.046
https://doi.org/10.1016/j.crfs.2023.100452
https://doi.org/10.1016/j.crfs.2023.100452
https://doi.org/10.1007/s00253-008-1423-4
https://doi.org/10.1007/s00253-008-1423-4
https://doi.org/10.1016/j.ijbiomac.2013.05.017
https://doi.org/10.1016/j.ijbiomac.2013.05.017
https://doi.org/10.1016/j.foodchem.2021.131135
https://doi.org/10.1016/j.foodchem.2021.131135
https://doi.org/10.1021/acs.jafc.0c04281
https://doi.org/10.1021/acs.jafc.0c04281
https://doi.org/10.1002/aocs.12045
https://doi.org/10.1002/aocs.12045
https://doi.org/10.1016/j.foodhyd.2019.105535
https://doi.org/10.3390/foods11233773
https://doi.org/10.1021/acs.jafc.1c02967
https://doi.org/10.1021/acs.jafc.1c02967
https://doi.org/10.1016/S0008-6215(00)80510-8
https://doi.org/10.1016/S0008-6215(00)80510-8
https://doi.org/10.1016/0003-2697(81)90547-9
https://doi.org/10.1016/j.idairyj.2012.02.009
https://doi.org/10.1016/j.idairyj.2012.02.009

	﻿Glycation of pea protein isolate with different mannooligosaccharides to improve solubility
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Materials and reagents
	﻿Preparation of mannooligosaccharides
	﻿Structural characterization of mannooligosaccharides
	﻿Degree of polymerization
	﻿Monosaccharide composition


	﻿Glycation
	﻿Characterization of the glycated protein
	﻿Color
	﻿Loss of free amino groups
	﻿SDS-poly acrylamide gel electrophoresis (PAGE)
	﻿Protein content
	﻿Purification of glycated proteins by dialysis
	﻿Solubility

	﻿Statistical analysis
	﻿Results and discussion
	﻿Production and structural characterization of mannooligosaccharides
	﻿Glycation using different mannooligosaccharide fractions



