
Food &
Function

PAPER

Cite this: Food Funct., 2025, 16, 2577

Received 25th September 2024,
Accepted 8th February 2025

DOI: 10.1039/d4fo04400b

rsc.li/food-function

Characterization of different stages of Maillard
reaction in soy: impact on physicochemical
properties and immunogenicity of soy proteins†
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The Maillard reaction (MR, glycation) frequently occurs during processing of soy-based products widely

consumed in Western diets. MR leads to the formation of a number of chemically different structures

called Maillard reaction products (MRPs), which include early glycation products and advanced glycation

end products (AGEs). AGEs/MRPs were shown to modulate the immune response by interaction with

specific receptors expressed on immune cells, such as the receptor for advanced glycation end products

(RAGE). However, the structure–function relationship of MRPs formed during soy processing in relation to

binding to AGE receptors has not been well studied. The aim of the present study is to characterize the

MRPs formed during different heating times of soy proteins (SP) with glucose by analyzing the biochemi-

cal changes and to relate them to the functional changes, including binding to AGE receptors and stimu-

lating immune cells. Our results demonstrated time-dependent differences in the biochemical character-

istics of glycated SP compared with heated SP, which could be attributed to the different stages of MR

and the diversity of MRPs. Moreover, the formation of AGEs over time was positively correlated with

binding capacity to AGE receptors. Additionally, stimulating peripheral blood adherent monocytes with

glycated SP resulted in increased gene expression levels of pro-inflammatory cytokines (IL-1β, IL-8 and

TNF-α) when compared to non-glycated SP, suggesting that the formed AGEs bind to and activate recep-

tors, such as RAGE. Our findings highlight the importance of studying immunomodulation upon proces-

sing of SP, which may lead to optimisation of the processing conditions of soy based food products.

1. Introduction

In recent decades, soy proteins have been more frequently
used in food products not only for their reported beneficial
health effects, but also because they represent inexpensive and
excellent sources of high-quality proteins.1,2 However, since
soy is rarely consumed raw, the majority of soy-based products
contain highly processed soy proteins.2 The production of
these soy-based products usually involves thermal processing
such as cooking and roasting, during which the Maillard reac-
tion (MR, glycation) may occur.3 The MR occurs between free
amino groups of amino acids of proteins with the carbonyl

group of a reducing sugar.4–6 The MR always occurs during
food processing or cooking, when proteins and reducing
sugars are present together.7 The speed of reaction and the
type of formed products are highly dependent on physical vari-
ables, such as temperature and heating time, and on chemical
ones such as pH, water activity, and type of sugar.8 The chem-
istry of the MR is very complex encompassing a whole
network of various reactions, with several stages which can be
summarized as: (i) early phase with formation of Schiff
bases, (ii) intermediate phase and formation of unstable
Amadori products, and (iii) late reaction and formation of irre-
versible AGE products.9,10 The term Maillard reaction products
(MRPs) covers all early, intermediate and advanced products;
hence, it encompasses a heterogeneous and complex group of
compounds commonly found in heat-processed foods.10–12

Higher temperatures together with prolonged heating results
in the formation of Maillard reaction products (MRPs) typical
of the later stages of the reaction.8 Thus, the MR leads to
chemical modifications of food proteins and hence the for-
mation of new flavors, colors, aromas, making this reaction
important from both the food industry and consumer
perspective.10,11
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It is clear that MR alters the structure of food proteins, also
influencing their digestibility, nutritional value via lysine
blockages, but also some of the functional properties like
immunomodulatory properties of specific proteins.1,4,5 While
endogenous MRPs have been linked to the pathogenesis of a
number of diseases, such as diabetes, neurodegenerative dis-
eases and cardiovascular diseases, the role of food-derived
MRPs in the development of those diseases is still under
debate.12 Some MRPs that can be formed during food proces-
sing are Nε-(carboxymethyl)lysine (CML) and Nε-(carboxyethyl)
lysine (CEL).13,14 Additionally, some AGEs have been shown to
interact directly with immune cells via specific receptors,
including receptor for advanced glycation end products
(RAGE), CD36, a member of the class B scavenger receptor
family, and Galectin-3, and these interactions may induce oxi-
dative stress and activate inflammatory cascades.1,5,9,10 For
example, it has been reported that CML promotes macrophage
lipid uptake via CD36 and RAGE, which may lead to the for-
mation of foam cells.14 This suggests that dietary MRPs/AGEs
may add to the pool of endogenous AGEs and promote patho-
logical complications of common non-communicable dis-
eases, such as cardiovascular diseases and diabetes.13–18

Moreover, activation of the RAGE receptor expressed on the
surface of various immune cells9 leads to activation of pro-
inflammatory responses via transcription factor NFkB,9,19–22

contributing to a number of metabolic diseases. While it has
been shown that accumulation of endogenous AGEs leads to
such inflammatory consequences,23,24 the data regarding con-
sequence of dietary AGEs are mixed. In mice, dietary sup-
plementation with AGE CML caused elevated serum levels of
CML as well as insulin resistance, impacting cardiac function
by altering myocardial glucose metabolism and promoting
myocardial remodeling.13 However, a human study by Linkens
et al. did not find an association between dietary AGEs and
negative health outcomes25 but higher habitual intake of
dietary AGEs led to higher plasma dicarbonyl concentration
and skin AGEs in humans,26 suggesting the possibility of
dietary AGEs to interact with immune cells. Such an activation
of immune cells via RAGE was reported by in vitro studies
using various AGE-modified food proteins.27,28 However, it is
not clear yet which AGE structures are responsible for RAGE
activation as well as if RAGE activation can be regulated by
controlling the conditions of MR in food systems.

Since soy proteins are frequently used in food industry and
at the same time it is known that soy proteins are very potent
for glycation,2 it is important to study the consequences of gly-
cation on the bio-functional properties of soy proteins.
Although very detailed studies and review were published
describing the different aspects of the kinetics of the MR,8,29,30

the bio-functional activity of MRPs formed at different con-
ditions was not included as a read-out system. Therefore, the
goal of this study was to provide new insights into the role of
dietary soy-derived MRPs, formed at different stages of the
reaction, in inducing an immune response. More precisely, we
aimed to characterize the MRPs formed during different
heating times of soy proteins with glucose by analysing their

biochemical changes and evaluating their immune-modulatory
effects, such as binding to AGE receptors and stimulating
immune cells to secrete pro-inflammatory cytokines.

2. Materials and methods
2.1. Soy protein extracts (SPEs)

The protein extraction from soy flour (SPEs) was performed
according to L’Hocine et al.,31 with some minor modifications.
The precipitation pH was adjusted to 9.0, the washing of the
precipitate was done with deionized water (Milli Q, MQ,
Millipore, St Louis, MO, USA) and performed once instead of
twice to improve protein recovery.31 The starting material was
5 grams of soy flour (Sigma Aldrich, St Louis, MO, USA,
S9633), which contains 2.2 grams of protein, according to the
manufacturer. The flour was dissolved in water at 55 °C at a
ratio of 1 : 10 (w/v). The supernatant was separated from the in-
soluble part by centrifugation (30 minutes, 9000g at 4 °C), and
the pellet was collected to perform the re-extraction. The pellet
was stirred for 2 h at room temperature (RT) and then centri-
fuged at 9000g for 20 minutes at 4 °C. The obtained precipitate
was washed twice and spun down. The pH of the protein
extract was measured and adjusted to 7.5 with 2 M NaOH, and
the protein concentration was determined by absorbance at
280 nm using NanoDrop. The SPEs obtained consisted of
44.2% dispersible protein and were estimated to be 14.2 mg
ml−1.

After extraction, the SPE was dissolved in PBS and distribu-
ted in Eppendorf tubes. Glucose was added in a ratio 1 : 2
(w/w, protein/glucose), and same volume of PBS was added to
the control. All samples were heated at 100 °C for 5, 10, 20, 30,
45, 60, 90 and 120 minutes with and without glucose, in a
heating block. A non-heated control was included as the refer-
ence point. After heating, the samples were cooled on ice and
stored at −20 °C.

2.2. Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE)

Soy protein extracts were separated by SDS-PAGE under redu-
cing conditions using Bio-Rad equipment. Proteins were
loaded at a concentration of 20 μg per well on a 12.5% poly-
acrylamide gel. After protein separation, the gel was stained
using GelCode Blue Stain Reagent (Thermo Scientific). A mole-
cular weight marker (Precision Plus Protein Dual Color stan-
dards, Bio-Rad) was included.

2.3. Structural properties of soy proteins

2.3.1. O-phthaldialdehyde (OPA) assay. The assay was per-
formed as described previously by Nielsen et al.32 The proteins
were diluted to the concentration of 2 mg ml−1. Appropriate
blanks were prepared. Samples were distributed at a volume of
30 µl per well into 96-well plate. L-Leucine (2.5–0.078 mM) was
selected for the standard curve because it was identified as
one of the amino acids with optimal reactivity with OPA
according to Nielsen et al. To each well, 200 µl of a freshly pre-
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pared reagent of sodium tetraborate (0.10 M), SDS (3.5 mM),
OPA (6.0 mM) and dithiothreitol (5.7 mM) was added. The
plate was incubated at RT for 20 minutes, after which the
absorbance was measured at 340 nm. The amount of free
amino groups was calculated from the standard curve obtained
for L-leucine (normally linear for these concentrations).

2.3.2. UV-Vis. Intermediate MRPs were detected by record-
ing the UV-absorbance at 294 nm to measure intermediate pro-
ducts of the MR, 420 nm to measure the advanced products of
the MR. The results of the protein samples were corrected with
the blank. The proteins were diluted to 2 mg ml−1 and
pipetted onto a clear 96-well plate. A PBS blank was added.

2.3.3. Fluorescence and fructosamine assays. The
maximum excitation and emission were determined previously
(excitation at 340 nm, emission at 435 nm), and fluorescence
was recorded to detect advanced MRPs. The samples at a con-
centration of 2 mg ml−1 were pipetted into a white, non-trans-
parent plate. The maximum excitation of the samples was
tested between 320 and 380 nm with the emission wavelength
at 425 nm. The maximum emission was tested from 380 to
480 nm in steps of 10 nm. Finally, the fluorescence was
measured at the optimal excitation and emission wavelength.

A fructosamine commercial kit (Kamiya Biomedical
Company, Seattle, WA, US) was used. The methods were
adapted for a 96-well plate, as this kit was not designed for
small-scale use; thus, the volumes used were 4 times lower
than in the original protocol. The samples were diluted to
2 mg ml−1 and pipetted into 96-well plate in a volume of
12.5 µl. Then, 250 µl reagent was added and the plate was
incubated for 10 minutes at 37 °C. The absorbance was
measured at 535 nm. The plate was incubated for another
5 minutes at 37 °C and the absorbance was measured again at
535 nm. The concentration of fructosamine was then calcu-
lated using the following formula, where A1 is the absorbance
from the first measurement and A2 is the absorbance from the
second:

A2 sample� A1 sample
A2 calibrator� A1calibrator

� conc: of calibrator

¼ conc: fructosamine in sample

2.3.4. Quantification of MRPs. uHPLC-ESI-MS/MS was
used to measure the quantities of furosine, Nε-carboxymethyl
lysine (CML), and carboxyethyl lysine (CEL) as described by
Zenker et al.33 To ensure accuracy, Solid Phase Extraction (SPE)
recovery checks were conducted on samples, including three
quality controls. Each sample, set to a concentration of 6 mg
ml−1, underwent heating with 1 ml 6 M HCl at 110 °C in glass
heating tubes for 22 hours. Next, 400 µl of the resulting solu-
tion was transferred to an MS vial and dried in a vacuum con-
centrator (SpeedVac, Thermo Fisher Scientific, Waltham,
Massachusetts, USA) then reconstituted in a mixture of 500 µl
acetonitrile and MilliQ water (1 : 1 v/v). Subsequently, the solu-
tion was spiked with furosine-d4, CML-d4, and CEL-d4, bring-
ing the final concentration to 500 ng ml−1. The analysis was
conducted using a Kinetex 2.6 µ HILIC 100A, 100 × 2.1 mm
column (Phenomenex, Torrance, California, USA) at a tempera-

ture of 35 °C. The elution process involved ultrapure water
with 0.1% formic acid (eluent A), acetonitrile with 0.1% formic
acid (eluent B), and 50 mM ammonium formate (eluent C).
The flow rate was maintained at 0.4 mL min−1 following the
gradient: (0/80/10), (0.8/80/10), (3.5/40/10), (6.5/80/10), (8.0/80/
10), (11/80/10). Ionization was set to a positive mode, with a
spray voltage of 3500 V, vaporizing temperature of 250 °C, and
sheath gas pressure of 60 psig. The capillary temperature was
regulated at 290 °C.

2.3.5. Browning. The browning of the samples, which
measures the advanced stage of the MR, was determined
based on methods described by Buera & Resnik et al.34,35 The
proteins were diluted to 2 mg ml−1 and pipetted in triplicate
onto a clear 96-well plate. The absorbance was measured at
625, 495, 445, and 550 nm. This value was then corrected and
converted to the transmission (10−A = T ). The transmission
values were then used to calculate X (X = T625 × 0.42 + T550 ×
0.35 + T445 × 0.21), Y (Y = T625 × 0.2 + T550 × 0.63 + T495 × 0.17)
and Z (Z = T495 × 0.24 + T445 × 0.94). The browning index (Br)
was then calculated as follows:

Br ¼ x� 0:31
0:172

� 100

where x = X/(X + Y + Z)

2.4. Functional properties of soy proteins

2.4.1. Antioxidant assay (DPPH). The method was adapted
from Gu et al.36 In short, samples were diluted to 2 mg ml−1

for analysis. Additionally, a blank of PBS along with the posi-
tive control of Trolox were prepared. The samples were plated
in six-fold (125 µl per well). Subsequently, methanol was
added to half of the samples and to the other half DPPH dis-
solved in methanol (0.2 mM) was added. The contents of each
well were mixed and the plate was incubated in the dark at
room temperature (RT) for 30 minutes. After this, the absorp-
tion was measured at 535 nm and the radical scavenging
activity (RSA) was calculated using the formula:

RSA ¼ 1� Asample � Acontrol
Ablank

� �
� 100

2.4.2. AGEs receptor inhibition ELISA binding assay. This
assay was performed as described by Zenker et al.33 to deter-
mine the binding affinity of sRAGE. The coating material con-
sisted of glycated SPEs with glucose (heated for 90 min at
100 °C under wet conditions). Transparent high binding ELISA
plates (Greiner Bio-One, Kremsmuenster, Austria) were coated
with the SPE glycated for 90 minutes (G90) and incubated for
12 h at 4 °C. The sample protein concentration was adjusted to
25 µg mL−1 using a solution containing 1.5% bovine serum
albumin (BSA), 0.025% tween, and 10 mM PBS (PBST), with
the optimal protein concentration determined from a pre-
experiment. Before being added to the ELISA plate, the
samples were pre-incubated with 1 µg mL−1 sRAGE in a ratio
1 : 1 (v/v) ratio for 45 min at 37 °C on a Nunc™ polystyrene
plate (Thermo Fisher Scientific, MA, USA). The coated ELISA
plate was then blocked with 3% BSA in PBS (w/v) for 1 h at
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room temperature and washed with PBST (washing was
repeated after each step of the ELISA). After blocking, the pre-
incubated sRAGE/sample mixture was transferred to the ELISA
plate and incubated for 1 h at 37 °C. After washing, the anti-
sRAGE antibody was added at a concentration of 0.25 µg mL−1,
and the plate was incubated with shaking for 30 min at room
temperature. After washing, an anti-mouse polyclonal goat
HRP-conjugated antibody was added at a concentration
0.25 µg mL−1, and the incubation was continued for 30 min at
room temperature. The signal was detected with TMB. The
color reaction was measured at 450 nm, with a 620–650 nm
reference, using a Filter Max F5 multi-mode microplate reader
(Molecular Devices, San Jose, CA, USA). Each sample was
measured in triplicate. Amyloid-β was used as a positive
control, while ovalbumin was used as a negative control.
Inhibition was calculated using the formula below, where
AbsMax is the absorbance obtained from sRAGE without a com-
petition agent, AbsMin is the absorbance obtained from sRAGE
without a competitive agent, and Abssample is the absorbance
obtained from the mixture of sRAGE and each sample. High
inhibition indicates high sRAGE binding affinity.

Inhibition ½%� ¼ Absmax � ðAbssample � AbsMinÞ
AbsMax � 100

� �

2.4.3. Primary adherent monocytes stimulation and
Cytokine measurement. Blood samples were collected from
five healthy adult donors in EDTA tubes. Peripheral blood
mononuclear cells (PBMCs) were isolated according to pre-
viously described protocols.37 After the second wash, PBMCs
were resuspended in 1 ml of RPMI 1640-Glutamax medium,
supplemented with 10% FBS, 1% MEM non-essential amino
acids, 1% Na-Pyruvate and 1% Pen/Strep, and then counted
before further monocyte isolation. Monocytes were isolated by
using EasySep Human Monocyte Isolation kit (Stem cell
technologies, #19359), then seeded at 1 × 106 cells per 2 ml per
well on a 24-well plate and allowed to rest for 2 hours before
stimulation, resulting in adhesive PBMC-derived monocytes.
The adhesive PBMC-derived monocytes were stimulated with
glycated soy at 25 μg ml−1 for 3 hours. RNA was isolated using
the RNeasy mini kit (Qiagen). For harvesting, cells were
washed with PBS, then RLT buffer containing 1%
β-mercaptoethanol was added directly to the wells. The sample
was then passed through a needle attached to a 1 mL syringe.
To the homogenized lysate, 350 µl of 70% ethanol was added,
bringing the total volume to 700 µl, which was added to the
RNeasy Mini column and centrifuged for 30 seconds at 10 000
rpm. After washing, 80 µl of DNase solution was added to the
column and incubated for 15 min at room temperature. The
column was washed twice with buffer and eluted with 30 µl of
RNase-free water. RNA concentration was measured on the
NanoDrop spectrophotometer. cDNA was synthesized from
250–500 ng of RNA per samples using the SuperScript III kit
(Invitrogen), following the manufacturer’s instructions, with a
T-professional PCR instrument (Westburg, Leusden,
Netherlands). For qPCR analysis, each tube contained 1× SYBR
Green master mix, 3 µM of forward and reverse primers, and

1 μg of cDNA. Samples were run on a Qiagen Rotor-Gene Q
5plex HRM device (Qiagen, Hilden, Germany). The primers are
listed in ESI Fig. 2.† Gene expression was calculated from data
retrieved from via Rotor-Gene Q software (Qiagen) and con-
verted to fold change using the Pfaffl method. Expression is
normalized to the PUM1 gene. GraphPad Prism 9.5.1. (Boston,
MA, USA) and Student’s t-test were used for statistical analysis.
In a pilot experiment to block RAGE, the RAGE antagonist
FPS-ZM1 was used at a concentration of 13 µM, and primary
adherent monocytes were treated with 250 μg ml−1 of G-SP for
24 hours. RNA isolation, cDNA synthesis, and qPCR measure-
ments were performed as described above.

2.4.4. Western blot analysis of p-NFkB p65. Differentiated
THP-1 or adherent primary monocytes were treated with 25 μg
ml−1 of glycated soy for 10 minutes, followed by whole-cell
lysis. Cells were lysed using commercial RIPA buffer sup-
plemented with 1× protease/phosphatase inhibitor (Cell
Signaling, Massachusetts, United States), followed by measure-
ment of concentration using the NanoDrop. Whole-cell lysate
was then prepared for SDS gel electrophoresis as described
previously. Subsequently, the gel, membrane, and blot paper
were equilibrated in Western Blot Semi-Dry Blot Buffer for
30 min and stacked inside of a trans-Blot SD Semi-Dry
Transfer Cell and run at 15 V for 35 min. Next, the membrane
was washed twice with TBS-T, followed by blocking with 5%
milk in TBS-T for 2 h at 4 °C. The membrane was then washed
3×, followed by incubation with primary antibody (Phospho-
NF-κB p65 (Ser536) (93H1) Rabbit mAb, Cell Signaling) over-
night at 4 °C. Next, the membrane was washed 3× in TBS-T, fol-
lowed by incubation with detection antibody for 1 h at room
temperature. Finally, the membrane is washed 3× in TBS-T, fol-
lowed by detection by means of ECL with a BioRad Chemidoc.
Protein expression was quantified using the ImageLab soft-
ware. Protein expression was normalized to β-Actin Antibody
(Cell Signaling, #4967).

2.5. Statistical analysis

Statistical analysis was conducted using GraphPad Prism
version 9.5.1. A one-way ANOVA was employed for comparing
multiple samples, while a Student’s t-test was used for pair-
wise comparisons. A p-value of less than 0.05 was considered
to indicate statistical significance (p < 0.05).

3. Results
3.1. Heat processing of soy profoundly alters its structure,
and in the presence of glucose leads to aggregates

The extent and types of MR formed during different heating
times at 100 °C were assessed by various methods. As some
pellet formation occurred, leading to a decreased protein con-
centration during these procedures, we focussed on analysing
the soluble components only.

To study how glycation over time affected the protein struc-
tures of heated soy protein (H-SP) and glycated soy protein
(G-SP), SDS-PAGE was performed (Fig. 1A and B). The
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SDS-PAGE separation of the raw soy protein extract showed the
characteristic bands of the major soy proteins, β-conglycinin
(α′, α, and β) and glycinin (As and Bs) subunits (ESI Fig. 3†). As
heating time increased, the intensity of the characteristic
protein bands decreased, and more intense bands of high
molecular weight in the upper part of the gel were observed.
The G-SP showed slightly more reduction in band intensity
compared to the H-SP (Fig. 1A and B). Additionally, the
smeared zones at the top became darker after 10 min of
heating, particularly for the G-SP, suggesting that glycation
promotes the formation of aggregates with higher molecular
weight. Thus, the results of the SDS-PAGE show that heating
and glycation affect the structure of SPEs.

3.2. Analysis of glycated soy proteins reveals early,
intermediate and advanced phases of Maillard reaction

To further measure characteristic and structural changes in
soy protein during MR, we analyzed H-SP and G-SP via the
OPA-assay, UV-vis, fructosamine, fluorescence, browning, the
DPPH assay, and UPLC-MS/MS.

The OPA assay measured the amount of free amino groups,
which are major reactants of the MR, in both H-SP and G-SP.
The results showed a sharp decrease within the first
20 minutes, reaching a maximum after 60 minutes of glycation
being at the level of 0.77 (Fig. 2A). Thus, a significant
reduction in free amino groups was observed at 60, 90 and
120 minutes of treatment during glycation with glucose.

To measure the formation of intermediate and late MRPs in
a non-specific manner, UV-Vis was used at wavelengths of
294 nm (intermediate MRPs) and 420 nm (advanced MRPs),
respectively. The UV-Vis results showed that absorbance at
294 nm for the G-SP increased linearly with time, reaching a
plateau after 90 minutes, with an absorption level 5 times
higher than that of H-SP (Fig. 2B). A similar linear increase
was observed for G-SP at 420 nm, reaching a maximum after
120 minutes, which was 7 times higher than that of H-SP
(Fig. 2C).

To continue characterization of the type of MRPs formed at
different time points of heating of SPE, fructosamine, an early
MRP and important AGE precursor, was measured.38,39 The
results showed that the concentration of fructosamine in H-SP
was constant and did not exceed of 0.3 mM, whereas in G-SP, a
linear increase in fructosamine concentration was observed
immediately after heating, reaching a plateau after 45 minutes
(>1.5 mM) (Fig. 2D). These results, together with OPA results,

indicate that the early-stage formation of the MR started after
5 minutes of heating. To assess the formation of fluorescent
AGEs in SPE-glycation, fluorescence in the G-SP samples was
immediately observed to increase and then increased signifi-
cantly further after 5 minutes, reaching a maximum after
30 minutes. This final fluorescence level was 3-times higher
for G-SP compared to H-SP (Fig. 2E). Additionally, CML, furo-
sine and CEL were measured in G-SP via UPLC-MS/MS. A
dose–response increase was noted for both CML and furosine
in G-SP with increased glycation time, with furosine plateauing
at 90 minutes, while CML Levels continued to increase at a
steady rate (Fig. 2H). CEL increased after 10 minutes of soy gly-
cation, followed by a steep dose–response increase in CEL for-
mation from 40 minutes to 90 minutes of glycation (Fig. 2I).

Next, we measured the browning index of treated soy
protein and the antioxidant capacity of treated extracts. The
browning index is often used as a predictor of melanoidin for-
mation, the final brown products of the MR,39,40 and melanoi-
dins are known for their antioxidant capacity.5 The browning
of the H-SP was stable and did not exceed a browning index
value of 1.5, while the browning of the G-SP showed a linear
increase with time, and after 120 minutes, its value was 13.6
times higher than that of the H-SP at the same time (Fig. 2F).
To measure the antioxidant capacity of the extracts, a DPPH
assay was performed. By conducting the DPPH assay, it is poss-

Fig. 1 SDS PAGE results depicting separation by molecular weight of
(A) Heated Soy Proteins (H-SP), (B) Glycated Soy Proteins (G-SP).

Fig. 2 Structural changes of heat treated and glycated of soy proteins.
Results of the Structural Properties of heated and glycated soy proteins
vs. glycated soy in a heating time series: (A) OPA assay depicting loss of
free amino groups as a result of glycation. Data shown is ratio relative to
heat soy control, (B) UV-vis at 294 nm depicting structural change of the
glycated soy protein vs. heated soy protein, (C) UV-vis at 420 nm depict-
ing structural change of the glycated soy protein vs. heated soy protein,
(D) fructosamine assay depicting fructosamine detection in glycated soy
vs. heated soy, (E) fluorescence assay depicting the detection of fluor-
escence AGEs in glycated soy vs. heated soy, and (F) browning assay
depicting formation of MRP-related browning in glycated soy vs. heated
soy. (G) Radical Scavenging Activity (RSA) of the samples via DPPH assay,
(H) detection of CML and furosine, and (I) CEL via UPLC-MS/MS.
Students T-test was used to determine significance of glycated soy vs.
heated soy, where * = P < 0.05, ** = P < 0.01, *** = P < 0.001.
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ible to measure from which timepoint in the MR the anti-
oxidant properties begins, which can be correlated to other
advanced MR readouts such as browning, likely showing pres-
ence of melanoidins. A significant increase in RSA antioxidant
capacity was observed from 60 minutes for G-SP, with a steady
increase up to 120 minutes, which indeed correlated with the
increasing browning index at the same time points (Fig. 2G).

In summary, the results show that the formation of inter-
mediate MRPs starts after the first minutes of heating, as
shown by the UV-vis assay, with the fructosamine, furosine,
CEL, and fluorescence results pointing toward the formation
of mainly early MRPs in the first 30 minutes. Moreover, for-
mation of intermediate MRPs started after ∼30 minutes of
heating, with a rapid rise in CEL and reaching a plateau after
90 minutes of heating, as shown by the CEL and UV-vis at
294 nm. Lastly, 420 nm readings, browning, and CML showed
a steady increase, reaching their highest peak at 120 minutes,
highlighting the advanced phase. These results show that the
types of MRPs and AGEs obtained in SPE – glycation strongly
depend on the applied heating time.

3.3. Glycation of soy protein at 100 °C increases its binding
affinity to AGE receptors

To measure the impact of soy glycation on receptor binding,
an inhibition ELISA assay against sRAGE was optimized (ESI
Fig. 4†). Fig. 3A shows the effect of different concentrations of

G-SP heated at different timepoints on the binding to RAGE
receptor. Dose–response curves were observed for all concen-
trations of G-SP tested, with longer heating times showing the
highest inhibition and thus strongest binding to sRAGE
(Fig. 3A). Specifically, a sharp rise in inhibition was observed
between 2.5 μg ml−1 and 25 μg ml−1 for all G-SP samples, with
G-SP at 90 and 120 minutes showing the steepest increase
(Fig. 3A). A positive correlation between RAGE binding and
heating time for G-SP was found (R2 = 0.9456), but not for
H-SP (R2 = 0.5135) (Fig. 3B), suggesting a direct interaction
between RAGE and MRPs/AGEs, rather than with heated
protein.

Based on the results from Fig. 3A, G-SP at 25 μg ml−1 was
chosen to study the binding to RAGE, as well as to CD36 and
Galectin-3 receptors, over time. A dose–response curve was
observed for RAGE and CD36. However, for Galectin-3, a
steady increase was observed up to 60 minutes, followed by a
sharp decline (Fig. 3C). To correlate receptor binding patterns
with the levels of defined MRPs in the samples, a correlation
analysis was performed. A positive correlation was observed
between CML levels in the samples and binding to RAGE (R2 =
0.9698) and CD36 (R2 = 0.9573); CEL levels in the samples and
binding to RAGE (R2 = 0.7507) and CD36 (R2 = 0.7936); and fur-
osine content and binding to RAGE (R2 = 0.9398) and CD36 (R2

= 0.9322) (Fig. 3D). These results indicate specific interactions
between MRP structures at different stages of formation and
selective receptors expressed on immune cells. ESI Fig. 5†
shows the ratios of AGE receptors and several other parameters
measured in this study, revealing further that RAGE ratios are
higher at later stages, galectin-3 binding skews towards early/
intermediate, while CML formation skews towards later stages.

3.4. Stimulation of macrophages with glycated soy causes an
increase in pro-inflammatory markers

To investigate the immunomodulatory responses of advanced gly-
cated soy proteins, we stimulated PBMC-derived adherent mono-
cytes from 5 donors with G-SP and H-SP (heated for 90 min) for
24 hours, followed by gene expression analysis of inflammatory
markers via qPCR (Fig. 4). Comparison of cytokine expression
among the different donors in response to H-SP and G-SP
showed consistently higher transcription levels of all investigated
cytokines (IL-1β, IL-8, TNFα, and IL-10) in the G-SP samples com-
pared to H-SP, although variation between donors was observed
(Fig. 4A). When analyzing the gene expression profile of receptors,
some donors individually showed an increased tendency in
RAGE, Galectin-3, CD86, and DC-SIGN in response to G-SP treat-
ment. However, when combining the response profiles of all
donors tested, only CD209 expression was significantly upregu-
lated at the transcript level (Fig. 4B).

To learn more about the immunogenic properties of gly-
cated soy, we decided to perform a follow-up pilot experiment
to explore the phosphorylation of NF-kB p65 in macrophages
in response to stimulation with G-SP heated for 90 minutes.
THP-1 differentiated macrophages and primary-derived adher-
ent monocytes from one donor were both treated with G-SP for
10 minutes, followed by western blot analysis. Stimulation

Fig. 3 Results of the Functional Properties of heated and glycated soy
proteins assays in regard to receptor binding. (A) RAGE binding capacity
of G-SP at different concentrations; (B) inhibition capacity of G-SPs for
RAGE, Galectin-3 and CD36 at a concentration of 25 µg ml−1; (C) corre-
lation between time of heating and capability to inhibit sRAGE. (D)
Correlation between MRPs and inhibition capacity of G-SP to receptors.
OVA as the negative control and amyloid–β as the positive control.
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with glycated soy led to an increased expression of p-NF-kB
p65 in both THP-1 cells and adherent monocytes from the
donor, although this increase was not significant (Fig. 5).

Lastly, we conducted a pilot experiment in primary adher-
ent monocytes from one donor, using the RAGE antagonist
FPS-ZM1 to investigate the impact of blocking RAGE on the
G-SP inflammatory response. We found that FPS-ZM1 strongly

decreased the G-SP induced IL-1B and IL-8 response (Fig. 6). It
is important to note that a higher concentration of G-SP was
used in this experiment, namely 250 μg ml−1, explaining the
higher inflammatory responses compared to Fig. 4 and high-
lighting that higher concentrations of G-SP lead to increased
immunogenicity.

4. Discussion

In this study we evaluated eight different time/temperature com-
binations for the glycation of soy proteins with glucose, by exam-
ining the impact on their structural and physiological properties.
The effects of the MR were analyzed both at the kinetic and the
functional levels. The present study revealed time-dependent
differences in the characteristics and functional properties of gly-
cated soy versus heated soy, which are linked to the various stages
of the MR. While we described the following paragraph in stages,
it must be noted that a number of MRPs are formed concurrently
across multiple stages of MR making the complete separation of
the stages and their individual analysis difficult to assess pre-
cisely. Therefore it is more accurate to consider the advantage of
one of the stages over the others. Ratios calculated form our
dataset, helped to set the segmentation of the different stages. As
such, based on the AGE receptor binding and induced CML
ratios vs. our measured parameters, we can delineate that early
stages dominate between 0–30 minutes, intermediate between
30–90 minutes, and advanced/late stages from 90 minutes
onwards.

4.1. Early MR stages

At the early stages of the MR, we observed increased formation
of early MRPs (fructosamine and furosine). Moreover, we
observed a significant loss of free amino groups, corroborating

Fig. 4 Cytokine gene expression from PBMC-derived adherent mono-
cytes by peripheral blood mononuclear cells (PMBCs) derived from
blood of 5 healthy donors after stimulation with H-SP and G-SP 90 min
for 24 hours. (A). gene expression of cytokines, (B) gene expression of
receptors. Data shown is duplicate samples from 5 healthy donors.
Students T-test was used to determine significance of glycated soy vs.
medium if no line indicated, where * = P < 0.05, ** = P < 0.01, *** = P <
0.001.

Fig. 5 Expression of phosphorylated NFkB p65 shows an increased
trend in macrophages after stimulation with glycated soy. Expression of
phosphorylated NFkB P65, analyzed by western blot (A) THP-1 differen-
tiated into macrophages, stimulated with 25 μg ml−1 glycated soy or 100
ng ml−1 LPS and 10 ng ml−1 IFNy for 10 minutes, data is representative of
3 replicates. (B) Primary derived adherent monocytes from one donor,
stimulated with 25 μg ml−1 glycated soy or 100 ng ml−1 LPS and 10 ng
ml−1 IFNy, data is representative of two replicates. Quantified data based
on the adjusted volume normalized to beta actin. Data was processed
and quantified using the ImageLab software from BioRad.

Fig. 6 Gene expression of cytokines after applying a RAGE antagonist
to block G-SP induced inflammatory response in primary adherent
monocytes. Primary adherent monocytes were pre-heated with 13 μM
of FPS-ZM1 for 1 hour before stimulation with 250 μg ml−1 G-SP 90 min
for 24 hours, followed by RNA isolation, cDNA synthesis, and qPCR ana-
lysis. Data shown is from biological replicate of one donor. Significance
determined via one-way ANOVA analysis.
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earlier findings.41–43 Interestingly, the reduction in free amino
groups appeared to stabilize after 20–30 minutes, suggesting
that the early phase of the MR occurs within this time window.
This conclusion is further supported by the rapid increase in
fructosamine and furosine, both early MRPs, within the first
30 minutes. Fluorescent MRPs, which are often linked to the
formation of browning pigments, also increased rapidly in the
early stages. This aligns with previous reports indicating that
fluorescent MRPs, such as pentosidine,4,5 can serve as precur-
sors to browning.42,44 It was previously reported that during
the digestive process in meal-resembling systems, high fructo-
samine levels correlated with further formation of cross-linked
fluorescent adducts, like pentosidine.38 Pentosidine, although
not-specifically measured, is likely produced as a result of
glucose glycation of soy protein.45 Notably, the SDS-PAGE ana-
lysis showed that heating soy protein, both with and without
glucose, significantly altered the migration pattern of proteins
in the gel. This effect was more pronounced in the glycated soy
protein, which formed more aggregates as early as 10 minutes.
Crosslinking AGEs, such as pentosidine,45–47 likely contributes
to aggregation in our samples. Markedly, the fluorescence in
G-SP samples significantly increased during the early stage,
but began to sharply decrease after approximately 40 minutes,
suggesting formation of non-fluorescent advanced reaction
products.46 This observation supports previous studies report-
ing a peak in fluorescence intensity followed by a gradual
decline.48–51 The increase in early MRPs also correlated with
increasing levels of RAGE, CD36 and Galectin-3 binding,
although this binding was consistently below 30% of inhi-
bition. Our receptor binding data are in line with previous
studies revealing that early MRPs present in glucose glycation
of albumin also bind to RAGE.52 Remarkably, the binding of
G-SP to Galectin-3 at the early stage was about three times
higher compared to binding to RAGE and CD36 at this stage.
Our receptor binding data are in line with previous studies
revealing that early MRPs present in glucose glycation of
albumin also bind to RAGE.52,53 Moreover, aggregates were
also shown to be recognised by RAGE, CD36 and Galectin-3,
which could potentially explain the observed binding to those
receptors.54 Lastly, the endogenous modification of proteins
with the fluorescent compound pentosidine has been reported
to be linked with inflammation, chronic kidney disease and
cardiovascular diseases.47 However, the effect of dietary pento-
sidine on inflammatory processes is not yet clear.55

4.2. Intermediate MR Stages

We propose that intermediate stage of the MR in our system
dominate after 30 minutes of heating until around
90 minutes. This conclusion is based on UV-vis measurements
at 294 nm, which detect intermediate MRPs.48 These measure-
ments indicated the highest peaks between 60 and
90 minutes, consistent with the degradation of Amadori pro-
ducts and the formation of more stable MRPs.39,49,50 This time
interval is also characterized by a sharp increase in furosine,
CML and CEL, though the relative amount of CEL produced
was small compared to Furosine and CML. Notably, a strong

linear correlation was found between CML and Furosine, indi-
cating that furosine increases as glucose-derived AGEs are
formed. The formation of intermediate MRPs leads to a strong
increase in RAGE binding between 60 and 90 minutes.
Interestingly, the level of fluorescent AGEs decreased in G-SPs
heated longer than 45 minutes, indicating that non-fluo-
rescent AGEs may be primarily responsible for receptor
binding in later stages. Notably, a rapid decrease in Galectin-3
binding was observed, which correlates with the strong
decrease in fluorescent AGEs. This could indicate a relation-
ship between fluorescent MRPs and Galectin-3 binding. This
is a novel finding, indicating that Galectin-3 may preferentially
bind to fluorescent AGEs like pentosidine45 in the early/inter-
mediate stages. As for CD36, only a steady increase was noted
in the intermediate stage. Although it is known that Galactin-3
receptor can bind AGEs there are no studies analysing the
kinetics of such a binding for the different stages of MR and
the different types of MRPs. Therefore the Galactin-3 binding
ELISA might be a useful tool for measuring the bio-functional
properties of MRPs.

4.3. Advanced MR stages

The advanced MR stages seem to dominate between 45 and
90 minutes as indicated by a sharp decline in fluorescent
AGEs in this timepoint. After 60 minutes, a steady but smaller
increase in CML levels occurred, which correlated with a sig-
nificant increase in RAGE binding. This finding is consistent
with previous studies showing that CML and CEL can bind to
RAGE, triggering inflammatory responses through a mecha-
nism involving the positively charged cavity within the
V-domain of RAGE.9,14,33,56–58 Importantly, RAGE binding was
specifically positively correlated with heating time with
glucose, suggesting that MRPs and AGEs, rather than heated
soy protein alone, are responsible for the observed increase in
RAGE binding. The binding to CD36 and Galectin-3 remained
stable during this stage. The UV-vis results at 420 nm revealed
a marked increase in absorbance, indicating the formation of
melanoidins, a key feature of advanced MRPs. Simultaneously,
we observed a high and steady increase in both browning and
antioxidant activity from 90 minutes onwards, suggesting that
melanoidins, which are known to possess radical scavenging
and Fe2+ chelation properties, are late-phase MRPs.59–63 The
antioxidant activity of G-SP, as measured by DPPH assay,
increased rapidly after 40 minutes of heating. However, the
contribution of melanoidins to antioxidant activity is difficult
to quantify due to their interaction with other antioxidants,
such as polyphenols and isoflavones.39 Nonetheless, these
results confirm that melanoidins are late phase MRPs, in
accordance with literature.48,59,61,63

4.4. Immune response

In addition to studying MRP binding to AGE receptors, we
investigated their ability to trigger an immune response.
Previous studies have suggested that the interaction between
RAGE and AGEs plays a role in modulating immune
responses.27,64,65 Our results confirm that G-SP, heated for
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90 minutes, can trigger an immune response in primary
monocytes, as evidenced by significant upregulation of IL-1β,
IL-8, and TNF-α. These findings suggest that advanced MRPs,
possibly involving RAGE, are responsible for this inflammatory
response. Indeed, the RAGE antagonist FPS-ZM1 reduced IL-1β
and IL-8 expression, further supporting RAGE’s involvement.
Interestingly, we also observed an upregulation of the anti-
inflammatory cytokine IL-10, which may be attributed to the
presence of melanoidins, which are upregulated after
90 minutes of heating. While RAGE has been primarily studied
in the context of endogenous AGEs and inflammatory
diseases66,67 to our knowledge, this is the first report showing
a RAGE-depended activation of human macrophages via gly-
cated soy proteins. Our data highlight the need to investigate
how dietary AGEs, such as those from glycated soy, can con-
tribute to intestinal inflammation, as RAGE is expressed on
epithelial cells and has been implicated in diseases like
inflammatory bowel disease.65 The results of the present study
suggest that the types of MRPs are important factors that can
influence the binding capacity of RAGE, concurring with
reports regarding AGEs formed from ovalbumin (OVA) and
β-lactoglobulin.37,68 AGE-OVA and OVA modified with pyrroline
are taken up via scavenger receptor class A; while
β-lactoglobulin modified with CML was recognized by sRAGE
in an inhibition ELISA assay.37,68 Our findings emphasize the
importance of understanding how food processing affects the
immunogenicity of soy-based products.

5. Conclusions

Our study provides novel insights into the time-dependent for-
mation of Maillard reaction products (MRPs) in glycated soy
proteins in relation to their impact on their structural, func-
tional, and immunological properties. We found that early
MRPs characterized by early MRPs such as fructosamine and
furosine, display a high fluorescence which is associated with
a notably higher binding affinity for the Galectin-3 receptor
compared to MRPs formed at later stages of MR. The inter-
mediate phase showed a sharp increase in furosine, CEL and
CML formation, which correlated with a significant rise in
RAGE binding capacity, while the Galectin-3 binding potential
sharply decreased, coinciding with a drop in the formation of
fluorescent MRPs. In the advanced MR stages, CML and furo-
sine formation were linked to increased RAGE binding and
enhanced antioxidant activity. Therefore, the assessment of
the dominant stages of the Maillard Reaction (MR), based on
this soy-glucose model system, could be guided by chemical
measurements, including markers such as fluorescence, CML,
furosine, and browning index, in combination with RAGE and
Galectin-3 receptor binding ELISA readouts. It is also impor-
tant to note that this approach can only be applied to models
that incorporate a kinetic framework, allowing the progress of
the MR to be analysed as a function of time, temperature, or
other critical conditions. Lastly, we demonstrated that
advanced glycation of soy proteins (90 minutes, G-SP) can lead

to activation of an immune response in blood-derived mono-
cytes, likely via RAGE binding, suggesting a potential mecha-
nism for the inflammatory effects of dietary AGEs. This novel
approach of correlating the formation of MRPs with functional
bioactivities provides a valuable tool for better understanding
of how food processing impacts soy protein’s immunogenicity
and its health implications. Inhibition ELISA is therefore pro-
posed as a relevant additional read-out method to measure the
amount of bioactivity of MRPs formed during the processing
of soy proteins and might be extended for applications to
other types of food proteins.

5.1. Future directions

The health effects of dietary AGEs, particularly their impact on
the body’s AGE pool, remain unclear. Our study suggests that
dietary AGEs may interact with immune cells and trigger
inflammation. It can have a particular meaning especially in
conditions with an existing gut inflammation like
Inflammatory Bowel Disease (IBD) or food allergies and intol-
erances. Future research should focus on the digestion of gly-
cated soy proteins to better understand potential risks,
especially given the high levels of process and glycated foods
in Wester diets. This could lead to improved guidelines for
processing soy and other foods to reduce glycation-related
harm. Our study indicates that to minimalize the binding of
MRPs to RAGE and CD36 receptor the conditions of the reac-
tion should be directed towards the formation of early and
intermediate rather than advanced MRP stages. To achieve
this, our data indicate the use of shorter glycation times that
result in less AGE-receptor binding which might also be
reached by the use of lower temperatures during heat treat-
ment. Less binding to AGE-receptors can thereby result in
lower activation of immune responses. The physiological role
of the binding of early and intermediate MRPs to Galactin-3
receptor should be further explored in in vitro and animal
models. Finally, model systems should be set up to uncover
why and how specific AGEs bind to RAGE.
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