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ABSTRACT

The Maillard reaction (MR), under proper environ-
mental conditions, has been used to improve protein 
functionality. In the present work, 2 high temperatures 
(50–80°C) and water activity (Aw; 0.45–0.67) were used 
to promote exogenous glycosylation of glycomacropep-
tide (GMP) while minimizing processing times (0, 8, 
24, 48, and 96 h at 50°C; 0, 2, 4, 8, and 24 h at 80°C). 
Maltodextrin, a polysaccharide commonly used in the 
food industry as a functional ingredient, was used as a 
reducing sugar, and compared with lactose, a native 
milk sugar. The progression of MR was evaluated by 
tracking changes in molecular weight using SDS-PAGE, 
the formation of Amadori compounds, and browning. 
Aqueous glycosylated GMP solutions (5 to 20% wt/
vol) were tested for solubility, rheological properties, 
and foam formation. As expected, MR progression was 
faster with Aw = 0.67 and 80°C. Glycosylated GMP 
powders showed no change in their solubility after MR. 
However, the apparent viscosity ( �γ = 30 s−1) of the 20% 
wt/vol suspensions exhibited a slight increase when 
GMP was glycosylated with maltodextrin for 24 h at 
80°C, and a 2-log increase when GMP was glycosylated 
with lactose, with a high browning development in both 
cases. The foam expansion index of the resuspended 
glycosylated powders was increased by between 25 and 
66% compared with the nonglycosylated powders. Bet-
ter foam stability (approximately 2 h) and no browning 
development were observed for GMP glycosylated with 
maltodextrin for 2 h at Aw = 0.67 and 80°C. The re-
sults show that GMP has undergone further glycosyl-
ation by means of controlled MR, which improves vis-
cosity and foaming index without negatively affecting 
solubility. These preliminary studies provide a basis for 
the future creation of a new ingredient with GMP and 
reducing sugars.
Key words: glycation, glycomacropeptide, Maillard 
reaction

INTRODUCTION

During cheesemaking, the enzyme chymosin hydro-
lyzes κ-CN, increases the casein micelle surface hydro-
phobicity, and gives rise to curd formation. When κ-CN 
is hydrolyzed, the following 2 fractions are obtained: 
the hydrophobic para-κ-CN (residue 1–105), which 
remains buried in the casein micelle, and a hydrophilic 
peptide (residue 106–169), which is expelled with the 
sweet whey. This last peptide is known as caseinoglyco-
macropeptide or glycomacropeptide (GMP) due to the 
high content of oligosaccharides attached to the peptide 
chain (approximately 50–60% of the GMP is glycosyl-
ated; Kreuß et al., 2009). In this work, the term GMP is 
used to describe bovine glycomacropeptide, regardless 
of the native glycosylation level. Glycomacropeptide is 
highly soluble, stable to thermal processing, and rich 
in Pro, Glu, Ser, and Thr (Thomä-Worringer et al., 
2006). The absence of Trp, Tyr, Phe, or Cys makes 
GMP an excellent source of protein for phenylketon-
urics (Thomä-Worringer et al., 2006; Neelima et al., 
2013). The molecular mass of GMP varies between 7 
to 11 kDa depending on the level of posttranslational 
glycosylation and phosphorylation (Kreuß et al., 2009; 
Neelima et al., 2013). Molecular weights (Mw) between 
14 and 30 kDa have also been reported, and are associ-
ated with polymeric forms of GMP (Farías et al., 2012). 
Kappa-casein natural glycosylation generally occurs on 
the Thr and Ser residues at the C-terminus, which are 
part of the GMP. Thr 121, Thr 131, Thr 133, Thr 136, 
and Thr 142 are accepted as the most important glyco-
sylation sites, but Thr 165, Thr 135, Ser 141, and Ser 
142 have also been proposed as potential glycosylation 
sites (Thöma-Worringer et al., 2006). The glycans can 
be presented as mono-, di-, tri-, or tetra-saccharides, 
leading to a great variety of GMP types (Vreeman et 
al., 1977; Kreuß et al., 2009; Bijl et al., 2014; Jensen et 
al., 2015).

For both the food and pharmaceutical industries, the 
Maillard reaction (MR) has proven to be a simple and 
promising method for the exogenous glycosylation of 
proteins, resulting in improved technological function-
alities, including thermostability, foaming, emulsifying 
properties, solubility, and stability against changes in 
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temperature, pH, and ionic strength (Hiller and Loren-
zen, 2010; Martínez-Alvarenga et al., 2014; Nooshkam 
et al., 2018, 2020). Maillard reactions depend largely on 
water activity (Aw) and reach maximum reaction rates 
at Aw between 0.6 and 0.8, and drop above or below 
this range (Labuza, 1970; Roos et al., 2018).

Maillard reactions are initiated by forming an unsta-
ble Schiff base through condensing a carbonyl group of 
a reducing sugar with a free amino group of a protein, 
which is then rearranged to stable Amadori or Heyns 
products based on the initial sugar (Martínez-Alvaren-
ga et al., 2014; Liu and Zhong, 2015). A high degree of 
complexity is observed in the advanced stages of MR, 
resulting in a range of not well characterized colored 
nitrogenous polymers and copolymers, known by the 
generic name of melanoidins, which leads to browning 
(Martínez-Alvarenga et al., 2014).

Therefore, to use protein-glycan conjugates as food 
ingredients, it is necessary to arrest MR in the early 
stages and to avoid the formation of unknown byprod-
ucts formed in advanced MR stages (Martínez-Alvaren-
ga et al., 2014; Liu and Zhong, 2015).

Recent studies have focused on the functionality of 
milk protein-saccharide MR conjugates for a range 
of technological applications. For example, HTST 
glycation with lactose and maltodextrin favored the 
industrial production of high-quality heat-stable whey 
protein isolate ingredients with reduced browning (Liu 
and Zhong, 2015), glycosylated sodium caseinate with 
glucose improved emulsion stability (Da Silva Pinto 
et al., 2012), and glycosylated β-LG, with glucose and 
lactose showing greater foaming index and stability 
(Medrano et al., 2009).

Casal et al. (2005) conducted MR in GMP with lac-
tose as reducing sugar, relatively low temperature (40 
and 50°C), intermediate Aw (0.33 to 0.65), pH between 
8 and 11, and extended time of up to 11 d. Furosine, 
used as an indicator of MR progression, was maximized 
at 50°C after 5 d of storage at Aw = 0.65 and pH 8 
(1.9 mg of furosine/100 mg of GMP), and after 2 d at 
Aw = 0.65 and pH 11 (1.6 mg/100 mg of GMP). More 
importantly, improvements in emulsion stability were 
observed when lactose-GMP was incubated for 2 d at 
pH 3 and 7 (Moreno et al., 2002).

In the present work, wide and high temperature (50–
80°C) and AW (0.45–0.67) ranges were used to promote 
GMP glycation with minimal processing times (up to 
96 h). In turn, a polysaccharide commonly used in the 
food industry as a functional ingredient, maltodextrin, 
was used as a reducing sugar, which was compared with 
lactose, a native milk sugar. The overall aim was to use 
MR to improve the technological properties of GMP 
so the modified GMP could be used as new functional 

ingredients. The effect of MR exposure time, tempera-
ture, and Aw on the solubility, rheology, and foaming 
properties of glycated GMP were assessed.

MATERIALS AND METHODS

No human or animal subjects were used, so this 
analysis did not require approval by an Institutional 
Animal Care and Use Committee or Institutional Re-
view Board.

Materials

Glycomacropeptide was obtained from Agropur In-
gredients. It was isolated from fresh cheese whey to 
over 90% purity and spray-dried into powder form. 
Specifications as provided by the supplier included 
moisture content 6.5 ± 1%, protein content 93.5 ± 
1.5% db, GMP content 96.0 ± 1.5% of total protein, 
fat <0.2%, ash 6.0 ± 0.5%, lactose 0.7 ± 0.3%, and 
pH 6.4 ± 0.3. D-Lactose anhydrous (USP/NF grade) 
was obtained from MP Biomedicals LLC and Malto-
dextrin (Globe 019150), with a dextrose equivalent of 
14.7%, from Ingredion S.R.L. A micropure-ST system 
(Thermo Scientific) was used to obtain ultrapure water 
for all experiments (resistivity of 18.2 MΩ∙cm).

Preparation of Glycated GMP

Glycomacropeptide and the saccharide (maltodextrin 
or lactose) were hydrated at a 1:1 mass ratio (100 g of 
GMP and 100 g of saccharide) in 1 L of 0.1 mol∙L−1 
phosphate buffer, pH 7 (mixture of potassium hydrogen 
phosphate, Mallinckrodt; and potassium dihydrogen 
phosphate, Merck), stirred for 6 h at room temperature 
on a magnetic plate set at 300 rpm, frozen to −80°C, and 
then lyophilized into powders using a LGJ-18 Vikumer 
lyophilizer. The protein-saccharide powders were kept 
in desiccators at Aw of 0.67 or 0.45, using saturated KI 
or K2CO3 solutions, respectively (Moreno et al., 2002; 
Corzo-Martínez et al., 2010). To promote MR, the du-
plicates of powders were exposed to a combination of 
temperature (50°C for 0, 8, 24, 48, and 96 h; or 80°C 
for 0, 2, 4, 8, and 24 h) and Aw (0.45 and 0.67). The 
same conditions were carried out for glycosylated GMP 
(gGMP), subdivided into gGMP glycosylated with 
maltodextrin (gGMP-MD), gGMP glycosylated with 
lactose (gGMP-LAC), and GMP with no added sugar 
(ngGMP), and sugars alone as negative controls. The 
time, Aw, and temperature conditions used to promote 
MR were selected based on Casal et al. (2005), who gly-
cated GMP successfully at 50°C (between 0.3 and 0.65 
Aw), and Liu and Zhong (2015) who promote MR in 
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whey protein isolates at 80°C and 79% humidity. After 
incubation, the glycosylated powders and controls were 
frozen at −20°C before further analysis.

Evaluation of Glycosylation

Quantification of Amadori Compounds and 
Browning. The estimation of Amadori compounds and 
browning due to MR was done as described by Savre 
(2016), with modifications. Briefly, for each of the gly-
conjugates, a 1% (wt/vol) solution in ultrapure water 
was prepared and centrifuged at 13,800 × g for 10 min 
at room temperature (Centrifuge Eppendorf 5810R). 
The absorbance of the supernatant was measured us-
ing a spectrophotometer (T70 + UV/vis spectrometer, 
PG Instruments Ltd.) set at 304 nm to determine the 
formation of Amadori compounds, and at 420 nm to 
determine browning.

Molecular Weight of GMP-Saccharide Conju-
gates. Changes in the Mw of gGMP conjugates due 
to MR were tracked using SDS-PAGE under denatur-
ing conditions, using an Enduro modular vertical gel 
system (Labnet International Products), and following 
the method described by Laemmli (1970), with modi-
fications. The electrophoresis was carried out using 
15% acrylamide for stacking gel and 5% acrylamide for 
running gel, and both gels were made with a stock 30% 
acrylamide-bis solution (Merck). A constant volume of 
sample (15 µL) was loaded into the gels. The samples 
consisted of 8 µL of 1% (wt/vol) glycoconjugate, 22 
µL of ultrapure water, and 10 µL of denaturing buffer 
[62.5 mmol∙L−1 Tris-HCl (Merck), pH 6.8, 25% glycerol 
(J.T. Baker Fisher Scientific), 2% SDS (Merck), 0.01% 
bromophenol blue (Merck), 10% β-mercaptoethanol 
(Applichem Panreac)], and incubated in a dry bath at 
100°C for 3 min. The electrophoresis was performed in 
Tris-Gly running buffer (pH 8.3 at 8°C) for 2 h at 100 
V. The protein bands were stained with Coomassie bril-
liant blue for 30 min and de-stained with a solution of 
40% (vol/vol) methanol (Carlos Erba), 10% (vol/vol) 
acetic acid (Merck), and 45% (vol/vol) distilled water. 
The Mw of the proteins and conjugates was estimated 
using an Accuruler RGB pre-stained protein ladder 
(Maestrogen Inc.).

Evaluation of Technological Properties

Two sets of solutions were prepared with ngGMP and 
gGMP. To keep the GMP concentration the same, the 
first set of solutions was prepared as follows: ngGMP 
was reconstituted at 5% (wt/vol) in ultrapure water, 
whereas the gGMP was reconstituted at 10% (wt/vol) 
in ultrapure water. The second set of solutions were 
prepared as follows: ngGMP at 20% (wt/vol) in ultra-

pure water and gGMP at 40% (wt/vol) in ultrapure 
water. All solutions were vortexed twice at 3,000 rpm 
for 30 s, and kept in a refrigerator at 4°C overnight. 
Before further evaluation, the samples were stabilized 
at 20°C, vortexed at 3,000 rpm for 30 s, and centrifuged 
at 3,000 × g for 10 min (Centrifuge Eppendorf 5810R) 
at 20°C.

Solubility. Solubility was evaluated according to Si-
kand et al. (2011), with modifications. The ngGMP and 
the gGMP were reconstituted in 5% and 10% (wt/vol) 
ultrapure water solutions, respectively. An aliquot (1 g 
± 0.1 mg) of the original sample, before centrifugation, 
and the supernatant, after centrifugation at 700 × g for 
10 min at 20°C, were dried at 102°C until a constant 
weight was achieved (approximately 3 h). The relative 
solubility of the sample was calculated as the wt/wt ra-
tio between the supernatant and the suspension before 
centrifugation.

Flow Properties. Flow curves (shear strain rate vs. 
shear stress) on 1.6 mL of liquid samples were done at a 
1 to 100 s−1 shear rate and 20°C, using MCR 302 rota-
tional rheometer (Anton Paar GmH), equipped with a 
cone plate geometry (CP60–1/TG, 60 mm diameter, 1° 
angle, 120 µm truncation). The flow curves were mod-
eled using the following power law model, appropriate 
for shear-thinning, time-independent liquids, according 
to Corzo-Martínez et al. (2010):

 τ γ= ×K n� , 

where τ = stress (Pa), K = consistency coefficient 
(Pa∙sn), �γ = shear rate (s−1), and n = the flow behavior 
index. For the special case of Newtonian liquids (n = 
1), the consistency coefficient K is the Newtonian vis-
cosity, whereas, in shear-thinning liquids, 0 < n < 1. 
Apparent viscosity at a �γ = 30 s−1 was used to compare 
treatment samples when non-Newtonian behavior was 
observed.

Foam Properties. Fifteen milliliters of ngGMP 
(5% wt/vol in ultrapure water) and gGMP (10% wt/
vol in ultrapure water) solutions were placed in 50 mL 
centrifuge tubes, vortexed at 3,000 rpm for 30 s, and 
placed in a rack for observation. A continuous video 
recording of the tubes was done for 40 min. The foam 
volumes were recorded from 0 to 6 min every 30 s, and 
from 6 to 40 min every 1 min. To evaluate the foam 
stability, the foam volume of each sample was measured 
at time 0 and 18 min. Foam expansion index (FEI) was 
calculated as follows, according to Corzo-Martínez et 
al. (2010):

 FEI % ,( ) = ×
V
V
t

0
100  
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where Vt = foam volume formed at time t, and V0 = 
liquid initial volume.

Experimental Design and Statistical Analysis

Each glycoconjugate, obtained from a set tempera-
ture condition (50°C or 80°C) and Aw (0.45 and 0.67), 
was analyzed as a completely randomized experiment 
with time as the fixed treatment effect and 2 replicates. 
In cases where the ANOVA showed significant treat-
ment effect, multiple means comparisons were done 
using Tukey’s test (P < 0.05). The data were analyzed 
using Infostat (version 9-29-2020, Universidad Nacional 
de Córdoba).

RESULTS AND DISCUSSION

Glycomacropeptide further glycated via MR is a 
potential technological solution for the manufacturing 
of functional protein ingredients. The native level of 
glycosylation of GMP is variable, given its origin and 
processing. The heating of the milk or whey before the 
isolation of GMP influences the extent of glycosylation 
in isolated GMP, with more severe heating producing 
GMP with less glycosylation (Neelima et al., 2013). We 
evaluated the functional properties of GMP glycosyl-
ation with relevant polysaccharide ingredients (e.g., 
maltodextrin and lactose) via MR.

Evaluation of Glycosylation

Quantification of Amadori Compounds and 
Browning. As expected, ngGMP (GMP only) did 
not exhibit a significant increase in the development of 
Amadori compounds and browning, regardless of MR 
exposure temperature, Aw, and time (Figures 1 and 2). 
The ngGMP and sugar controls (lactose and maltodex-
trin only) did not show significant color changes even 
after the most severe MR conditions (i.e., 24 h at 80°C; 
Figure 3).

As the exposure time increased and the MR pro-
gressed, Amadori compounds were detected, and in-
creased browning was observed in all gGMP samples 
(Figure 1). The effect of increased MR exposure time 
on the formation of Amadori compounds was significant 
for all gGMP. As expected, in powder samples held at 
80°C, MR proceeded at a higher rate for both glycosyl-
ated lactose and maltodextrin. For gGMP-MD (GMP 
glycosylated with maltodextrin), a significant increase 
in Amadori compounds was obtained after only 2 h of 
MR at both 0.45 and 0.67 Aw, whereas for gGMP-LAC 
(GMP glycosylated with lactose), significant differences 
were observed after 4 h of MR at Aw = 0.45, and after 
24 h at Aw = 0.67. At 50°C, the development of Ama-

dori compounds was observed at longer exposure times, 
for gGMP-MD after 8 h of MR and, for gGMP-LAC, 
after 48 h of exposure at Aw = 0.67 and 96 h at Aw 
= 0.45.

Little browning was observed after the glycosylation 
of GMP at 50°C with lactose and maltodextrin at both 
Aw, with maximum absorbance values after 96 h of 
MR that were similar to those obtained after 8 h at 
80°C, and at least 1-log cycle lower than those obtained 
when the powders were exposed to MR at 80°C for 24 
h (Figure 2). Despite obtaining statistically significant 
differences in gGMP-MD exposed to MR conditions at 
50°C for 48 h at Aw = 0.45, and 96 h at Aw = 0.67, 
differences were not relevant as the absorbances at 420 
nm were very low and browning was not evident to 
the naked eye (Figure 3). Samples probably underwent 
only early stages of the MR, where the development of 
Amadori compounds did not result in browning.

Browning was perceptible in gGMP-MD exposed to 
80°C at both Aw, and was greater in gGMP-LAC at 
both temperatures and Aw, suggesting more advanced 
stages of MR (Figure 3). After 24 h of exposure at 
80°C, statistically significant differences were observed 
for both gGMP, regardless of Aw. However, the brown-
ing of gGMP-LAC at 0.67 Aw (0.493 ± 0.029) was 2.6 
times higher than that of gGMP-MD under the same 
conditions (0.188 ± 0.054), and almost 4.0 times higher 
than that of both gGMP at 0.45 Aw (0.132 ± 0.010 and 
0.112 ± 0.010, respectively). Powders of gGMP-MD did 
not reach advanced stages of browning, with intermedi-
ate products exhibiting only a pale-yellow color, and 
strong absorption in the UV region due to the absence of 
dicarbonyls (Abd El-Salam and El-Shibiny, 2018). The 
formation of Amadori compounds and the development 
of browning indicated that the fastest progress of MR 
occurred in GMP glycated at 80°C. A higher number 
of Amadori compounds was produced in gGMP-MD, 
but with a lower development of browning at higher 
exposure times.

This work focused on the early to intermediate stages 
of the MR, where an increase in Amadori compounds 
was observed, followed by an increase in browning. Re-
duction stages of Amadori compounds were not reached, 
such as those observed by Casal et al. (2005) after 5 d 
at 50°C and pH = 8, or 9 d at pH = 11. Amadori com-
pounds and browning results indicating the progression 
of MR were consistent with the electrophoresis results, 
which suggested the formation of GMP polymers.

Molecular Weight of GMP-Saccharide Conju-
gates. To evaluate the change in Mw of GMP due to 
MR glycosylation, reducing SDS-PAGE was done. In 
all electrophoresis runs, the characteristic GMP band 
was observed between 10 and 17 kDa (Figure 4). For 
gGMP obtained at 50°C at both Aw, a small increase 
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in Mw was observed for gGMP-LAC (from 17 to 25 
kDa) as exposure time increased, but no change in 
Mw of gGMP-MD was observed regardless of expo-
sure time. This could be due to the formation of a 
variety of compounds generated through reactions of 
cyclization, dehydration, retroaldolization, enolization, 
oxidation, fragmentation, acid hydrolysis, isomeriza-
tion, rearrangement, free radical reactions, and further 
condensation occurring, leading to the formation of a 
large number of poorly characterized compounds (Abd 
El-Salam and El-Shibiny, 2018).

When MR was produced at 80°C in both Aw, diffuse 
bands of higher Mw were observed in both gGMP-LAC 
and gGMP-MD. These bands had approximately 35 
kDa after 8 h of MR, and approximately 48, 67, and 75 
kDa after 24 h of exposure in the gGMP-LAC samples. 
In contrast, gGMP-MD showed 1 high Mw band at 

approximately 35 kDa, but only after exposure to MR 
for 24 h at Aw = 0.67, and several bands (approxi-
mately 48, 67, and 75 kDa) after 24 h of exposure at 
Aw = 0.45. The wide range of Mw observed (~15 to 75 
kDa) was likely due to the generation of heterogeneous 
MR products, the formation of gGMP aggregates, or 
covalently linked degradation products; additionally, 
this was seen to some extent with ngGMP. The pres-
ence of high Mw bands associated with the appearance 
of brown pigments may be due to the generation of 
melanoidins (Medrano et al., 2009), as well as hetero-
geneous, multimeric, or lysinoalanine crosslinking prod-
ucts (Zavala Pope, 2009).

Surprisingly, ngGMP exhibited an additional band 
with Mw between 28 to 35 kDa and also the shadow 
of a band at ~50 kDa after MR at 80°C for 24 h. This 
may be explained by limited MR catalyzed by sac-

Keel et al.: FUNCTIONALITY OF GLYCATED GLYCOMACROPEPTIDE

Figure 1. Amadori compound formation (measured as absorbance at 304 nm) in samples of glycomacropeptide (GMP) with no added sugar 
(ngGMP), GMP glycosylated with maltodextrin (gGMP-MD), and GMP glycosylated with lactose (gGMP-LAC), at temperature (T) = 50°C 
and water activity (Aw) = 0.45 (A), at 50°C and Aw = 0.67 (B), at 80°C and Aw = 0.45 (C), and at 80°C and Aw = 0.67 (D). Different letters 
(a–e) indicate significant differences within each GMP type using Tukey-Kramer (P < 0.05).
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charides bound to GMP or small residual lactose left 
in the GMP powders. The Mw distributions observed 
in the gels indicate that the degree of glycation was 
different for each sugar, which was consistent with 
results reported about β-LG and sodium caseinates, 
where disaccharides had a greater ability to glycosylate 
by MR than polysaccharides (Chevalier et al., 2001; 
Corzo-Martínez et al., 2010).

At a mass ratio of 1:1, the approximate molar ratio 
of GMP: maltodextrin and GMP: lactose was approxi-
mately 1:10 and 1:20, respectively. Glycomacropeptide 
contains, at most, 3 Lys and 5 Thr available residues, 
and the saturation with both sugars could potentially 
lead to browning due to caramelization at high tem-
perature (e.g., 80°C). This was not the case, as both 
lactose-only and maltodextrin-only controls did not 
exhibit browning when subjected to the most extreme 

temperature and time conditions in these experiments 
(i.e., 80°C for 24 h; Figure 3).

The concentration of Amadori compounds, the 
browning development, and the observed protein 
bands in SDS-PAGE indicated that MR occurred 
at a faster rate in GMP glycated at 80°C. At this 
temperature, products corresponding to both early 
and advanced stages of MR were detected at different 
exposure times. When GMP was glycated at 50°C, 
only products corresponding to the early stages of MR 
were evident. We were not able to elucidate whether 
lactose had a faster or slower rate of reaction versus 
maltodextrin, as the 2 sugars were added in excess 
amounts versus GMP. Nevertheless, a higher number 
of Amadori compounds were present in gGMP-MD, 
with little development of brown pigments, even at 
longer exposure times.

Keel et al.: FUNCTIONALITY OF GLYCATED GLYCOMACROPEPTIDE

Figure 2. Browning (measured as absorbance at 420 nm) in samples of glycomacropeptide (GMP) with no added sugar (ngGMP), GMP 
glycosylated with maltodextrin (gGMP-MD), and GMP glycosylated with lactose (gGMP-LAC), at T (temperature) = 50°C and water activ-
ity (Aw) = 0.45 (A), at 50°C and Aw = 0.67 (B), at 80°C and Aw = 0.45 (C) and at 80°C and Aw = 0.67 (D). Different letters (a–d) indicate 
significant differences within each GMP type using Tukey-Kramer (P < 0.05).
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Evaluation of Technological Properties

Solubility. The variation in solubility caused by 
MR on GMP was studied. The results showed the high 
solubility of ngGMP was not affected by MR exposure 
time for controls, and for gGMP/MD and gGMP/LAC 
(data not shown). These results suggest that GMP 
could be incubated with both lactose and maltodextrin, 
at high temperatures (e.g., 80°C) for sufficient periods 
of time, to obtain highly glycosylated forms without 
affecting overall solubility. Similar results were found 
in the glycation of GMP with lactose at 40°C (Moreno 
et al., 2002). Milk proteins used in food products are 

generally required to have high levels of solubility to 
facilitate expression of desired functionality including 
gelation, aeration, water binding, foaming, and emul-
sification.

However, there is no general rule about the solubil-
ity of glycosylated aggregates after MR, as conflicting 
reports found reductions in the solubility in glycosyl-
ated proteins with secondary and tertiary structure, 
including ovalbumin (Aoki et al., 2001), shellfish 
muscle proteins (Katayama et al., 2002), myofibrillar 
protein (Sato et al., 2000), myosin (Tanabe and Saeki, 
2001), whey protein isolate, and β-LG (Medrano et 
al., 2009; Martínez-Alvarenga et al., 2014). This lack 

Keel et al.: FUNCTIONALITY OF GLYCATED GLYCOMACROPEPTIDE

Figure 3. Images of the powders exposed to temperature (T) = 80°C for 24 h and 50°C for 96 h. Glycomacropeptide glycated with malto-
dextrin (gGMP-MD) or lactose (gGMP-LAC), and glycomacropeptide with no sugar added (ngGMP) controls (A). Sugar controls (B). Aw = 
water activity.
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of consistency in previous experimental results em-
phasizes the need for further understanding of the ef-
fect of MR on the technological properties of glycated 
food proteins.

Flow Properties. The flow properties of all recon-
stituted gGMP were evaluated after dispersion of the 
powders in water at 5% and 20% wt/vol concentration. 
In all the solutions prepared at 5% wt/vol, Newtonian 

Keel et al.: FUNCTIONALITY OF GLYCATED GLYCOMACROPEPTIDE

Figure 4. Sodium dodecyl sulfate-PAGE of glycomacropeptide powders not glycated (ngGMP), or glycated with maltodextrin (gGMP-MD) 
or lactose (gGMP-LAC) by Maillard reaction. T and Aw are the temperature and water activity during the Maillard reactions. The numbers at 
the bottom of each gel are the hours of exposure to Maillard reactions. The last line to the right of each gel is the molecular weight standard, 
Accuruler RGB pre-stained protein ladder (Maestrogen Inc.).
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flow characteristics were observed and the MR expo-
sure time did not significantly affect the viscosity of 
gGMP for the most part. Statistically significant differ-
ences were only found for gGMP-LAC at 24 h of MR 
exposure at 80°C in both Aw, and the viscosity only 
changed from 1.8 to 2.6 mPa∙s for Aw = 0.45 and from 
1.8 to 2.8 mPa∙s for Aw = 0.67 (data not shown).

For the solutions containing 20% wt/vol concentra-
tion, just adding sugars before MR increased the vis-
cosity of the system. In gGMP solutions with both 
sugars exposed to MR at 50°C, no significant changes 
in viscosity were observed with increased MR exposure 
time (Figure 5). However, for gGMP-LAC, a slight re-
duction in viscosity was observed in 20% solutions after 
the first hour of exposure to MR (Figure 5), possibly 
due to the depolymerization or deamination MR inter-
mediates. Glycosylated GMP prepared at 80°C showed 
strong increase in viscosity and a transition to non-
Newtonian behavior as MR progressed. This increase in 
viscosity was observed in gGMP-LAC at both Aw, and 
to a lesser extent in gGMP-MD at Aw = 0.67 (Figure 
5). Additionally, gGMP-LAC exposed to 80°C exhibited 

shear-thinning behavior and a strong increase (ap-
proximately 2-log) in apparent viscosity ( �γ = 30 s−1) 
after 8 h of MR exposure at Aw = 0.67. In other stud-
ies, a similar trend was found in the viscosity of casein-
ate protein when glycosylated with dextran (Hiller and 
Lorenzen, 2010). This increased viscosity of gGMP at 
80°C may be the result of polymerization, as discussed 
before.

A positive correlation was also found between the 
viscosity of gGMP solutions (20% wt/vol) and the 
browning measured as absorbance at 420 nm (r = 0.86; 
P < 0.01), and viscosity and presence of Amadori com-
pounds (r = 0.66; P < 0.01).

Foam Properties. All powders were suspended in 
water and vortexed to evaluate FEI and foam stabil-
ity. The simple addition of highly functional sugars, 
without exposure to temperatures or Aw of the test, 
increased the foaming properties of GMP, due to a con-
centration effect that increases the general viscosity of 
the system. A marked increase in FEI was observed in 
all gGMP in the early stages of MR (2 h at 80°C and 
8 h at 50°C), before the extensive darkening associated 
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Figure 5. Viscosity of 20% solution in samples of glycomacropeptide (GMP) nonglycosylated, incubated without saccharide (ngGMP), GMP 
incubated with maltodextrin (gGMP-MD), and GMP incubated with lactose (gGMP-LAC), at temperature (T) = 50°C and water activity (Aw) 
= 0.45 for 0 to 96 h (A), at 50°C and Aw = 0.67 for 0 to 96 h (B), at 80°C and Aw = 0.45 for 0 to 24 h (C), and at 80°C and Aw = 0.67 for 0 
to 24 h (D). Different letters (a–d) indicate significant differences within each GMP type using Tukey-Kramer (P < 0.05). *Shear-thinning be-
havior, apparent viscosity at �γ  = 30 s−1.
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with advanced MR. For example, after 2 h at 80°C and 
Aw = 0.67, the FEI of gGMP-MD increased from 63 
to 85% (P < 0.05). For gGMP-LAC, the FEI increased 
from 80 to 110% (P < 0.05). Similarly, after 8 h at 50°C 
and Aw = 0.67, the FEI further increased to 123% for 
gGMP-MD and 130% for gGMP-LAC (P < 0.05; Fig-
ure 6). This increase in FEI continued to be observed 
in the following stages for gGMP exposed at 80°C, but 
not at 50°C. The maximum FEI (136%) was observed 
for gGMP-LAC after 24 h of MR exposure at 80°C and 
Aw = 0.67. These results were consistent with those 
obtained for SDS-PAGE and viscosity, where products 
with higher Mw and viscosities had higher FEI.

To study the stability of the foams obtained from 
reconstituted ngGMP and gGMP powders, the foams 
were monitored for 18 min after their formation (Figure 
7). Foam made with gGMP-LAC rapidly collapsed to 
levels similar to ngGMP. In contrast, the foams made 
with gGMP-MD persisted for around 1 h. The FEI ob-
tained with glycosylates at 80°C showed values greater 
than 40% at 18 min in foams formed with gGMP-MD, 
and close to 10% with ngGMP and gGMP-LAC. An 
improvement in foaming stability was observed for 

gGMP-MD exposed to MR at 80°C for only 2 h (P < 
0.01), where Amadori products with no browning were 
observed (Figures 1 and 2). The gGMP samples exposed 
to MR at 50°C produced a similar, but not significant 
trend, due to the high dispersion of the observations.

The formation of a foam requires the participation of 
a surfactant capable of migrating to the air/water in-
terface to lower surface tension. Native nonglycosylated 
GMP has better foaming ability than native gGMP. 
The combination of hydrophilic and electrostatic effects 
prevents the adsorption of native gGMP molecules at 
the air/water interface (Kreuß et al., 2009). In con-
trast, native nonglycosylated GMP molecules form a 
stable network at the interface (Jauregui-Rincón et al., 
2019). However, in milk proteins glycosylated through 
MR, greater stability of the elaborated foams has been 
observed (Medrano et al., 2009; Báez et al., 2013). 
Several mechanisms have been proposed to explain 
this: the formation of thick, viscoelastic layers of MR 
products at air/liquid interfaces (Fechner et al., 2007), 
the increase in viscosity of MR product solutions, and 
steric protection against aggregation and coalescence 
of branched-chain polysaccharides (Ganzevles et al., 
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Figure 6. Foam expansion index (FEI) at time 0 min in samples of glycomacropeptide (GMP) incubated without saccharide (ngGMP), GMP 
incubated with maltodextrin (gGMP-MD), and GMP incubated with lactose (gGMP-LAC), at temperature (T) = 50°C and water activity (Aw) 
= 0.45 for 0 to 96 h (A), at 50°C and Aw = 0.67 for 0 to 96 h (B), at 80°C and Aw = 0.45 for 0 to 24 h (C), and at 80°C and Aw = 0.67 for 0 
to 24 h (D). Different letters (a–c) indicate significant differences within each GMP type using Tukey-Kramer (P < 0.05).
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2006), and increased protein hydrophilicity (Fechner 
et al., 2007). Increased stability of protein foams was 
reported for β-LG glycosylated with glucose and lactose 
(Chevalier et al., 2001; French et al., 2002; Medrano et 
al., 2009), and total milk protein glycosylated with glu-
cose, lactose, pectin, and dextran (Hiller and Lorenzen, 
2010).

The glycosylated samples that exhibited a strong 
increase in apparent viscosity, and a transition from 
Newtonian to shear-thinning behavior, also showed the 
appearance of several larger Mw protein aggregates in 
SDS-PAGE (Figure 4). Similar results were reported 
for glycosylated sodium caseinate with glucose and lac-
tose (Hiller and Lorenzen, 2010).

A positive correlation was also found between the 
viscosity of gGMP solutions (20% wt/vol) and the 
browning measured as absorbance at 420 nm, viscosity 
and presence of Amadori compounds, and viscosity and 
FEI at zero time for gGMP-LAC (Table 1).

Glycosylation increased the Mw of GMP and prob-
ably modified its net charge and charge distribution. 
Over the course of the exposure time, a diverse popula-

tion of molecules at different MR stages was detected. 
In further studies, zeta-potential tests could be carried 
out to understand the charge change, as well as hy-
drophobicity tests and mass spectrometry to further 
characterize the MR products.

Keel et al.: FUNCTIONALITY OF GLYCATED GLYCOMACROPEPTIDE

Figure 7. Foam expansion index (FEI) at time 18 min in samples of glycomacropeptide (GMP) not glycosylated, incubated without saccha-
ride (ngGMP), GMP incubated with maltodextrin (gGMP-MD), and GMP incubated with lactose (gGMP-LAC), at temperature (T) = 50°C 
and water activity (Aw) = 0.45 for 0 to 96 h (A), at 50°C and Aw = 0.67 for 0 to 96 h (B), at 80°C and Aw = 0.45 for 0 to 24 h (C), and at 80°C 
and Aw = 0.67 for 0 to 24 h (D). Different letters (a,b) indicate significant differences within each GMP type using Tukey-Kramer (P < 0.05).

Table 1. Pearson correlation coefficients between absorbance at 420 
and 304 nm, viscosity, and foam expansion index (FEI) at 0 min1

Item2
Absorbance  
(304 nm) Viscosity FEI

GMP-LAC
 Absorbance (420 nm) 0.96** 0.86** 0.50**
 Absorbance (304 nm)  0.83** 0.59**
 Viscosity   0.50*
GMP-MD
 Absorbance (420 nm) 0.80** 0.86** 0.31*
 Absorbance (304 nm)  0.66** 0.31*
 Viscosity   —
1Only significant correlations are shown.
2GMP-LAC = glycomacropeptide glycosylated with lactose; GMP-MD 
= glycomacropeptide glycosylated with maltodextrin.
*P ≤ 0.05; **P ≤ 0.001.
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CONCLUSIONS

Glycosylated fractions with equal solubility to the 
initial protein, and higher FEI and viscosity were ob-
served when GMP was exposed to MR in the presence 
of lactose and maltodextrin. Glycosylation increased the 
Mw of GMP, and probably its net charge and charge 
distribution. The increase in viscosity was directly 
proportional to the increase in the foam expansion in 
the foam index and the presence of protein aggregates. 
These results provide a basis for the future creation of 
a new ingredient with GMP and sugars that will be 
useful for the food industry.
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