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Abstract
Protein base modification is a notable potential method to alter the molecular structure and
physicochemical and functional properties of the protein, thus affecting protein
digestibility. This study investigated the protein digestibility of whey protein isolate–
lactose (WPI-Lac) conjugates using an in-vitro infant gastric digestion static model. WPI
was conjugated with lactose by dry Maillard reaction under optimised conditions. The
following conditions were studied, WPI-Lac heated at 40°C, water activity aw = 0.80 and
incubation time of 0, 1, 3, 5 and 7 days. Based on the brown colour and the conjugation
rates in ortho-phthaldehyde analysis, the incubation time of day 3 of conjugation promises
the extent of conjugation and prevents the formation of advanced Maillard reaction
products (MRPs). Functional properties of glycated protein were found to significantly
higher (p<0.05) in antioxidant activity and solubility compared with native WPI. In
addition, Fourier Transform Infrared (FTIR) analysis indicated that the WPI was modified
by dry MR with lactose. WPI-Lac day 3 was evaluated using the in-vitro gastric infant
digestion model which undergo simulated gastric infant condition at pH 3 with 19 µL of
0.625mg/mL of pepsin. Sodium dodecyl sulfate acrylamide gel electrophoresis (SDSPAGE) analysis of digesta revealed that MRPs increased susceptibility to be hydrolysed
by pepsin. The digestion product affirms dry MR conjugation can potentially improve
WPI digestibility. Herein, this study of WPI-Lac conjugates contributes to an
understanding of how protein–disaccharide glycates affect in-vitro infant gastric digestion.

1. Introduction
Human milk (HM) comprises hundreds of proteins
with a wide range of roles that are likely to lead to
breastfeeding’s short- and long-term benefits (Donovan,
2019). In addition, these digestible proteins provide a
well-balanced source of amino acids for the swift
development of infants (Lönnerdal, 2003). Whey protein
and casein are found in HM proteins (Ballard and
Morrow, 2013; Chatterton et al., 2013; Tu et al., 2014;
Nguyen et al., 2015; Halabi et al., 2020). However,
whey protein profiles in HM do not contain βlactoglobulin (β-Lac), leading to some disparity with
infant formulas (Halabi et al., 2020). Infant formulas are
based on cow’s milk (Maathuis et al., 2017; Golkar et
al., 2019; Ye et al., 2019). The high percentage of β-Lac
in cow’s milk (i.e., 80%) (Donovan, 2019; Ye et al.,
2019) could trigger allergies in infants (Chatterton et al.,
2013). Given the isoelectric protein (pI) of β-Lac (pI 5.2)
(Damodaran, 2007) this protein is highly soluble because
of the large ratio of surface hydrophilic residues to
*Corresponding author.
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surface nonpolar groups but relative resistance to acid
hydrolysis (Wal, 2004). In 2018, resistance to
gastrointestinal digestion appeared to be one of the main
characteristics of proteins that trigger an allergic
response via the gastrointestinal tract (Pekar et al.,
2018). Food protein digestion is complex and critical in
infants. Given the growing realisation that digestion in
infants is different from that in adults, investigations on
this process have broadened through the use of the invitro digestion model. Thus, the in-vitro digestion
models have received much attention.
Although in-vitro models do not fully mimic in-vivo
conditions, they have been widely used because they
have no ethical constraints, have low cost and can be
easily prepared for sampling (Nguyen et al., 2015;
Nguyen, 2017; Gan et al., 2018; Ménard et al., 2018).
Meanwhile, Shani-Levi et al. (2017) presented an
overview of some new and emerging in-vitro digestion
models that mirror the gastrointestinal conditions of
infants and mentioned that these models showed
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Published by Rynnye Lyan Resources

FULL PAPER

Potential of whey protein isolate-lactose conjugates in the in-vitro infant
digestion

FULL PAPER

54

Sabari et al. / Food Research 6 (Suppl. 1) (2022) 53 - 66

advantages, such as rapidity, and less labour intensive
and having significantly fewer bioethical constraints.
Understanding food digestion in the human
gastrointestinal tract greatly affects the food industry,
which is expected to produce nutritious content in food
(e.g. proteins, carbohydrates and fats). Hur et al. (2011)
reported that understanding the digestibility, structural
changes and kinetics of food under closely simulated
physiological conditions in the human gastrointestinal
tract requires the application of in-vitro models. Previous
research has investigated the digestion of proteins using
in-vivo models, results demonstrated full complex
digestion but concerns about time, expense and ethical
constraints, particularly when considering an infant.
Fortunately, in-vitro models are built to mimic
physiological in-vivo conditions, which consist of
complex systems, as reported in Coles et al. (2005),
including the composition of and subsequent digestive
secretion, digestion and absorption and the interaction
between the host, the food and microbacteria in the
digestive system. In-vitro digestion models are preferred
method to investigate food digestion in humans because
of their versatility, reproducibility, time efficiency, costeffectiveness and most importantly the absence of ethical
restrictions (Picariello et al., 2013; Minekus et al., 2014).
Recently, Egger et al. (2019) evaluated the
comparison of protein digestion using in-vitro static and
dynamic protocols. They found out that the in-vitro
dynamic protocol reflected the improved mimicking
conditions of in-vivo analysis showing a good
approximation of peptide patterns in the gastric and
intestinal endpoints. As mentioned in Ménard et al.
(2014), this sophisticated model includes pH regulation,
dynamic food flows and digestive enzyme concentration,
by contrast, in-vitro dynamic digestion models require
complex operations and huge costs for setting up the
equipment and the system. By contrast, Egger et al.
(2019) mentioned that the dynamic protocol considerably
reflected physiological in-vivo conditions at the level of
free amino acid release. However, in Egger et al. (2019),
the absorption of free amino acids was not imitated in
both in-vitro digestion protocols, thereby indicating
restraints in mimicking in-vivo conditions. This finding
was supported by Hur et al. (2011), Coles et al. (2005),
and Lucas-González et al. (2018). It has some significant
implications for the digestion process of protein in-vitro.
It concerns the differences in digestibility among infants
of different ages, especially during their feeding
development stages. The composition of the food
consumed by infants is constantly changing over time
and it is not possible to mimic this complexity with an in
-vitro analysis.
One of the methods to modify base proteins is the
eISSN: 2550-2166

Maillard reaction (MR). MR refers to a reaction of
protein and sugar via heat processing without the
presence of enzymes. Teodorowicz et al. (2017)
explained that during MR, covalent bonds are formed
when proteins and sugar are linked with the free amino
groups of amino acids (mostly lysine and the carbonyl
groups of the reducing sugar). However, MR proteins
with polysaccharides do not react with high reactivity as
fast monosaccharides and disaccharides do; thus, at the
initial stage of the MR pathway, the reaction is stopped,
yielding a high concentration of Schiff base (Zhu et al.,
2008; Oliveira et al., 2016). By contrast, Fu et al. (2002)
reported that no direct connection exists between
digestibility measured in vitro and allergenicity. Eleven
years later, Böttger et al. (2013) investigated the
relationship of digestibility on modified proteins with invitro digestion. They found that β-Lg is digested in
glycates, but small amounts of glycates and β-Lg are not
fully digested at the end of duodenal digestion.
Interestingly, modified proteins successfully mask
immunogenic peptides by dextran, but the digestion
kinetic for β-Lg present in glycates occur at a somewhat
slower rate because dextran provides some steric
hindrance (Böttger et al., 2013).
Despite the importance of MR in protein
modification, information about the conjugation of
proteins with disaccharide sugar of lactose remains
lacking. In addition, the digestibility of the conjugated
whey proteins with lactose must be explored to
understand the modified molecular structure, as well as
their bioaccessibility in gastrointestinal tracts in infants.
Such investigation could help in the development of
hypoallergenic food proteins and the masking of
immunogenic peptides by lactose. To date, many
researchers have succeeded in modifying native proteins.
The creation of a new generation of functional whey
protein-based ingredients may benefit from the
modification of whey protein functionality through
Maillard-induced glycation. Previous research reported
the types of amino groups and sugars that act as reducing
and non-reducing sugar, affect MR products. Some
attempts have been made to improve the functional
properties of enzymes and food proteins by conjugation
with glucose-6-phosphate (Kato et al., 1995) or
polysaccharides such as dextran and galactomannan
(Kato et al., 1988; Kato et al., 1992) through the MR.
Chevalier et al. (2001) studied the MR to improve the
functional properties (solubility, heat stability,
emulsifying and foaming properties) of β-lactoglobulin
(β-LG) glycated with several sugars (arabinose,
galactose, glucose, lactose, rhamnose or ribose), whereas
Li et al. (2011) investigate on the effect of MR
conditions (weight ratio of protein to sugar, temperature
and time) on the antigenicity of α-lactalbumin (α-LA)
© 2022 The Authors. Published by Rynnye Lyan Resources
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2. Materials and methods

2.1 Materials
Whey protein isolate (WPI) was obtained from
Nutrija Lifesciences, India. Lactose (Lac) (Ph. Eur,
Sigma-Aldrich/US) was purchased from Weitengen Sdn
Bhd, MAS. All other chemicals and reagents used were
analytical grade.
2.2 WPI-Lac conjugate preparation
The conjugation of protein and lactose was
performed in accordance with the method of
Julmohammad (2017). WPI and lactose were dissolved
in 40 mL of purified water with a protein-to-sugar ratio
of 0.4:1 (wt/wt). The mixtures were then frozen for 24
hrs and lyophilised (Labconco, 4.5 L, -50°C, Kansas
City, USA) to obtain a dry powder. Subsequently, the
powder was incubated at 40°C in a desiccator containing
a saturated KBr solution with 0.8 water activity, aw
(Wexler, 1994). Samples were taken periodically after 0,
1, 3, 5 and 7 days of incubation for further
characterisation.
2.3 Colour observation
eISSN: 2550-2166

The colour observation was performed using the
method of Liu et al. (2019), 2 and 10 mg/mL of WPI or
WPI-Lac were measured at 294 and 420 nm absorbance,
respectively, using an ultraviolet-visible (UV-Vis)
spectrophotometer (PerkinElmer Lambda, US).
2.4 L* a* b* analysis
WPI or WPI-Lac were placed into a 5 cm diameter
glass petri dish. Three colour components, namely, L*
(black–white, luminosity), a* (+red to −green) and b*
(+yellow to −blue), were recorded using a Minolta
chroma meter (Morales and Van Boekel, 1998).
2.5 SDS-PAGE analysis
SDS-PAGE was performed using 15% of resolving
gel and 4% stacking gel in accordance with the method
described by Laemmli (1970), with the following
modifications: Ten microlitres of protein sample at 1.0
mg/mL were dissolved with 10 µL of SDS sample buffer
under reducing condition (4%–20% Tris-glycine SDSPAGE) and then heated to 90°C for 10 mins. Aliquots of
5 µL of the sample were loaded into each well on the gel.
Protein markers with ~10 to ~250 kDa molecular weight
standard protein were also run as indicators for the
sample, and electrophoresis was conducted at 180 V
minimum an hour. After electrophoresis, the gel was
stained using a Coomassie blue R-250 kit (Bio-Rad, US).
2.6 Ortho-phthaldehyde analysis
Samples were pipetted into a 96-well clear plate, and
200 µL of OPA reagent was added, with absorbance at
340 nm. The degree of glycation was determined using
the equation below:
Where A0 is the absorbance of control without

sample, and At is the absorbance of the sample. All
samples were analysed in triplicate (Chevalier et al.,
2001).
2.7 FTIR analysis
Spectroscopic measurements were performed using
the method of Liu et al. (2014) with minor
modifications. A total of 25 mg of the sample was mixed
with 225 mg of KBr (10% w/w) and then measured in
transmission mode from 4000 cm−1 to 400 cm−1 at room
temperature.
2.8 Solubility
Approximately 2 g of the sample was dissolved in
100 mL of demineralised water, and 1 hr was needed for
the equilibration time of the samples before pH 5 was set
© 2022 The Authors. Published by Rynnye Lyan Resources
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and β-lactoglobulin (β-LG) in conjugates of whey
protein isolate (WPI) with maltose. While de Oliveira et
al. (2016) use polysaccharides conjugated with protein in
their research. Covalent bonds form when protein
conjugates to carbohydrates, which undergo a complex
chemical alteration during MR reaction. Glycated
proteins with carbohydrates play a vital role in the
modification of the physicochemical and functional
properties of the protein. In addition, the conjugation of
proteins with carbohydrates via MR enhances the
nutritional properties of the protein, resulting in a
growing interest to investigate conjugated proteins
(Zhang et al., 2019). Substantial research has discussed
the conjugation of proteins with sugar; however, studies
on the effect of lactose on the antigenicity of β-Lac in
whey proteins through dry MR during in-vitro infant
digestion are scarce. Therefore, studying the conjugated
protein glycates with lactose via in-vitro static protocol
in the gastrointestinal tract of infants may further
enhance the knowledge and understanding of the effects
of glycated protein–lactose in protein digestion amongst
infants and the correlation of these glycated proteins with
immunogenic protein. Therefore, this study could help
the production of modified proteins with optimised
conditions towards bioaccessibility and absorption
benefits for infants. Moreover, this research was aimed
to determine the physicochemical and functional
properties of conjugated whey protein–lactose and
analyse the potential of the conjugated protein–lactose in
in-vitro infant digestibility via a static method.
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using 1 M NaOH or HCl. Samples were then centrifuged
at 4000 rpm for 90 mins (Wefers et al., 2018).

Coomassie blue G-250 (161-0786, Bio-Rad) as described
in the method of Böttger et al. (2013).

2.9 Antioxidant properties

2.13 Statistical analysis

Twenty microlitres of the samples at 10 mg/mL
concentration after 0, 1, 3, 5 and 7 days of incubation
were dissolved
with diluted
2,2-Azino-bis-3ethylbenzothiazoline-6-sulfonic Acid (ABTS) solution.
The mixture was incubated in the dark for 6 mins and
measured with an absorbance of 0.70±0.01 at 734 nm.
ABTS radical scavenging activity was measured in
percentage (%) using the equation below:

Statistical analysis was determined using IBM SPSS
statistics software (Version 27, IBM). One-way analysis
of variance (ANOVA) was used for the comparison of
mean values and further separated by Duncan significant
difference test. All data were reported as means ±
standard deviation (SD).
3. Results and discussion
3.1 Colour observation

Where Ac is the absorbance of the control, and As is
the absorbance of the sample. All samples were analysed
in triplicate (Liu et al., 2014).
2.10 Simulated gastric fluid
The simulated gastric fluid (SGF) solution was
prepared in accordance with the method of Böttger et al.
(2013). In addition, 0.15 M of NaCl solution with pH
3.0. HCl was used to adjust the SGF pH solution.
2.11 In-vitro gastric digestion
In-vitro gastric digestion was performed in
accordance with the method of Böttger et al. (2013),
with minor modification. The WPI and glycate solution
had a concentration of 4 mg/mL and a volume of 1.5 mL.
The pH of the sample solution was adjusted to pH 3
using 0.5 M HCl, and the final volume of the sample
solution was then brought up to 1.98 mL using SGF.
Nineteen microlitres of 0.625 mg/mL of pepsin stock
solution were added into the sample solution to a final
protein concentration of 3 mg/mL and then placed into
an Eppendorf tube. The temperature was set at 37°C, and
200 rpm was used to start the digestion process. As for
the control, 100 µL was taken out before digestion
started, and 100 µL of aliquots were directly pipetted
into 20 µL of ammonium bicarbonate (NH3CO3) after the
digestion process time was set to 5, 30 and 60 mins. Ice
was placed immediately on digesta and stored at −20°C.
Gastric reminder containing pepsin was inactivated by
increasing the pH to 7 in 10 mins.
2.12 SDS-PAGE digesta
SDS-PAGE digesta was performed under reducing
conditions on a Mini-Protean 3 cell from Bio-Rad (MiniProtean TGX Precast Gel (Tris-HCl gel, 4-20% lineargradient, 15 wells, 456-1096; Bio-Rad). Electrophoresis
was performed at 200 V and 22°C for 35 mins.
Prestained Rec Protein Ladder (BP3603, Fisher
Scientific) 1-170KDa and gels were stained using
eISSN: 2550-2166

The absorbance at 294 nm indicator of colourless
intermediate products in MR (Corzo-Martínez et al.,
2014) cited by (Nooshkam and Madadlou, 2016),
whereas at 420 nm indicator of advanced stages of MRPs
(Chen et al., 2019; Zhang et al., 2020). Figure 1 shows
that at 294 nm, WPI native had an increasingly
significant difference (p<0.05), whereas the MPRs of
WPI-Lac at 294 nm decreased during the early
incubation days (from day 0 to 5) in Table 1, such
decrease could be attributed to the few available
carbonyls and free amino groups when the days of
incubation was longer and then increase significantly
(p<0.05) in day 7 due to aggregation of end-stage of
MPRs (Chen et al., 2019) which was different from
Nooshkam and Madadlou (2016) finding on the
conjugation of WPs with lactose. This result might be
due to the contrast in the reaction mechanism. The
increase of 294 nm values indicated the formation of an
uncoloured compound which could be the precursor to
the formation of browning colour pigment (Huang et al.,
2012). The important characteristics of MR include the
formation of brown MPRs (Liu et al., 2019), thus
advanced brown colour is observed by measuring the
absorbance at 420 nm to measure the advance of MR. As
observed in Figure 2 the absorbance values at 420 nm of
WPI native and WPI-Lac decreased and then increased
with incubation days. This result indicates that from day
1 to day 5, the intermolecular reaction might occur
between the WP and the sugar for WPI Native and WPILac; as a result, the availability of free amino groups and
carbonyl for conjugation was limited. On day 7 in Table
2, absorbance increased due to the formation of
melanoidins, which were brown. Brown colour was
observed in the MR of WPI with different types of sugar.
A higher intensity of brown colour was observed at
longer incubation days; this result is consistent with that
of Corzo-Martínez et al. (2014), Nooshkam and
Madadlou (2016), Santos et al. (2019), Chen et al.
(2019) and Zhang et al. (2020).

© 2022 The Authors. Published by Rynnye Lyan Resources
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Table 1. Colour observation of WPI and WPI-Lac at
absorbance of 294 nm.

57

Table 2. Colour observation of WPI and WPI-Lac at
absorbance of 420 nm.

WPI Native
0.9708±0.0020c

WPI-Lac
0.8453±0.0000e

Days
0

WPI Native
0.2969±0.003c

WPI-Lac
0.2250±0.001c

1

0.9085±0.0054a

0.7626±0.0004a

1

0.2694±0.001b

0.1971±0.003a

3

0.9216±0.0064b

0.7846±0.0001c

3

0.2596±0.003a

0.1969±0.000a

5

0.9122±0.0019ab

0.7720±0.0006b

5

0.2590±0.000a

0.1954±0.000a

7

0.9623±0.0004c

0.8016±0.0001d

7

0.2614±0.000a

0.2035±0.004b

Values are presented as mean±SD. Values with different
superscript within the same row are significantly different by
the Duncan’s test (p<0.05).

Figure 1. Colour observation of native protein and
intermediate stage of MRPs at absorbance at 294 nm. Bars
with different alphabet notations are significantly different
(p<0.05) by the Duncan’s test.

Values are presented as mean±SD. Values with different
superscript within the same row are significantly different by
the Duncan’s test (p<0.05).

increases significantly different (p<0.05) from 0.517 to
1.303 (Table 4). This indicates advanced MR occur
during incubation day 7 of glycates. Figure 4 depicts that
at day 3, glycated protein slightly decreased in values
probably due to the aggregation of amino proteins
because the degree of conjugation was lower than that of
other incubation days. Figure 5 shown slightly increase
significantly different (p<0.05) of WPI native in b*
values, and WPI-Lac values were increase significantly
different (p<0.05) with incubation time from 10.103 to
17.157 (Table 5). As protein was incubated extensively
(day 7), the brown colour of MRPs intensified, thus
gaining attention to health and low usage potential in
food ingredients (Nooshkam and Madadlou, 2016).
Table 3. L* values from non-conjugated and conjugated
protein at aw 0.79, 40°C for 0, 1, 3, 5 and 7 days.

Figure 2. Colour observation of native protein and an
advanced stage of MRPs at absorbance at 420 nm. Bars with
different alphabet notations are significantly different
(p<0.05) by the Duncan’s test.

Days
0

WPI Native
87.263±0.01b

WPI-Lac
89.127±0.01d

1

86.967±0.01a

88.793±0.01c

3

89.310±0.00c

88.563±0.01b

5

89.727±0.01d

89.130±0.00d

7

90.663±0.01e

84.930±0.01a

Values are presented as mean±SD. Values with different
superscript within the same row are significantly different by
the Duncan’s test (p<0.05).

3.2 L* a* b* analysis
The browning degree of each conjugated protein–
sugar sample was determined via L* a* b* analysis.
Colour L (lightness) is used to evaluate the degree of the
brown colour of MRPs. As shown in Table 3, WPI-Lac
decrease significantly different (p<0.05) from 89.127 to
84.930 with the agreement of longer incubation time
result in increasing brown colour pigment on the sample
and indicate that Lac greatly influenced the colour of
glycates, while WPI Native shown L* values were
higher in day 7 (Figure 3) indicates showing no
conjugation had occurred. For a*, measure red or green
value of glycates, WPI Native in Figure 4 is shown to
decrease significantly (p<0.05), whereas glycated protein
eISSN: 2550-2166

Figure 3. L* values from non-conjugated and conjugated
protein at aw 0.79, 40°C for 0,1,3,5 and 7 days. Bars with
different alphabet notations are significantly different
(p<0.05) by the Duncan’s test.
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Table 4. a* values from non-conjugated and conjugated
protein at aw 0.79, 40°C for 0, 1, 3, 5 and 7 days.

Table 5. b* values from non-conjugated and conjugated
protein at aw 0.79, 40°C for 0, 1, 3, 5 and 7 days.

Days
0

WPI Native
0.253±0.01d

WPI-Lac
0.517±0.02c

Days
0

WPI Native
7.087±0.03a

WPI-Lac
10.103±0.03a

1

0.167±0.01c

0.483±0.02b

1

7.380±0.01b

11.553±0.03b

3

0.100±0.02b

0.263±0.02a

3

9.097±0.01c

12.697±0.02c

5

0.173±0.02c

0.640±0.01d

5

9.763±0.02d

15.653±0.01d

7

0.033±0.01a

1.303±0.01e

7

9.113±0.02c

17.157±0.01e

Values are presented as mean±SD. Values with different
superscript within the same row are significantly different by
the Duncan’s test (p<0.05).

Values are presented as mean±SD. Values with different
superscript within the same row are significantly different by
the Duncan’s test (p<0.05).

Figure 4. a* values from non-conjugated and conjugated
protein at aw 0.79, 40°C for 0,1,3,5 and 7 days. Bars with
different alphabet notations are significantly different
(p<0.05) by the Duncan’s test.

Figure 6. SDS-PAGE pattern for native protein and
conjugated protein. Lane M: Marker standard, Lane 1: WPI
Day 0, Lane 2: WPI Day 1, Lane 3: WPI Day 3, Lane 4: WPILac Day 3, Lane 5: WPI-Lac Day 1 and Lane 6: WPI-Lac Day
0.

Figure 5. b* values from non-conjugated and conjugated
protein at aw 0.79, 40°C for 0,1,3,5 and 7 days. Bars with
different alphabet notations are significantly different
(p<0.05) by the Duncan’s test.

3.3 SDS-PAGE analysis
Figure 6 and Figure 7 show an increase in the
intensity of conjugated bands, with a formation of higher
molecular weight species in lanes 4–6. The bands
slightly shifted upward around 20 kDa due to the
increase in MW, indicating that the conjugation of WPI
and Lac occurred. Lanes 1–3, which are visible at ~15
kDa, indicated no covalent interaction, which affects the
SDS-PAGE profile compared with conjugated protein.
SDS-PAGE was determined the qualitative analysis,
therefore, to provide quantitative analysis on the
correlation of the conjugation of WPI and Lac, OPA
analysis was used, as described in the next subpoint.
eISSN: 2550-2166

Figure 7. SDS-PAGE pattern for native protein and
conjugated protein. Lane M: Protein marker (standard), Lane
1: WPI Day 3, Lane 2: WPI Day 5, Lane 3: WPI Day 7, Lane
4: WPI-Lac Day 7, Lane 5: WPI-Lac Day 5 and Lane 6: WPILac Day 3.
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3.5 FTIR analysis

To determine the extent of glycosylation by a degree
of conjugation, the ortho-phthaldehyde (OPA) method
can be used by measuring the contents of free amino
groups in the conjugated and native proteins (Boostani et
al., 2017; Zhang et al., 2019). The number of free amino
groups is expressed as the percentage of protein to the
total free amino groups, as shown in Figure 8, from
incubation days 0 to 7. WPI native showed a slight
decrease in the percentage of free amino groups available
with incubation time (Table 6). This result may be due to
the lactosylation brought about by the presence of lactose
in these samples. As expected, conjugated protein
showed a decrease in free amino groups in the sample on
-site. Dry MR enhances the protein to unfold as a result
the cleavage sites of protein were accessible (Wada and
Lönnerdal, 2014; Mulet-Cabero et al., 2019), thus
lactose was more reactive with the WPI.

FTIR technique is determined by the absorption of
radiation, which is due to the vibration of atoms in
molecules (Liu et al., 2014). This method yields
information of functional group region in the FTIR graph
and the “fingerprint” region, which can be used to
identify the sample, whereas FTIR spectroscopy can be
used to provide information about the structure and
interactions of polysaccharides and proteins (Su et al.,
2010). Proteins conjugating with disaccharide sugar
leads to a new molecular structure with novel functional
properties; this finding is supported by Deng et al.
(2020), who reported that in-vitro gastric digestibility is
higher when the protein structure is modified. As
observed in Figure 10 conjugated proteins become more
intense from 3000 cm⁻¹ to 3500 cm⁻¹. Broad peak as seen
in WPI-Lac day 5 (Figure 10), caused by –OH
stretching. The sugar band region from 1180cm⁻¹ to 953
cm⁻¹ (Hernández-García et al., 2016) showed
overlapping peaks, indicating the vibration of C–C and C
–O stretching and C–H bending. WPI native showed
changes in the protein band COO– region from 1700
cm⁻¹ to 1500 cm⁻¹ Figure 9 which is different from sharp
bands in glycated protein. At absorption 1100 cm ⁻¹ to
1000 cm ⁻¹, glycated protein showed decreasing
intensity, this might be loss of the functional groups,
such as N–H, indicated conjugation had occurred.
Protein structural changes in samples due to the
conjugation would enhance the accessibility of
hydrophobic structures in protein. This change increases
the hydrolysis in in-vitro gastric digestion by pepsin
(Ahn et al., 2013). Thus, peptic cleavage sites would be
accessible in gastric digestion. In the presence of lactose,
dry conjugation of BLG in samples lead to higher peptic
hydrolysis (Chevalier et al., 2002) and this finding is
supported by Böttger et al. (2013).

Table 6. OPA assay expressed as percentage free amino
groups of WPI Native and WPI-Lac, as a function of
incubation time (days) at 40°C
Sample

WPI Native

WPI-Lac

Incubation
Days
0
1
3
5
7
0
1
3
5
7

Mean± SD
0.3985±0.04
0.3942±0.03
0.3862±0.03
0.3660±0.01
0.3745±0.03
0.3186±0.03
0.2893±0.01
0.2503±0.01
0.2357±0.00
0.2233±0.01

n/b
Site (%)
100
99
96
90
93
100
89
75
69
65

Figure 8. OPA assay expressed as percentage free amino
groups of WPI Native and WPI-Lac, as a function of
incubation time (days) at 40°C.
Figure 9. FTIR spectra of WPI native from day 0 to day 7
respectively. The measure in transmission mode from 4000
cm−1 to 400 cm−1 at room temperature.
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compared to the native sample. They indicated that high
solubility obtains high digestibility, this finding could
benefit the milk protein industry.

Figure 10. FTIR spectra of WPI-Lac from day 0 to day 7
respectively. The measure in transmission mode from 4000
cm−1 to 400 cm−1 at room temperature

3.6 Solubility
The increased polarity of WPI-Lac indicates higher
solubility glycates due to a covalent linkage with the
hydrophilic functional group of Lac (–OH), which occurs
in di-OH in Lac. As a result, aggregation was inhibited
(Chen et al., 2019). Figure 11 shows the increased values
for WPI-Lac with a longer incubation time from day 0 to
day 3. This finding is consistent with that of Yu et al.
(2020). Day 5 to day 7 of WPI-Lac showed a decrease
due to the aggregation of protein molecules, which can
reduce the hydrophilic site on the protein surface to react
with the active site of Lac (Yu et al., 2020). Wafers et al.
(2018) showed that longer incubation time results in the
poor solubility of native proteins. The formation of
covalent bonds between protein and reducing sugar via
MR provides advantages in terms of increasing the
solubility of conjugated protein when glycosylation
analysis was performed by Yu et al. (2020) using peanut
protein and lactose. In addition, the solubility of BLG
conjugate with fructo-oligosaccharides significantly
increased (Zhong et al., 2013). In in-vitro digestion,
protein becomes more digestible when the structure is
lost and unfolded, thereby increasing the accessibility of
proteases in the active sites of protein (Verhoeckx et al.,
2019). Dry heating protein can cause proteins to unfold,
unfortunately increasing surface hydrophobicity, which
leads to aggregation. Thus, an alternative dry MR of
protein with sugar would help. Previous research has
reported that the BLG is resistant to pepsin in gastric
digestion, but researchers have proven that the heating of
protein with dextran (Böttger et al., 2013) increases the
susceptibility to pepsin hydrolysis. Whereas, in 2014, Tu
et al. showed the ability of milk protein conjugates with
lactose a higher digestibility in in-vitro digestion
eISSN: 2550-2166

Figure 11. The solubility of WPI Native and WPI-Lac with
function of incubation days.

3.7 Antioxidant activity
Longer periods of incubation time increase the
glycation degree of the sample, causing an intermediate
and dark brownish formed MPRs and resulting in the
higher molecular mass of sample (Nooshkam et al.,
2019) as determined in shifted upward band in SDSPAGE Figure 6 and Figure 7. The high browning
intensity of the sample shows good antioxidant activity.
Table 7 depicted greater ABTS radical scavenging
activity in conjugated protein. The longer incubation
time, the higher percentage significantly different
(p<0.05) from 10% to 62% (Figure 13). The native
protein showed an increase on day 7 probably due to the
presence of lactose in the sample Figure 12. Thus,
heating time with sugar present increases the intensity of
the brownish colour of the sample, resulting in higher
ABTS activity in the sample. This result is consistent
with that of Liu et al. (2014) and Nooshkam et al.
(2019). Tu et al. (2014) showed the Trolox equivalent
Table 7. ABTS Radical Scavenging of WPI Native and WPILac at 10.00 mg/mL.

Sample

WPI Native

WPI-Lac

Incubation Days
0
1
3
5
7
0
1
3
5
7

Mean± SD
0.6911±0.00c
0.6848±0.00bc
0.6865±0.00bc
0.6820±0.00b
0.6547±0.01a
0.6434±0.01e
0.5387±0.01d
0.4767±0.01c
0.3739±0.01b
0.2725±0.01a

Values are presented as mean±SD. Values with different
superscript within the same row are significantly different by
the Duncan’s test (p<0.05).
© 2022 The Authors. Published by Rynnye Lyan Resources
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Figure 12. ABTS Radical Scavenging of WPI Native at 10.00
mg/mL. Bars with different alphabet notations are
significantly different (p<0.05)

Figure 13. ABTS Radical Scavenging of WPI-Lac at 10.00
mg/mL. Bars with different alphabet notations are
significantly different (p<0.05).

antioxidant capacity (TEAC) of milk protein-lactose
conjugates digests increased, indicating that the degree
of hydrolysis increases during in-vitro digestion.
Thermally treated samples improve the hydrophilicity of
digesta and enhance the ABTS radical scavenging
activity. Conjugated proteins with carbohydrates have
shown high levels of antioxidant activity, which may
lead to interest as an antioxidant in the formulated food
system (Jiang and Brodkorb, 2012).

On the other hand, Høst (2002) claimed that CMA is
most notable in infancy and shows a significant
percentage of approximately 2% to 3% of children aged
0–3 years. In 2018, Moimaz et al. published a paper in
which they described for the past 15 years various
investigations on the nomenclature of allergic reactions
to milk and diagnosis has been made. Furthermore, Pekar
et al. (2018) mentioned that an allergic response
triggered by protein through the gastrointestinal tract is
likely resistant to gastrointestinal digestion.

3.8 SDS-PAGE digesta
A systematic understanding of the mechanism of
protein digestion in infants can be revealed by the
gastrointestinal tract. The in-vitro model is proposed as
an alternative to in-vivo experiments. A research finding
by Hur et al. (2011) also points towards that
understanding the digestibility, structural changes and
kinetics of food under closely simulated physiological
conditions in the human gastrointestinal tract, in-vitro
models have been applied. Researchers have performed
extensive experiments on the infant digestion process
through in-vitro gastrointestinal models, even though invitro studies on physiological procedures on the infant
digestive system have been spurned for the last decade
(Gan et al., 2018).
An investigation has been conducted using these invitro models to examine and analyse the allergenicity of
protein amongst infants. This current study was chosen
as an infant digestion model because cow’s milk protein
allergy (CMA) has been identified as a major
contributing factor of allergenicity for a particular
population of infants. CMA has been intensively
investigated due to its allergic effects on infants
(Crittenden and Bennett, 2005). This finding is supported
by Meyer et al. (2018), who revealed that CMA is the
most notable food allergy in children, and it generally
ranges between 1.9% and 4.9% at age less than 1 year.
eISSN: 2550-2166

This study focused on MRPs based on lactose in
infant in-vitro gastric digestion. The proteolysis of WPI
as control and WPI-Lac glycates were analysed from
SDS-PAGE under reducing conditions (Figure 14).
During the gastric digestion of WPI-Lac, ALA increased
susceptibility hydrolysed by pepsin. The isoelectric point
of (pI) ALA is 4.2. According to Damodaran et al.
(2007), state that proteins at their (pI) are more stable
against denaturation. When a high net charge of extreme
acid pH values is resulting in unfolding proteins,
however, ALA has been investigated to resist gastric
proteolysis (Bouzerzour et al., 2012). Maillard glycation
of WPI-Lac revealed that these structural changes in
native proteins indicate a clear band in 60 mins of gastric
digestion (Figure 14); this result is consistent with that of
Joubran et al. (2017) when protein is glycated with
glucose and galactose. These MRPs surprisingly have the
potential to enhance the digestibility of proteins
compared with the native protein in the digestive tract.
Liu and Zhong, (2013) examined the whey protein
glycates with reducing saccharides via MR to improve
the functional properties of food proteins. By contrast,
BLG showed resistance to pepsin hydrolysis in gastric
digestion. This result is in accordance with Böttger et al.
(2013) and Halabi et al. (2020). At the end of gastric
digestion, a smeared band appeared in glycate and
shifted upward by ~25 kDa Figure 14, due to the
increase in molecular weight protein, indicating the
© 2022 The Authors. Published by Rynnye Lyan Resources
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conjugation of WPI and lactose had occurred.
Undigested BLG in the gastric phase enters the intestine.
The low pH will trigger the pancreatic enzymes, such as
trypsin and chymotrypsin. Dupont and Mackie (2015)
mentioned that the allergenicity of protein can be elicited
when the undigested protein in the gastrointestinal tract
encounters immune cells whilst passing through the
intestinal epithelial barrier. This finding has led to
scientific investigations on intestinal proteolysis for the
assessment of protein allergenicity; however, the effect
of pH on intestinal barriers has not been thoroughly
investigated because most researchers focus on gastric
pH.

should quantify the protein glycates on the basis of the
calculation reaction rate constant using fluorescence
laser densitometry for the kinetics digestion of glycates
during gastric digestion. Future work should focus on
MRPs with lactose during duodenal digestion in infants.
Thus, the effect on protein digestibility in the
gastrointestinal tract of infants can be identified.
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