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ABSTRACT

to a degree where amylose polymers leach out and
the swelled granules provide an increased viscosity of
starch paste. Oat starch is a byproduct of the oat fractionation process for β-glucan manufacturing, which
exhibits typical properties including small granule size,
a well-developed granule surface, and high lipid content (Hoover et al., 2003; Mirmoghtadaie et al., 2009).
Oats and oat starch are widely used in food and nonfood products such as oatmeal, soups, gravies, coating
agents for tablets, gloves, and cosmetic products (Zhu,
2017). It is also used for other novel oat-based food
products such as oat puddings. Major proteins isolated
from milk or from other dairy processing byproducts
are caseins and whey proteins; whey proteins contribute about 20% of the protein of bovine milk (Dupont
et al., 2013). Whey proteins have antioxidant, immunostimulatory, and anticarcinogenic properties and
provide high-quality protein for nutrition, which makes
them excellent ingredients for fortifying food products
(Hoppe et al., 2008). Whey protein isolate (WPI) has
characteristics such as gelling, thickening, and waterbinding capacity. Whey protein isolate (>90% protein)
consists of 2 major subfractions: β-LG (~9% of total
milk protein) and α-LA (~4% of total milk protein).
The heat-induced gelation of WPI dispersion (at or
higher than the critical gel concentration) is due to
denaturation, unfolding of protein chains, and aggregation of proteins into a 3-dimensional network through
the hydrophobic interactions, thiol-disulphide bond exchange, and hydrogen bonding (Foegeding et al., 2002;
Fitzsimons et al., 2008).
Extensive studies have been carried out on milk proteins mixed with different starches (Kelly et al., 1995;
de Bont et al., 2002; Sopade et al., 2006; Noisuwan
et al., 2011, 2007, 2009; Fitzsimons et al., 2008; Vu
Dang et al., 2009; Kett et al., 2012, 2013; Matignon et
al., 2014; Kumar et al., 2017, 2018). Starch and dairy
proteins contribute a significant role in stabilizing and
texturizing food matrices (Zheng, 2018). A recent study
showed that the inclusion of WPI may restrict the ge-

We investigated the effects of different concentrations
of whey protein isolate (WPI) on oat starch characteristics in terms of pasting, thermal, and structural
properties. The pasting properties of the starch showed
that hot paste viscosity increased with the addition of
WPI in the system, and relative breakdown decreased.
Thermal analysis showed a significant effect of WPI
on oat starch by increasing the peak temperature of
differential scanning calorimeter endotherms. The Xray diffraction and Fourier transform infrared spectroscopy studies revealed that WPI increased the ordered
structuration of starch paste, as evident by an increase
in relative crystallinity; in addition, a decrease in infrared bands at 1,024 cm−1 and 1,080 cm−1 suggested
decreased gelatinization of oat starch granules. Overall,
WPI at different concentrations affected the oat starch
gelatinization properties.
Key words: oat starch, whey protein isolate, starch
gelatinization, protein-starch interaction
INTRODUCTION

Oats (Avena sativa) belong to the grass family Poaceae and are one of the most valuable cereal grains.
Because they are a rich source of dietary fiber, in particular β-glucan, oats have attracted positive consumer
attention (Weightman et al., 2004; Shah et al., 2016a).
Starch, as a polysaccharide, is a common ingredient
used in the industry for controlling food texture due
to its gelling and stabilizing properties. When starch is
heated in water above or at the gelatinization temperature, it loses crystallinity by absorbing water into the
double-helical structures of amylopectin, and it swells
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latinization process of corn starch and may reduce the
digestibility due to a promoted retrogradation process
(Yang et al., 2019a). Some other previous studies have
shown that whey proteins have a prominent effect on
rice starch by affecting the starch gelatinization and
hindering the expression of starch characteristics under
thermal treatment (Sopade et al., 2006; Noisuwan et al.,
2007, 2008, 2009). Although oat, corn, wheat, and rice
starches are all cereal starches, and they share similar
X-ray diffraction (XRD) patterns and typical gelatinization process, the cooked granules of oat starches are
more shear sensitive; more importantly, the strength
of starch gel formed from oat starch can be 2 times
higher than gels formed by starches derived from other
cereals (e.g., corn; Paton, 1977). Therefore, previous
research findings on thermal and textural properties of
other cereal starches do not apply to oat starch. The
fact is that limited research has been done to report
characteristics of the oat starch-milk protein systems.
Fitzsimons et al. (2008) explored heat-induced co-gels
made from WPI and phosphate cross-linked waxy maize
starch by differential scanning calorimetry (DSC), and
suggested 2 overlapping endothermic transition peaks
for WPI and starch; such results revealed the enhanced
thermal stability of the mixture. Noisuwan et al. (2008)
also suggested an increase in gelatinization temperature
when WPI was added to rice starch, as revealed by
DSC. Although both oat and rice starches are considered as small granule-sized starches in which no pores
may be found, the size span of oat starch granules (2–15
μm) is greater than rice starch granules (3–8 μm; Jane
et al., 1994). Yang et al. (2019) reported a similar trend
of compromised gelatinization of native corn starch as
caused by the addition of WPI. It is reasonable to hypothesize that the gelatinization process of oat starch
may be restricted by the addition of WPI. However, the
critical addition level and detailed changes of thermal
and textural properties of the protein-fortified starch
mixture is unknown. Such gap of technical knowledge
limits the co-application of oat starch and whey protein
ingredients in food formulation design.
In a food system where protein and starch coexist,
it is critical to understand its effect on various food
properties such as gelatinization, textural, pasting,
rheological, and physiochemical properties. Starch and
protein-based food products normally undergo thermal
treatment where starch-protein interactions could affect the product’s final rheological, sensory, and other
properties. The heat-induced interactions between
whey protein and starch are sophisticated because,
in nature, the 2 biopolymers are thermodynamically
incompatible. Meanwhile, they may form different colloidal complexes including protein-starch assemblies,
Journal of Dairy Science Vol. 105 No. 1, 2022
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protein-protein assemblies, and protein aggregates
embedded in a starch hydrogel. These different types
of interactions determine the phase stability, texture,
and digestibility of the food matrices that contain the
2 ingredients. Although interactions between WPI and
starch have been extensively investigated, it is important to point out that the kinetics of whey protein
aggregation, starch-protein complexation, and starch
gelatinization induced by heat treatment may vary
depending on reactant concentrations, physicochemical
conditions, and the type of starch granules (Shim and
Mulvaney, 2001; Zhu et al., 2020). Unfortunately, no
technical knowledge is available regarding how whey
protein ingredients (e.g., WPI) affect oat starch characteristics during gelatinization and pasting. Therefore,
the objective of this research was to investigate the
effect of WPI at different mass fraction levels on oat
starch gelatinization, pasting, thermal properties, and
hydrogel structural characteristics. The findings may
be applied in formulating and processing protein-fortified nutrition formula in which the whey protein and
oat starch interactions and coacervations determine
phase stability and textural nature of processed foods.
Previous research found both whey protein and vegan
proteins may affect the recrystallization of starch molecules during retrogradation, consequently affecting the
content of resistant starch (or the starch digestibility)
in the heat-treated starch gel systems (Lu et al., 2016;
Oñate Narciso and Brennan, 2018). This study may be
considered the first step to understand the WPI effects
on oat starch to better develop whey protein–fortified
oat-based food products with possibly reduced starch
digestibility.
MATERIALS AND METHODS
Materials

Commercial Harraway’s organic oat flour (protein
13.5%, fat 5%, ash 1.65%, moisture 11.5%, dietary fiber
9.2%, and total carbohydrate 56.2%) was procured from
Piko Wholefoods organic supermarket, Christchurch,
New Zealand. Oat starch (moisture 9%, fat 0.8%,
protein 0.5%) was extracted from oat flour using the
method of Kumar et al. (2018). Whey protein isolate
(moisture 4.7%, fat 0.3%, protein 93.5%, ash 4.5%) was
obtained from Reactiv supplements (New Zealand).
Five samples including oat starch with and without
the addition of WPI were prepared according to the
following ratios 1:0, 1:0.25, 1:0.5, 1:0.75, and 1:1. The
starch concentration was kept constant at 10% (wt/wt)
for all the samples except for DSC analysis. Therefore,
all 5 samples contained oat starch. To simplify the re-
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sults expression and discussion, the names of samples
are designated as “oat starch” (or control), WPI 25%,
WPI 50%, WPI 75%, and WPI 100%, respectively. The
mentioned WPI percentages are “relative percentages”
to the absolute starch content (10%, wt/wt); the absolute concentrations of WPI in the 5 starch-protein
samples were 0, 2.5, 5, 7.5, and 10%, respectively. In
the latter content, without specification, the mentioned
WPI percentages (25, 50, 75, and 100%) are relative
percentages.
Pasting Properties

Pasting properties of mixtures were studied by using
a rheometer (MCR 52, Anton Paar) by using a starch
cell geometry. Viscosity profiles of starch were recorded
using starch suspensions alone (10%, wt/wt) and with
WPI. The pasting profile for the experiment was used
as per the method described by Bashir and Aggarwal
(2017). First, the suspension was stirred at 960 rpm
for 10 s to mix it homogeneously. Then, the suspension
equilibrated at 50°C for 1 min, and then the temperature was increased from 50 to 95°C at a heating rate
of 6°C/min under a constant stirrer speed of 160 rpm.
Next, the suspension was kept at 95°C for 5 min, followed by cooling to 50°C at the same rate, and finally
held at 50°C for 2 min. The peak viscosity, trough viscosity, breakdown viscosity, final viscosity, and setback
viscosity were recorded. Derived parameters such as
stability ratio, setback ratio, and relative breakdown
were also calculated from the direct parameters following the method described by Kumar et al. (2018).
Stability ratio was the ratio of trough viscosity to peak
viscosity, setback ratio was the ratio of final viscosity to
trough viscosity, and relative breakdown was the ratio
of breakdown viscosity to setback viscosity.
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analysis software (version 6.1.0) to obtain onset temperature, peak temperature, conclusion temperature,
and enthalpy of gelatinization.
XRD Analysis

The XRD patterns of the freeze-dried gel samples
of starch and starch-WPI mixtures were powdered and
measured by Empyrean PAN analytical Xpert-Pro
diffractometer, equipped with pixel detector with Cu
Kα, running at 45 kV and 40 mA. The samples were
analyzed between 2θ (the angle between the transmitted beam and the reflected beam of the X-ray from the
sample surface) = 10 to 60°, with a step interval of 0.01
and scan rate of 2°/min. Relative crystallinity (RC)
was calculated by the ratio of the crystalline area to
the total diffractogram area (Nara and Komiya, 1983;
Figure 1) as follows:
RC (%) =

Ac
×100,
(A c + A a )

where Ac = crystalline area, Aa = amorphous area, and
Ac + Aa = total area of XRD diffractogram. The XRD
patterns on diffractograms were integrated to calculate
under-curve area using the peak analyzer function in
Origin pro 8.5.
The XRD method was employed to assess and quantify the long-range crystalline order of starch. Granular
starch is a semicrystalline material, XRD “diffraction”

DSC Analysis

The thermal properties of the native and starch-WPI
mixtures were investigated by using DSC (DSC 200,
Netzsch) as per the method described by Bashir and
Aggarwal (2017). Starch and different levels of WPI
were mixed and hydrated in deionized water for 2 h
to yield starch sample (the control sample) or starchprotein mixture samples containing 70% (wt/wt) moisture content. The ratios between oat starch and WPI
are mentioned in the Materials section. The hydrated
starch and starch-protein samples were heated from
25 to 130°C at the rate of 1°C/min. The instrument
was calibrated using indium, and an empty aluminum
pan was used as a reference. The DSC thermograms
were analyzed by the inbuilt Netzsch Proteus thermal
Journal of Dairy Science Vol. 105 No. 1, 2022

Figure 1. Representation of crystalline area (Ac) and amorphous
area (Aa) in an X-ray diffraction graph. 2θ (the angle between the
transmitted beam and the reflected beam of the X-ray from the sample
surface) = 10 to 60°.
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from crystalline lattices and “incoherent scatter” from
amorphous regions to assess the molecular ordering of
the starch. The crystalline and amorphous regions vary
from 10 to 50%, and they depend upon the botanical
origin of starch (Lopez-Rubio et al., 2008). The XRD
pattern of starch can be altered by heat treatment–induced gelatinization, where the starch is heated in the
presence of excess water at a high temperature >60°C.
In general, various types of XRD patterns may be obtained from starches sourced from different botanical
sources. For instance, type A, B, and C patterns are
found in cereal, tuber, and legume starches, respectively
(Rostamabadi et al., 2019).
Fourier Transform Infrared Spectroscopy

Spectra pertaining to WPI and oat starch gels samples were obtained using the Fourier transform infrared
(FTIR) spectrometer (Alpha Bruker) in ATR-FTIR
mode. The spectrum was recorded as the absorbance
values derived from an average of 25 scans in the range
of 600 to 4,000 cm−1 with a resolution of 4 cm−1 taken
at room temperature. Before each measurement, background adjustment was done by inbuilt OPUS software
(version 7.2). All the acquired spectra were corrected
using the “atmospheric compensation” function by
OPUS software. The raw data were exported and analyzed by Origin Pro 8.5 software to prepare the figures.
Scanning Electron Microscopy

Starch-protein gel microstructure was studied by
using a scanning electron microscope (JEOL, JSM5410LV). Gel samples were prepared as described in
pasting section 2.2, followed by freeze-drying. Freezedried gel samples were fractured and attached to aluminum stab by a double-sided adhesive tape. Samples
were coated with gold in an ion sputter coater (JEOL,
JFC-1600). After the gold sputtering, the gel samples
were viewed under the scanning electron microscope at
an accelerating potential of 15 kV.
Data and Statistical Analysis

Preparation of FTIR and XRD figures, spectral
analysis, and analysis of RC were carried out by Origin
Pro. Statistical analysis was done using Minitab (version 17) statistical software for analyzing the results
obtained from 3 replications. The ANOVA and Tukey’s
test were used to analyze the results to compare differences among the mean values at P < 0.05 level of
confidence.
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RESULTS AND DISCUSSION
Pasting Properties

The definitions and significance of the pasting and
retrogradation-related properties characterized in the
current work (shown in Table 1) are elaborated as follows. The highest viscosity reached at the end point of
the heating stage but before the holding stage is defined
as peak viscosity, which is caused by the swollen starch
granules due to gelatinization as part of starch pasting.
Peak viscosity is also an indicator for water-holding
capacity of a starch system. The lowest viscosity at
the end of a holding period at the heating temperature is defined as trough viscosity; in literature, it is
also referred as holding strength (Balet et al., 2019).
The decrease of viscosity from peak viscosity to trough
viscosity during the holding period (of heating) is due
to the melting of crystalline regions and the rupture of
starch granules. Such decrease or the difference between
the 2 viscosities is defined as breakdown viscosity (peak
viscosity − trough viscosity). The trough viscosity and
the breakdown viscosity may be related to swelling behavior, rigidity or crystallinity of starch granules, and
the extent of leached amylose from starch granules. A
cooling stage including dropping the temperature and
holding for a certain period, also known as setback
stage, takes place after the heating and holding periods. During setback or cooling period, starch molecules
partially re-associate and form gel or precipitate due to
retrogradation; as a result, the viscosity increases. The
final viscosity and setback viscosity (final viscosity −
peak viscosity) are defined as the highest viscosity at
the end of the cooling and holding periods and the difference between the final viscosity and the peak viscosity, respectively. These parameters indicate the degree
of re-structuration and the extent of the junction zone
formation between starch molecules. Based on these defined parameters, the stability ratio (trough viscosity:
peak viscosity) may indicate the rigidity and degree of
swelling of starch granules during the pasting period;
setback ratio (final viscosity:trough viscosity) may indicate retrogradation behavior and degree of formation
of intermolecular junction zones; relative breakdown
(breakdown viscosity:
setback viscosity) may indicate
the integrity of the starch system after retrogradation.
Relative breakdown is more application-impact oriented compared with breakdown viscosity; the former
is more of an indicator of the rupture degree of starch
granules during pasting, because relative breakdown
takes retrogradation effect (setback viscosity) into account. It is worth noting that more rupture of starch
granules during the heating and holding stages does

Mean ± SD in the same column followed by different superscript differ significantly at P < 0.05.
The WPI percentages are relative percentages against the absolute starch content (10%, wt/wt); the absolute concentrations of WPI in the 5 starch-protein samples were 0%
(control), 2.5% (WPI 25%), 5% (WPI 50%), 7.5% (WPI 75%), and 10% (WPI 100%).

a–e
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1

0.001a
0.006b
0.001d
0.005c
0.001b
±
±
±
±
±
0.421
0.330
0.219
0.241
0.315
0.006a
0.013c
0.010d
0.008c
0.006b
±
±
±
±
±
2.52
1.99
1.88
1.99
2.41
0.000e
0.006c
0.002a
0.004b
0.001d
±
±
±
±
±
0.608
0.752
0.837
0.805
0.691
6.07b
21.2d
10.31e
8.56c
4.42a
±
±
±
±
±
2,990.47
2,145.2
2,003.77
2,663.77
5,399.31
18.6c
12.83d
3.92d
4.73b
9.04a
±
±
±
±
±
4,948.3
4,296.18
4,272.14
5,328.22
9,211.13
16.7b
21.4c
5.20e
16.0d
8.60a
±
±
±
±
±
1,266.6
708.8
439.31
643.00
1,702.50
12.65e
8.37d
14.2c
13.29b
13.46a
±
±
±
±
±
1,951.82
2,150.97
2,268.4
2,664.45
3,811.82
20.8c
13.0d
9.03e
2.72b
4.86a
±
±
±
±
±
3,218.4
2,859.78
2,707.68
3,307.48
5,514.32
Control
WPI 25%
WPI 50%
WPI 75%
WPI 100%

Setback
viscosity (cP)
Final
viscosity (cP)
Breakdown
viscosity (cP)
Trough
viscosity (cP)
Peak
viscosity (cP)
Sample

Table 1. Pasting properties of oat starch–whey protein isolate (WPI) mixtures at different concentrations1

Stability ratio

Setback ratio

Relative
breakdown
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not necessarily result in a weaker viscoelastic gel after
retrogradation. On the contrary, the greater leaching
of amylose polymers may form 3-dimensional networks
during the setback stage, resulting in a firm viscoelastic
gel.
The different pasting responses for oat starch samples containing different addition levels of WPI are
presented in Table 1. These results clearly show that
WPI markedly affected the oat starch pasting properties. Peak viscosity decreased significantly (P < 0.05)
when relatively lower amounts of WPI (e.g., 25% and
50% relative concentrations) were added, and it is increased upon the addition of higher amounts of WPI
(e.g., 75% and 100% relative concentrations). The peak
viscosity correlates with cereal starch swelling power
and swelling volume, and the extent of starch swelling
at continuous shear and heat (Crosbie, 1991; Sopade et
al., 2006). The final viscosity followed the same trend,
particularly when 100% WPI was added. Vardhanabhuti et al. (2001) demonstrated that the formation of
heat-induced whey protein aggregates below the critical
gelation concentration increased protein dispersion viscosity. Therefore, the reduced peak viscosity of starch
paste by the addition of lower levels of WPI indicated
that WPI contributed a significant effect on restricting oat starch swelling behavior or on hindering starch
gelatinization. Such effect was observed for corn starch
systems with added WPI (Yang et al., 2019a). However, in the current study, peak viscosity was increased
in high WPI dosage samples. The reason is discussed in
the latter content.
The oat starch–WPI mixtures showed that at lower
dosage levels (25–50%) of WPI, peak viscosity was decreased despite the fact that the total solid contents of
the 2 systems were increased. This might not be only
due to the heat-induced aggregates of whey proteins,
which had relatively less effect on the viscoelastic property of the paste compared with the pastes containing
higher WPI concentrations (75% and 100% as relative
contents to starch). During the denaturation of whey
proteins, the free thiol group has been shown to be
exposed and react with sulfhydryl groups of other proteins to form dimers, trimers, and tetramers (Walstra
et al., 2006). At low concentrations, these aggregates
may remain small and cause less effects on the overall viscosity, whereas at critical concentrations (cg) of
whey protein, they can form a 3-dimensional network
(Vardhanabhuti and Foegeding, 1999; Foegeding et
al., 2002). The critical gelation concentration for WPI
or β-LG highly depends on the system pH and ionic
strength. Nguyen et al. (2016) summarized that at neutral pH without the presence of salt, cg is about 90 to
100 g/L; the cg decreases with increasing salt content
or with decreasing pH. In this research, the samples of
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WPI 75% and WPI 100% contained 7.5% (7.0% protein
content) and 10% (9.4% protein content) WPI absolute
concentrations. Although the protein content in the
WPI 75% sample did not reach to the critical gelation concentration, the significant increase of peak and
trough viscosities (Table 1) may be explained using the
theory of van der Waals equation of state and the free
volume concept (van der Sman, 2012). Regardless of
the starch-protein enthalpy- or entropy-driven interactions, to simplify the explanation, the swelled starch
granules and protein aggregates may be considered as
hard spheres. Due to the addition of WPI solids and
the formation of protein aggregates, the aqueous phase
free volume and free energy of the starch dispersion is
reduced. In such a concentrated dispersion system, the
particle mobility is restricted, and it tends to form a
soft-glass structure with a certain degree of percolation; as a result, the viscosity is increased. The van der
Waals equation of state is built on liquid, and because
the interactions of colloidal particles share similarities
with interactions between simple liquids, the liquid
state theory is applicable to colloidal systems (Louis,
2001). Because the cg of whey protein was reached for
the sample of WPI 100%, the starch-protein system
followed a structural transition order from high free
volume dispersion to jammed (gel) system during the
heat treatment. Therefore, the setback viscosity and
final viscosity were dramatically high for starch-WPI
100% gel system (P < 0.05, Table 1).
More importantly, the decreased peak viscosities
for samples of WPI 25% and WPI 50% may serve as
indirect evidence of the restriction of starch gelatinization by the addition of whey protein. The hypothetical mechanism of interactions between oat starch and
whey protein during heat treatment may be explained
as follows: whey proteins may form self-assemblies, and
then both unfolded whey proteins and whey protein
aggregates may be adsorbed onto the starch granules
to form a protein film or shell at the exterior of oat
starch granules. As a result, the protein film acted as
a barrier for water migration from the bulk aqueous
phase to the starch granules; therefore, the melting of
crystalline starch molecules, the leaching of amylose,
and the swelling of starch granules may be all reduced.
The XRD results confirmed the increased crystallinity
for the starch-protein gels compared with the control
(starch) gel. The XRD results are detailed and discussed in the “XRD Analysis” section.
Paste stability is expressed by either breakdown
viscosity or stability ratio in a pasting profile (Table
1). Low breakdown viscosity and high stability ratio is
often related to high shear resistance and low hydration
of the starch system (Shafie et al., 2016). The stability
Journal of Dairy Science Vol. 105 No. 1, 2022
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ratio was increased when WPI was added to the oat
starch system, which indicated less starch swelling and
less breakdown of starch granules. Setback ratio and
setback viscosity showed the retrogradation behavior
of gelatinized starch gels when cooled to 50°C. Setback
ratio decreased significantly (P < 0.05) in comparison
with the control when whey proteins were added to the
starch system and showed a prominent effect at 50%
WPI relative addition level. As illustrated in Figure
2, the formation of WPI aggregates can hinder the reassociation of amylose molecules, resulting in reduced
setback viscosity and setback ratio. The relative breakdown indicated the extent of disruption of starch granules in the presence of WPI, which was decreased as
WPI was added to the system. The significant increase
of the breakdown viscosity in the starch-WPI 100%
mixture sample is due to the gelation of whey protein
(Table 1). To summarize, WPI affected the pasting behavior of oat starch, which is due to its water-holding
capacity and reduced free volume of the starch dispersion system. The other reasons could be attributed to
the formation of whey protein aggregates, which can
interact with starch molecules and to the transition
from unjammed state to jammed state.
Thermal Properties

The DSC results (onset temperature of gelatinization
endotherm, peak temperature, conclusion temperature,
transition temperature, and enthalpy change) of oat
starch alone and oat starch-WPI mixtures are shown
in Table 2 and Figure 3. In general, starch granules are
made up of a semicrystalline structure. During gelatinization, this ordered structure is disrupted and melted;
this results in uptake of water by amorphous and crystalline regions of starch and swelling of starch (Autio
and Eliasson, 2009). The swelling of starch and leaching
of starch molecules such as amylose and amylopectin
results in a change of rheology of the system, which is
crucial for sensory and textural attributes of processed
foods. In the present study, the sample containing only
oat starch resulted in a single endothermic transition
occurred. The DSC results of oat starch agreed with
previous findings (Hoover et al., 2003; Šubarić et al.,
2011).
The DSC endotherms showed 2 characteristic endothermic transition peaks for starch-WPI mixtures at
different dosage levels of WPI. The first endothermic
peak (61–64°C) represented the oat starch gelatinization
(Zhou et al., 1998), whereas the second endothermic
peak (74°C) indicated the whey protein denaturation
(Figure 3; Gotham et al., 1992; Noisuwan et al., 2008).
The DSC results indicated that the addition of WPI

62

Kumar et al.: INFLUENCE OF WHEY PROTEIN ISOLATE ON CHARACTERISTICS OF OAT STARCH

Figure 2. Schematic representation of possible whey protein isolate (WPI) effect on pasting properties of oat starch (the state of fully developed starch gel depends on relative concentration of starch; in this case, the figure does not represent the actual state of starch gels).

into starch dispersions enhanced the thermal stability
of the mixtures but did not support a direct association between starch and WPI. Fitzsimons et al. (2008)
and Yang et al. (2015) also reported a similar trend
followed by 2 peaks; the first peak was attributed to
starch gelatinization, and the second peak observed was
attributed to the protein denaturation.
As can be observed from Table 2 and Figure 3, the
addition of WPI significantly (P < 0.05) increased the
onset, peak, and conclusion temperature of endothermic
transition in comparison with the oat starch unitary

system. However, the peak and conclusion temperatures
for the samples of WPI 50% and WPI 75% were not
different. The DSC endotherm revealed a remarkable
increase in enthalpy of starch-WPI mixtures compared
with oat starch alone, which was in increasing order of
WPI concentration. The higher transition temperature
was also noted in the sample of WPI 100% compared
with other samples, which might be due to the WPI
at critical gelation concentration in the mixture and
caused the increase of enthalpy as sol-gel first-orderlike transition involves enthalpy change (Flory and

Table 2. Thermal analysis parameters of oat starch and oat starch–whey protein isolate (WPI) mixtures at different concentrations1
Sample2
Control
WPI 25%
WPI 50%
WPI 75%
WPI 100%

T0 (°C)
56.350
57.425
57.655
57.990
58.070

±
±
±
±
±

Tp (°C)
d

0.070
0.035c
0.049b
0.056a
0.028a

a–e

61.200
62.165
63.490
63.995
64.815

±
±
±
±
±

Tc (°C)
d

0.283
0.063c
0.042b
0.148b
0.134a

67.000
66.515
68.015
68.160
68.895

±
±
±
±
±

∆T (°C)
c

0.283
0.120c
0.120b
0.042b
0.007a

10.650
9.090
10.360
10.170
10.825

±
±
±
±
±

∆H (J/g)
a

0.354
0.156a
0.070a
0.014a
0.021b

12.040
13.48
15.8
18.31
22.44

±
±
±
±
±

0.085a
0.439b
0.156c
0.185d
0.148e

Mean ± SD in the same column followed by different superscript differ significantly at P < 0.05.
T0 = onset temperature of gelatinization endotherm; Tp = peak temperature; Tc = conclusion temperature; ΔT = Tc − T0; ΔH = enthalpy.
2
The WPI percentages are relative percentages against the absolute starch content (10%, wt/wt); the absolute concentrations of WPI in the 5
starch-protein samples were 0% (control), 2.5% (WPI 25%), 5% (WPI 50%), 7.5% (WPI 75%), and 10% (WPI 100%).
1
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Figure 3. Differential scanning calorimetry (DSC) thermograms of oat starch (OS) and oat starch–whey protein isolate (WPI) mixtures with
relative percentages of 25, 50, 75, and 100% WPI.

Garrett, 1958). The increase in enthalpy may be due
to the protein unfolding-denaturation enthalpy that
involves disruption of hydrogen bonds in protein and
water and formation of protein-water bonds (Paulsson
and Dejmek, 1990). Similar results were reported by
(Noisuwan et al., 2008) and Fitzsimons et al. (2008),
where they found 2 endothermic peaks when whey proteins are added in rice and cassava starch.
A similar effect of whey protein-induced starch gelatinization restriction was observed for both tuber
and other cereal starches. Lupano and González (1999)
reported the WPC effect on cassava starch pasting behavior at pH 4.2, where cassava starch gelatinization
temperature was increased with the addition of WPC;
this behavior was explained by the fact that the water
bonding by whey proteins in WPC led to reduced water
availability for swelling and gelatinization process of
starch. Yang et al. (2015) studied the chitosan effect on
WPI–wheat starch composites and reported the same
effect of increase in gelatinization temperature of starch
due to hydration of whey proteins and less availability
of free water for starch swelling. Therefore, both pasting
and thermal properties of whey protein–fortified starch
systems, regardless of starch granule morphology and
geometry, may be explained by using the free volume
concept as part of thermodynamics, which may be used
to describe phase behavior of asymmetric bidisperse
Journal of Dairy Science Vol. 105 No. 1, 2022

systems. van der Sman (2012) explained the significance
of free volume in food structure in a review article. For
instance, both strong short-range repulsive forces and
weak long-range attractive forces are involved in the
interactions between biopolymers; the free volume of
a system is determined by repulsive forces where new
molecules may be still inserted between molecules or
particles dispersed in a system.
FTIR Spectroscopy

We used FTIR spectroscopy to examine WPI-fortified
oat starch gels, and the vibrational frequencies between
atomic bonds in starch-protein mixtures were recorded
as absorption peaks as shown in Figures 4 and 5. The
starch granules are primarily made up of amylose and
amylopectin. These glucose polymers are packed into a
complex semicrystalline granular arrangement. When
starch is heated in excess of water, the water interacts
with the amorphous region, leading to melting of crystallites, swelling of starch granules, and loss of ordered
structure (Perry and Donald, 2002). The FTIR can be
used to measure the structural changes at a molecular
level because the disruption of short-range double-helical crystalline order in starch (especially for amylose)
during the gelatinization process (Bogracheva et al.,
2006) may be affected by the addition of whey proteins,
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as shown in our study. No new bands were observed
by the addition of WPI to the starch, which indicated
the absence of covalent bonding between the 2 biopolymers. This is in agreement with another study in which
WPI was added in the corn starch system (Yang et al.,
2019a). Starch hydrogels showed pronounced peaks at
3,000 to 3,700 cm−1; 2,000 to 2,250 cm−1; 1,500 to 1,750
cm−1; and 1,000 to 1,200 cm−1, whereas starch-protein
hydrogel mixtures showed some additional bands at
the amide I and amide II regions. The starch unitary
system showed bands at 2,900 to 3,000 cm−1 (C–H
stretching); 1,100 to 1,150 cm−1 (C–O, C–C, and C–O–
H stretching); and 1,100 to 900 cm−1 (C–O–H bending)
as suggested by van Soest et al. (1995). The bands in
the region 1,100 to 900 cm−1 have been shown to be
sensitive to changes in starch structure.
As can be seen in Figure 5, the intensity of infrared
(IR) bands at ~1,024 cm−1 ~1,080 cm−1 decreased
when adding different levels of WPI in the starch
system except for the sample of WPI 25%; on the con-
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trary, it showed an increment. The IR bands at ~1,022
to 1,024 cm−1 have been suggested to be associated
with amorphous structure of starch (Zeng et al., 2015).
The absorbance at 1,024 cm−1 is commonly associated
with freshly prepared starch gel and indicates gelatinization. This absorbance is assigned to C–O–H group
vibrations, and the increase in intensity of band at
1,024 cm−1 means decrease in crystallinity (van Soest
et al., 1995). The FTIR spectra illustrated that addition of WPI decreased the absorbance intensity at
1,024 cm−1, which indicated the increase in ordered
structure or more uniform order of amorphous phase.
This result further supported that whey proteins may
affect starch gelatinization properties via stabilizing
the amorphous state of polysaccharides and increasing
the glass transition temperature; therefore, addition of
WPI impeded the process of gelatinization. The same
behavior was also observed in DSC studies where WPI
increased the peak temperature and enthalpy. The ability of whey protein to stabilize amorphous polymers

Figure 4. Fourier transform infrared spectra of oat starch with whey protein isolate (WPI). The WPI percentages (25, 50, 75, and 100%)
are relative percentages against the absolute starch content (10%, wt/wt); the absolute concentrations of WPI in the 5 starch-protein samples
were 0% (control), 2.5% (WPI 25%), 5% (WPI 50%), 7.5% (WPI 75%), and 10% (WPI 100%).
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Figure 5. Fourier transform infrared spectra showing the amide I and amide II regions with starch-sensitive bands (1,000–1,200 cm−1). The
whey protein isolate (WPI) percentages (25, 50, 75, and 100%) are relative percentages against the absolute starch content (10%, wt/wt); the
absolute concentrations of WPI in the 5 starch-protein samples were 0% (control), 2.5% (WPI 25%), 5% (WPI 50%), 7.5% (WPI 75%), and
10% (WPI 100%).

has been demonstrated in a previous study, in which
the authors used whey protein to form a co-amorphous
drug formula (1:1 weight ratios of drug-whey protein
mixtures, equivalent to 50% WPI dosage in the current
study) and improved drug dissolution rate (Mishra et
al., 2019). At lower WPI dosage (relative 25%) in this
study, the crystallinity was decreased (increase 1,024
cm−1, Figure 5) due to WPI, which is an amorphous
material, and at lower proportions, it can convert crystalline carbohydrate and polyphenol into the amorphous state (Adhikari et al., 2009; Mishra et al., 2019;
Mohammadian et al., 2019).
As shown in Figure 5, the absorbance at 1,080 cm−1
was assigned to stretching of C–O, C–C, and O–H bonds
and an alternative indicator of ordered structure, and
the band at 1,152 cm−1 suggested the amorphous order
of starch (Rubens et al., 1999; Warren et al., 2016). The
amide I band region, which is located between 1,600
and 1,700 cm−1 and centered at 1,638 cm−1, showed an
increase with the addition of WPI (Figure 5). The IR
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band at 1,638 cm−1 was associated with the β-sheets
structure of proteins and represented the intermolecular β-sheets formation upon protein denaturation and
aggregation induced by heat (Kong and Yu, 2007). The
current result indicated that intermolecular β-sheets
were formed, and the β-sheets had a higher degree of
intermolecular hydrogen bonding, which need higher
energy to break the bonds and can result in strong gel
(Guerrero et al., 2014). The signal at 1,547 cm−1 corresponded to the amide II region, contributing to peptide
bond group vibrations. The vibration absorbance bands
at 1,406 cm−1 and 1,452 cm−1 corresponded to CH2,
moieties of amino acid side chains (Barth, 2000). It can
be concluded from the FTIR studies that WPI addition
affected the short-range crystalline ordered structure of
oat starch, and the internal structure was more inclined
to a more ordered form due to the restricted starch
swelling and gelatinization process. The FTIR spectra
provided complementary information to the DSC and
XRD results.
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Figure 6. The X-ray diffraction pattern of native oat starch. 2θ = the angle between the transmitted beam and the reflected beam of the
X-ray from the sample surface, 10 to 60°.

XRD Analysis

Hydration of amorphous regions occurred, leading
to destabilizing and melting of crystalline regions as
demonstrated by previous findings (Perry and Donald,
2002; Bogracheva et al., 2006). This process can be affected by the presence of whey proteins in the systems
studied in current work, as depicted by DSC and FTIR
analysis. Regarding XRD analysis, the 2-phase model is
used, where an amorphous region is subtracted from the
crystalline pattern, and the ratio between the 2 phases
gives relative long-range crystallinity (%; Sterling and
Pangborn, 1960). The XRD pattern of the native oat
starch is shown in Figure 6.
Oat starch showed peaks at 15°, 17°, 18°, 20°, 23°,
26° and 30°, which are characteristic of A-type pattern for cereals. Previous studies have also shown the
same XRD pattern of oat starch (Zhou et al., 1998;
Autio and Eliasson, 2009; Shah et al., 2016b; Dar et
al., 2018). The relative degree of crystallinity of native
oat starch found in this work was 22.23%, which is
close to the oat starch crystallinity studied previously
Journal of Dairy Science Vol. 105 No. 1, 2022

(Binqiang et al., 2016). It can be depicted from Figure 7 that the oat starch A-type diffraction pattern
is shifted from crystalline ordered structure to a more
random amorphous state by the action of high temperature and shearing process, which is a characteristic
of gelatinization during pasting. The broad peaks at
20° and 35° represented the amorphous region of the
starch. A similar XRD pattern was observed in a study
by González-Gutiérrez et al. (2011), where they studied
albumen-starch composites.
The addition of WPI in the oat starch system did
not modify the diffraction pattern of the system, but
resulted in an increase in the diffraction pattern intensity. This increment was found to be relative to the increase in WPI concentration. This result suggested that
WPI addition induced a more ordered structure of oat
starch–WPI mixtures. Other relatively recent studies
found that the resistant starch proportion is positively
correlated with the added level of protein (Lu et al.,
2016; Yang et al., 2019a). Such an effect of protein
fortification may be attributed to the increased ordered
structure of amylose and amylopectin in the jammed
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Figure 7. The X-ray diffraction diffractogram of freeze-dried gels made from oat starch (control) and oat starch–whey protein isolate (WPI)
mixture samples. Samples are indicated and distinguished by colors as shown in the legend. The values in the parentheses as shown in the figure
legend are relative crystallinity (%) expressed as mean value; statistical significance (P < 0.05) is indicated by the letters (a–d) where no identical letters are shared between samples. The whey protein isolate (WPI) percentages (25, 50, 75, and 100%) are relative percentages against the
absolute starch content (10%, wt/wt); the absolute concentrations of WPI in the 5 starch-protein samples were 0% (control), 2.5% (WPI 25%),
5% (WPI 50%), 7.5% (WPI 75%), and 10% (WPI 100%). 2θ = the angle between the transmitted beam and the reflected beam of the X-ray
from the sample surface, 10 to 60°.

state. The RC of oat starch mixtures increased from
22.2 to 26.7% between the control and the sample of
WPI 100% (Figure 7). The change could be attributed
to the WPI influence on starch gelatinization properties. The increase in the RC was in agreement with the
increase in enthalpy, peak temperature, and decreased
bands at 1,024 cm−1 and 1,080 cm−1 studied by DSC
and FTIR as discussed earlier in the “Thermal Properties” and “FTIR Spectroscopy” sections.
The physicochemical properties of rice starch granules
during drying heat treatment with the presence of WPI
has been studied in a recent research (Zhu et al., 2020).
The authors reported XRD patterns for rice starch
and rice starch–WPI mixtures. Although, rice and oat
starches are both cereal starches, the XRD patterns
of either oat starch or starch-WPI mixtures obtained
in the current work are different than the mentioned
work. This is due to the sample treatment methods
being significantly different between the 2 works. In the
Journal of Dairy Science Vol. 105 No. 1, 2022

mentioned work by Zhu et al. (2020), the authors dry
heated rice starch at 130°C for 6 h.
Scanning Electron Microscopy

Scanning electron micrographs of freeze-dried oat
starch–WPI gels at different protein concentrations are
presented in Figure 8. The micrographs showed a typical starch-protein composite gel internal structure and
are similar to micrographs reported by Li et al. (2007)
and Joshi et al. (2014) for soy protein–corn starch and
lentil protein–lentil starch gels, respectively. All the oat
starch–WPI gels showed a well-developed 3-dimensional
gel network with a honeycomb porous microstructure.
No starch granules or remnants were observed in the
micrographs, which suggested a complete pasting process or starch gel formation. The honeycomb porous
structure, which appeared as interconnected tunnels, is
responsible for gel elasticity, and the degree of density
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of these voids indicates the strength of the gel (Joshi et
al., 2014). The oat starch gel structure appeared to have
a large pore size and a shallow pore structure, which is
an indication of strong starch gel formation (Figure 8a
and b). The microstructure of oat starch–WPI gels is
presented in Figure 8, indicating the samples of WPI
25% (Figure 8c and d), WPI 50% (Figure 8e and f),
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WPI 75% (Figure 8g and h), and WPI 100% (Figure
8i and j) mixtures. As can be seen from Figure 8, upon
incorporation of WPI, the structure of starch-protein
gels became denser and there was a reduction in the
pore size of the structure. The oat starch–WPI gels
containing higher protein fractions showed well-developed and denser pores on the starch-protein matrices,
particularly at the sample of WPI 75% (Figure 8g and
h). The network structure of the starch-WPI gels was
found to be dependent on the starch-WPI ratio. At
high WPI concentration such as starch-WPI 100%,
denser and flaky appearance of internal structure was
observed; this might be due to the gel formation by
both polymers: starch and whey proteins. Similar microstructures were observed by Dumay et al. (1999) on
β-LG-polysaccharides gels.
CONCLUSIONS

Figure 8. Scanning electron micrographs of freeze-dried gels of oat
starch and oat starch-whey protein isolate (WPI) mixtures, indicating
samples of oat starch (a and b), WPI 25% (c and d), WPI 50% (e and
f), WPI 75% (g and h), and WPI 100% (i and j), where 25, 50, 75, and
100% represent the relative percentage of WPI in the starch-protein
mixtures. Scale bar is 500 μm in panels a, c, e, g, and i, and 100 μm
in panels b, d, f, h, and j.
Journal of Dairy Science Vol. 105 No. 1, 2022

The addition of different concentrations of WPI affected the thermal, pasting, and structural properties
of oat starch. Peak viscosity and final viscosity of oat
starch decreased with the addition of lower concentrations of WPI (25% and 50% relative concentrations)
but increased at high concentrations. Addition of WPI
in the system increased stability of the hot pastes and
decreased the relative breakdown of the final starchprotein gels when taking retrogradation into account.
It is evident that WPI affected the swelling of oat
starch granules, which ultimately affected the relative
breakdown of the starch-WPI mixtures. The addition of
WPI exhibited 2 DSC endothermic peaks, which were
associated with starch gelatinization and whey protein
denaturation. Enthalpy increased significantly for the
sample of starch-WPI 100% mixture due to the high
dosage of whey proteins. The XRD and FTIR results
suggested that addition of WPI promoted both longrange and short-range ordered structure in oat starchWPI mixtures. The micrographs indicated the gel architecture was strengthened by fortification of WPI, and
a denser honeycomb structure with a dispersed protein
layer was observed upon the incorporation of WPI. The
concentration of WPI in starch-WPI systems played
an important role in affecting oat starch functionality.
This knowledge is useful to manufacturers who seek to
improve food texture by using starch and protein as cotexturizers and to develop protein-fortified cereal-based
foods including bakery products, breakfast foods, dairy
drinks, and ready-to-eat or ready-to-drink products.
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