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Abstract
Composite gels of whey protein isolate (WPI) and potato starch (PS) were formed by calcium chloride induced cold gelation to
obtain microstructures where native starch granules were encased in theWPI network. Gels were then subjected to heat treatment
and PS gelatinized inside the protein network. In vitro starch digestibility was investigated using the INFOGEST protocol to
explore if the protein gel was able to protect gelatinized starch granules from enzymatic attack during digestion. This study was
focused on the impact of gel particle size and protein concentration on glucose release from the matrix. Mechanical and
rheological properties of the composite gels were also evaluated after heat treatment. Glucose release from the matrix was
reduced until the intestinal step of the simulated digestion when gels were ground to a particle size of ~1 mm. When gels were
cut to a particle size of ~5 mm glucose release was decreased until the end of the test. In this case, at the end of the digestion
glucose release was reduced by 15.5 and 20.5% for composite gels with 8 and 10% WPI respectively, whereas no significant
reduction was observed for the gel with 6% WPI. Therefore, the effect of the WPI network on starch digestibility depended on
particle size and on protein concentration. Mechanical and rheological properties of the gels were related to starch digestibility:
PS hydrolysis rate decreased with increasing hardness and elasticity of the gels. This work contributes to a better understanding of
starch digestion in soft food matrices.
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Introduction

The World Health Organization (WHO) estimated that ap-
proximately 422 million adults suffered diabetes in 2014 [1].
The prevalence of the disease has nearly doubled across the
globe since 1980 and according to the International Diabetes
Federation (IDF) over 600 million people will be diagnosed
with diabetes by 2045 [2].

Evidence has shown that nutrition plays a crucial role in the
self-management of diabetes and the prevention of long-term
complications [3]. The adoption of a low glycemic index (GI)
diet as part of an overall healthy eating lifestyle has been
shown to significantly improve glycemic control,

cardiovascular risk factors (e.g. total cholesterol, HDL), beta
cell function and to decrease the need for anti-hyperglycemic
agents among individuals with diabetes [4]. Moreover, reduc-
ing the GI and/or glycemic load (GL) of ingested foods to-
gether with reducing nutrient density and increasing physical
activity, may delay type 2 diabetes for people with an impaired
glucose tolerance by targeting obesity and overweight [5].
There is therefore a growing need for the development of
specific foods with a slow and steady postprandial release of
glucose to help managing disorders of glucose metabolism.

This calls for a better understanding of the digestion of
complex carbohydrates, like starch, in solid food matrices.
Indeed, other constituents of the food matrix may affect the
final digestibility of the ingested starch [6]. In particular, the
presence of a protein barrier surrounding the starch granules in
processed products such as pasta has been related to a reduc-
tion of in vitro starch digestibility [7–13]. A lower rate and
degree of in vitro starch hydrolysis in thermogels of whey
protein/wheat starch [14] and whey protein/chitosan/wheat
starch [15] has also been observed. Hence, protein gels appear
as interesting matrices to encase starch and modulate its
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digestibility. In addition, they may help reducing overeating
by increasing satiation and satiety [16–18] and mimic some of
the organoleptic attributes of fat and carbohydrates [19].

Whey proteins are known to form gels by different mech-
anisms, among them, cold gelation [20]. Currently, cold-set
whey protein gels have been used to enhance the bioavailabil-
ity of heat-sensitive bioactive molecules and micronutrients
[21], to modulate lipid digestion [22–24] and to create new
food textures [19]. In cold gelation, native starch can be em-
bedded in a whey protein network while avoiding starch ge-
latinization until further processing. Additionally, whey pro-
teins have been shown to reduce postprandial glycemia in
patients with type 2 diabetes by stimulating secretion of insu-
lin and incretins as well as by delaying gastric emptying [25,
26]. Starch digestibility in food matrices has been traditionally
assessed by an in vitro enzymatic method developed by
Englyst et al. [27]. This approach evaluates the amounts of
glucose likely to be available for rapid and slow absorption in
the human small intestine and is useful to estimate the future
glycemic response of a food. However, a standardized in vitro
digestion method for food was recently developed by the
European INFOGEST network [28]. This group of experts
described a static model, easy to set up and apply, aiming at
harmonizing the protocols simulating human digestion so that
results among studies could be compared worldwide. Since its
publication, the harmonized INFOGEST in vitro method has
been used to study starch digestibility in various foodmatrices
like pasta [29], bean paste [30], black rice [31] and chickpeas
[32], among others.

The objective of this study was to evaluate if whey protein
isolate (WPI) networks formed by cold gelation were able to
restrict the in vitro digestibility of potato starch (PS) after heat
treatment. Indeed, through cold gelation native starch can be
entrapped in a whey protein gel while avoiding gelatinization
until further processing, different from thermal gelation where
the formation of the protein network occurs after starch gela-
tinization [14, 19, 33, 34]. The hypothesis of this study is that
a protein gel can protect gelatinized starch granules from en-
zymatic attack during digestion. In vitro starch digestibility
was investigated using the harmonized INFOGEST protocol
[28] and the impact of particle size and protein concentration
on PS digestibility were assessed. A better understanding of
starch digestion in soft protein gels will be helpful for the
design of low-calorie and/or satiety-inducing foods with con-
trolled postprandial glycemic responses.

Material & Methods

Materials

BiPro® whey protein isolate (WPI) with a moisture content of
4.6% and a protein content of 97.7% (d.b.) was purchased

from Davisco (Davisco Foods Intl., MN, USA) and native
potato starch (PS), composed of approx. 20% amylose and
80% amylopectin, with a moisture content of approx. 20%
and a carbohydrate content of 99.6% (d.b.) was from a local
supermarket (Santiago, Chile).

The enzymes α-amylase (A9857, activity ≥150 units/mg)
from Aspergillus oryzae, pepsin (P7000, activity ≥250 units/
mg) from porcine gastric mucosa, pancreatine (P1750, activity
4 x USP) from porcine pancreas, invertase (I4504, activity
≥300 units/mg) from baker’s yeast and bile porcine extract
(B8631) were obtained from Sigma-Aldrich (Sigma
Chemical Co., St. Louis, MO, USA), as well as the glucose
oxidase/peroxidase enzymatic glucose assay kits (GAGO20).
Amyloglucosidase (E-AMGDF, activity 3260 U/mL) from
Aspergillus niger was purchased from Megazyme
International (Megazyme International Co., Wicklow,
Ireland). All other chemicals were standard analytical grade
and distilled water was used for the preparation of all
mixtures.

Sample Preparation

Composite gels of WPI and PS were prepared by cold gela-
tion. A solution of 11% (w/w) native WPI in distilled water
(pH of the solution = 6.8) was heated in a water bath at 80 °C
for 30 min, in order to obtain a dispersion of protein aggre-
gates. After cooling for 30 min in a water bath at 20 °C, the
solution was diluted with distilled water to reach the protein
concentration needed. PS was added to the cold dispersion of
WPI aggregates and stirred for 15 min, before the addition of
the CaCl2 solution under continuous stirring, in order to obtain
a final mixture of 6, 8 or 10% (w/v) WPI, 5% (w/v) PS and
CaCl2 10 mM. These formulations were chosen to avoid
starch sedimentation and to produce soft and elastic cold-set
gels. For in vitro digestion, mechanical properties and cryo-
SEM studies, samples were transferred to stoppered glass
tubes (cylinders of 15 cm long × 2 cm of diameter). For the
measure of thermal properties, 50 mg of each sample was
sealed in a 100 μl aluminum pan and for rheological measure-
ment, samples were cast onto disposable plates of 25 mm in
diameter and 1 mm of height. All samples were finally stored
overnight at 4 °C. Controls were: (1) a 5% (w/v) dispersion of
PS in a CaCl2 solution (10 mM); (2) a gel of pure WPI (10%,
w/v) with 10 mM CaCl2 and, (3) a blend of ground WPI gel
(10% w/v, CaCl2 10 mM) and a dispersion of PS (5% w/v),
having the same final total solids content as the composite gel
of WPI 10% w/v and PS 5% w/v.

Heat Treatment

In order to maximize PS gelatinization, gel samples and con-
trols (in glass tubes) were heated in distilled water at 90 °C for
30 min and immediately cooled in iced water for 5 min. To
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obtain the mixture of WPI gel and PS dispersion (control (3)),
both preparations were heated separately under the above con-
ditions and mixed after cooling.

In Vitro Digestion

According to Chen et al. [35], the projected area of particles in
the bolus of a soft food after chewing may vary between ~1
and 6 mm2. Samples with a small particle size (~1 mm or less)
were obtained by grinding the gel with a domestic kitchen
hand blender as recommend by the INFOGEST network
[28] (Braun MultiQuick 5 MQ505, 30s at velocity no. 1)
and sieving (U.S.A. Standard Test Sieve No. 18, 1 mm stain-
less steel wire mesh, W.S. Tyler, Mentor, OH, USA). Samples
with a large particle size were obtained by cutting the gel into
cubes (~5 mm sides), according to Guo, Bellissimo &
Rousseau [22].

In vitro starch digestibility was assessed according to the
guidelines of the INFOGEST in vitro digestion method [28].
This standardized in vitro static protocol comprises three di-
gestion stages: oral, gastric and intestinal phases. For each
stage, the composition and pH of the simulated digestive
fluids and enzymes activities were carefully reproduced ac-
cording to Minekus et al. [28] recommendations.

Oral Phase (pH 7)

The Simulated Salivary Fluid (SSF) was pre-incubated for
10 min at 37 °C. Five grams of the ground or cut samples
were mixed in a 50 mL conical falcon tube with 3.5 mL of
SSF stock solution, 25 μL of 0.3 M CaCl2 solution, 975 μL of
distilled water and 0.5 mL of amylase solution 1500 U/mL
(dissolved in SSF) and adjusted to a final volume of 10 mL.
The mixture was incubated at 37 °C for 2 min in a shaking
water bath at 100 rpm. Then the pH of the solution was
lowered by adding 0.15 mL of 1 M HCl solution to inactivate
the amylase activity.

Gastric Phase (pH 3)

7.5 mL of Simulated Gastric Fluid (SGF) stock solution, 5 μL
of 0.3 M CaCl2 solution, 845 μL of distilled water and 1.6 mL
of pepsin solution 25,000 U/mL (dissolved in SGF) were
added to the oral phase mixture, to a final volume of 20 mL.
The mixture was incubated at 37 °C for 2 h in a shaking water
bath (100 rpm). After this period, the pH of the solution was
increased with 0.14 mL of 1 M NaOH solution to inactivate
the pepsin activity.

Intestinal Phase (pH 7)

10 mL of Simulated Intestinal Fluid (SIF) stock solution,
40 μL of 0.3 M CaCl2 solution, 1.32 mL of distilled water,

2.5 mL of 160 mM bile extract, 5 mL of pancreatin solution
and 1 mL of invertase solution (both dissolved in SIF) and
65 μL of amyloglucosidase, were added to the previous mix-
ture (after the oral and gastric phase) to a final volume of
40 mL. In this digestion step, the protocol was modified ac-
cording to Dartois et al. [36] to adjust the enzymatic compo-
sition to the specificity of the study of starch digestibility. The
pancreatin enzyme/starch (dry weight basis) ratio was 1.3:100
(w/w), the invertase enzyme/starch (dry weight basis) ratio
was 1:1000 (w/w) and the amyloglucosidase enzyme/starch
(dry weight basis) ratio was 0.26:1 (v/w). The resulting mix-
ture was incubated at 37 °C for 1 h in the shaking water bath
(100 rpm).

Glucose Content Analysis

For each sample, five different falcon tubes were prepared and
withdrawn one by one at different steps and times of the
in vitro digestion assay: after the oral phase, the gastric phase,
and after 15, 30 and 60 min of intestinal digestion. Previous
work showed that no further changes occurred after 60 min of
intestinal digestion.

The mixture contained in the falcon tube and at the specific
digestion step needed, was mixed with four times its volume
of absolute ethanol in order to stop the enzymatic hydrolysis
and filtered to remove the remaining solid particles. After
30 min, 0.1 mL of the filtered and stirred mixture was incu-
bated with 0.5 mL of amyloglucosidase/invertase in acetate
buffer (10 mg invertase, 0.1 mL amyloglucosidase per 10 mL
of acetate buffer at pH 5.2) during 30 min at ambient temper-
ature33. This allows the conversion of oligosaccharides to glu-
cose. The resulting aliquot was finally filtered with a
Ministart® NML cellulose acetate hydrophilic syringe filter
(Sartorius Stedim Biotech GmbH, Goettigen, Germany) and
glucose content was analyzed using the glucose oxidase/
peroxidase assay kit GAGO20. The results are expressed as
milligrams of glucose released per gram of PS. Each measure-
ment was performed in duplicate.

Thermal Properties

Samples in hermetically sealed pans were first equilibrated at
ambient temperature for 1 h. Then, they were heated from 20
to 90 °C at 10 °C/min, kept at 90 °C for 30min, cooled back to
20 °C at 10 °C/min and finally heated from 20 to 90 °C at
1 °C/min with a Mettler Toledo DSC 822 (Mettler-Toledo
Inc., Columbus, OH, USA). The equipment was calibrated
using indium and a pan containing 50 mg of distilled water
was used as a reference. Indeed, previous work (data not
shown) showed that when using an empty pan as a reference
part of the transitions occurring in this range of temperature
was overlaid by the exothermic peak of water evaporation.
Resulting thermograms were analyzed with the STARe
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Thermal Analysis Evaluation software, version 14.0 (Mettler-
Toledo Inc., Columbus, OH, USA). Each measurement was
performed in triplicate.

Mechanical Properties

The mechanical properties of gels after the heat treatment
were analyzed by uniaxial compression using a TA.XT2
Texture Analyzer (Texture Technology Corp., Scarsdale, NJ,
USA). Cylinders (20 mm diameter × 10 mm height) of gels
were compressed with a 75 mm diameter plate at a constant
deformation speed of 0.1 mm/s up to fracture or a final com-
pression strain of 80%. Measurements were conducted at
room temperature (ca. 20 °C). Two sections of each gel sam-
ple were measured and three replications of each treatment
were performed. The presented results are the compressive
hardness in kPa (i.e., the maximum force divided by the orig-
inal cross-sectional area) and the fracture strain in %, for each
experimental condition.

Rheological Properties

For all rheological measurements, a TA Instruments
Discovery Hybrid Rheometer HR-3 equipped with an ad-
vanced Peltier plate and a solvent trap and evaporation blocker
(TA Instruments Corp., New Castle, DE, USA) was used. The
solvent trap of the 40 mm top parallel plate was filled with
distilled water and the gap size was 1 mm. Temperature
sweeps were carried out from 20 to 90 °C and from 90 to
20 °C with a heating/cooling rate of 1 °C/min, at a constant
frequency of 1 Hz and a constant strain of 1.0%, which was in
the linear viscoelastic region (LVR) for all samples. An axial
force of compression of 0.5 N ± 0.1 N was used as condition-
ing to avoid losing contact between the plates and the sample
during the test. After this oscillatory temperature ramp, gels
were equilibrated for 15 min at 20 °C and submitted to an
amplitude sweep test in order to measure the rheological prop-
erties of the gels after heat treatment. Amplitude sweeps were
performed at 20 °C at a constant frequency of 1 Hz, between
0.02 and 2000% strain (γ), measuring 10 points per decade.
Each measurement was performed in triplicate. From ampli-
tude sweep curves, the plateau value of G’ (G’0) and tan δ
were both evaluated at γ = 0.01%. The critical strain, corre-
sponding to the LVR of the gels was defined as the value of γ
for which G’ has dropped to 90% of G’0.

Cryo-SEM

The microstructure of composite gels before and after heat
treatment were investigated with cryo-SEM, according to
Ong et al. [37] with modifications. Composite gels of WPI
10% and PS 5% were selected. A Hitachi SU8000 scanning
electronmicroscope, equipped with a cryo-preparation system

and a vacuum transfer device, was used (Hitachi, Ltd., Tokyo,
Japan). A piece of the gel was mounted on a copper holder and
immersed into a freshly prepared nitrogen slush for 15 s. The
frozen sample was then immediately transferred into the cryo-
preparation chamber using the vacuum transfer device. The
sample was fractured using a chilled scalpel blade in the
chamber which was maintained at −120 °C under a high vac-
uum condition. The sample was then etched at −90 °C for
30 min. No coating was used. Finally, the sample was trans-
ferred under vacuum onto a nitrogen gas cooled module,
maintained at −110 °C and observed at 2.0 kV.

Statistical Analysis

Results correspond to the mean ± standard deviation.
Statistical significance of the results was tested using analysis
of variance (ANOVA) and differences between group means
were analyzed by LSD multiple-range test with a probability
level of 0.05 (p < 0.05). Statistical analysis was carried out
with Statgraphics Centurion software, version 17.1.12
(Statpoint Technologies, Inc. Warrenton, VA, USA).

Results & Discussion

Microstructure of the Composite Gels

After the cold gelation process, native starch granules were
homogeneously distributed and embedded in the WPI net-
work (Fig. 1a). The dense structure of native PS was clearly
identifiable inside the gel microstructure (Fig. 1b). After
heating at 90 °C for 30 min, the microstructure of the com-
posite gel was extensively modified by the gelatinization of
PS (Fig. 1c). Swollen starch granules remained encased in the
continuous protein matrix and were clearly detached from the
network (Fig. 1d). Since no interpenetration of the protein
phase and the gelatinized starch was observed by cryo-SEM,
mechanical interactions that may exist between the two phases
should be limited to the surface of the PS granules. Similar
separated microstructures were observed by Yang et al. [38]
for wheat starch and Fu & Nakamura [39] for potato starch, in
WPI gels produced by thermal gelation.

Starch Gelatinization Inside the Protein Matrix

Figure 2 shows typical DSC thermograms obtained for the PS
dispersion and the composite gels during the first step of the
heating program.Mean values for the onset, peak, endset tem-
peratures and the enthalpy change, attributed to PS gelatiniza-
tion, are summarized in Table 1.

Gelatinization of the PS dispersion occurred between 59
and 69 °C, with an endothermic peak at 64 °C. The enthalpy
of gelatinization (ΔH) was 13.5 ± 1 J/g. These results are
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consistent with thermal properties reported in the literature for
native PS [40–46]. In the three composite gels, PS gelatiniza-
tion was delayed by ~ 4 °C under the same experimental

conditions. This delay may be due to a strong interaction
between the hydroxyl groups of whey protein molecules
and water, which may lead to higher energy requirements
for the transition to take place, as was observed in starch-
water-carregeenan systems [47, 48]. However, ΔH of
starch gelatinization was not modified by the presence of
the protein network, regardless of the protein concentra-
tion. After the isothermic step at 90 °C for 30 min, no
transition was measured when samples were reheated from
20 to 90 °C at 1 °C/min, meaning that no further gelatini-
zation occurred. Thus, it appears that the presence of the
whey protein network did not influence the extent of starch
gelatinization. The reduction in starch hydrolysis in vitro
was probab ly no t re l a t ed to d i f f e rences in PS
gelatinization.

In Vitro Digestibility of Starch Inside the Protein
Matrix

Results obtained at each step of the in vitro procedure (oral,
gastric and intestinal), for each particle size and protein con-
centration, are detailed below.

Fig. 1 Cryo-SEM images of the composite gels before (a, b) and after heat treatment (c, d). On the images, BWPI^ indicates the whey protein isolate
network and BPS^ highlights potato starch granules

Fig. 2 DSC thermograms for the composite gels during the first step of
heating (scan rate: 10 °C/min). To facilitate comparison, the individual
traces have been displaced vertically by arbitrary amounts
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Oral Step

After the oral step, the glucose released from the PS paste was
19.4 mg/g of PS and significantly different from all samples
containingWPI, except for the composite gel 10%WPI, 1 mm
(Fig. 3). In the case of the composite gels, glucose released
averaged 16.8mg/g of PS for particle size 1 mm, and 14.6 mg/
g of PS for size 5 mm (Fig. 3). When no matrix was formed
(i.e., the mixture of the WPI gel and the PS paste), glucose
released was 17.4 mg/g of PS. Thus, during the oral step, the
digestibility of PS is slightly reduced when protein is present,
which may be related to a lower enzyme to total solids ratio.

As shown in Fig. 1d, the dense structure of native PS gran-
ules was lost after heat treatment, making them porous and
more susceptible to enzymatic attack. Size reduction of the
gels, either by grinding (particle size 1mm) or cutting (particle
size 5 mm) ruptured the gel structure. The high shear during
grinding certainly resulted in a greater release of PS from the
matrix compared to the gentle cutting of the gel into cubes,
which retained most of the starch within the gel matrix. In
addition, possible cracks in the microstructure may have fos-
tered the accessibility of α-amylase to the interior of the
particles.

Numerous in vitro carbohydrate digestion methods exist
for analyzing the glycemic properties of foods and complicate
comparisons between studies. As a matter of fact, differences
in the time of simulated gastric digestion, in the method used
to mimic chewing, in the choice of amylolytic enzyme, in pH

or in stirring mode, have a substantial influence on the results
obtained [49]. Most importantly, the oral digestion step is
often neglected in studies on starch digestibility. After 2 min
of oral digestion in vitro, a significant amount of glucose was
released from all samples (Fig. 3), supporting that this first
step of the human digestion process should not be omitted in
simulated in vitro studies. Hoebler et al. [50] also reported that
even during only 20 to 30 s of oral food processing, approx-
imately 25% of the starch in spaghetti and 50% of the starch in
bread were already hydrolyzed. Similarly, it was demonstrated
that α-amylase from saliva played an important role in the
breakdown kinetics of bread boluses in in vitro models [51]
and that between 25 and 50% of the starch in bread and pasta
boluses were hydrolyzed by salivary α-amylase in vivo [52].
Moreover, Tamura et al. [53] pointed out that the digestion
rate of starch in cooked rice grains during the intestinal phase
was influenced by changes which occurred during the previ-
ous oral digestion step.

Gastric Step

Glucose released after the gastric step of the in vitro digestion
was lower when the protein matrix was present as compared to
the control PS paste (Fig. 4). The amount of glucose released
was reduced between 29.2% and 38.6% for all WPI concen-
trations and particle sizes. But when no matrix was formed
around PS granules no significant difference in glucose

Table 1 Potato starch (PS)
gelatinization inside the whey
protein isolate (WPI) matrix
assessed by DSC

T onset (°C) T peak (°C) T endset (°C) ΔH (J/g)

6% composite gel 62.8 ± 0.6 a 68.8 ± 0.4 a 74.1 ± 0.1 a 13.7 ± 1.8 a

8% composite gel 62.1 ± 1.1 a 68.3 ± 0.5 a 74.3 ± 0.4 a 13.2 ± 0.2 a

10% composite gel 63.5 ± 0.6 a 69.1 ± 0.5 a 74.5 ± 0.6 a 16.2 ± 4.5 a

PS dispersion 59.1 ± 0.1 b 63.9 ± 0.2 b 68.9 ± 1.3 b 13.5 ± 1.0 a

Same letter as superscript indicates that differences are not statistically significant in the same column

Fig. 3 Starch digestibility after the oral step of digestion in vitro. Same
letter on the graph indicates that differences are not statistically significant

Fig. 4 Starch digestibility after the gastric step of the digestion in vitro.
Same letter on the graph indicates that differences are not statistically
significant
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release was observed with the control sample of PS paste. So,
at this step, the protein network prevented the release of the
gelatinized PS trapped inside the matrix, regardless of particle
size or protein concentration. Even after 2 h under simulated
gastric conditions, the WPI gel was not significantly affected
and the barrier effect of the protein matrix was effective.

Besides gluten, other proteins (exogenous or not) may form
a matrix around starch granules during thermal processing of
foods. Recently, Oñate Narciso & Brennan [54] showed, with
an enzymatic assay including pepsin and pancreatin, that for-
tification of glutinous rice starch with whey protein concen-
trate or with pea protein modified starch digestibility in vitro
after cooking. Using the enzymatic method developed by
Englyst et al. [27], López-Barón et al. [55] also observed that
the addition of denatured and/or hydrolyzed plant proteins
(pea, rice and soybean) significantly delayed starch hydrolysis
in cookedwheat starch-protein mixtures. Similarly, Chen et al.
[56] reported that the addition of soy protein delayed the
in vitro digestion of gelatinized corn starch in the stomach.
With regard to PS, Lu et al. [57] observed a reduction in starch
digestibility in PS/potato protein processed blends, using the
Englyst method [27].

Intestinal Step

After 15 min of intestinal digestion in vitro, glucose release
was significantly reduced for composite gels with a particle
size of 5 mm, compared to the PS paste (Fig. 5). Regarding the
other experimental conditions, no significant differences were
observed with the control sample. Furthermore, as for the PS
paste, glucose release from the system already reached a

maximum, that is, no further significant changes were mea-
sured after 30 and 60 min of intestinal digestion.

For composite gels with a particle size of 5 mm, glucose
release was inversely related to the protein concentration of
the gel, i.e., glucose values increased when protein concentra-
tion decreased. The same trend was observed after 30 and
60 min of intestinal digestion in vitro (Fig. 5). Hence, enzy-
matic attack to starch granules hidden inside the gel pieces
was hindered by the protein network. As stated by Aguilera
[58], the digestion of solid matrices in the gut depends largely
on their breakdown into small particles, the particle size and
surface area, and the nature of these surfaces. A clear negative
correlation between particle size and starch digestibility has
been observed in cereals [59–64], peas [65, 66] and sweet
potato [67]. However, the effect of particle size on starch
digestibility in starch-based products is not well understood
yet. On one hand, Colona et al. [68] reported that grinding
cooked spaghetti increases enzyme susceptibility of starch
granules compared to intact spaghetti and Granfeldt &
Björck [69] confirmed that grinding increases significantly
the glycemic index (from 61 to 73). On the other hand,
Ranawana, Henry & Pratt [70] concluded that the degree of
mechanical breakdown during mastication does not influence
starch digestibility in spaghetti. Alam et al. [71] reached the
same conclusion about brittle cereal foams and Nordlund et al.
[72] observed a relation between particle size of masticated
breads and the insulin response but not with the postprandial
glucose. It should be noted that there are major differences
between most of these works and our study: the protein net-
work is generally gluten, foods have a lower moisture content
than the gels, and they have a higher ratio of starch to protein.
Starch digestibility in model composite gels formed by cold

Fig. 5 Starch digestibility during
the intestinal step of the digestion
in vitro (after 15 min, 30 min and
60 min)
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gelation of proteins have not been systematically investigated
despite their potential application as soft food matrices [19].

After 30 min of intestinal digestion, starch hydrolysis was
still reduced compared to the control sample for composite
gels made with 8 and 10% WPI (particle size 5 mm). At this
point, the maximum glucose release had been reached for all
experimental conditions and similar results were observed af-
ter 60 min of intestinal digestion (Fig. 5).

So, at the end of the digestion protocol, starch digestibility
in vitro was significantly reduced in composite gels with 10
and 8% WPI (− 20.5% and − 15.5%, respectively) when par-
ticle size was 5 mm (Fig. 5). Therefore, upon further intestinal
digestion, protection of starch against enzymatic attack by the
WPI network depended on the protein concentration. This
means that the microstructure of the network has to be care-
fully considered in order to efficiently reduce starch digestibil-
ity. Microstructural differences in the matrix induced by the
protein concentration [73] or salt levels [14] may have a sig-
nificant effect on the disintegration of the WPI gelled struc-
ture. Also, in low cross-linked networks, the matrix might be
too loose to reduce starch hydrolysis by a barrier effect, while
in highly aggregated networks large pores might form,making
the system more susceptible to α-amylase attack [14].

Molecular diffusion in polymer gels depends strongly on
the network structure [74]. As may be deducted from Fig. 1d,
the tortuosity of the WPI network around PS granules may
lengthen the path for enzymes, leading to a barrier effect of the
protein matrix [7]. It is therefore expected that enzyme diffu-
sion, and consequently glucose release from the matrix,
should be negatively correlated with the protein network
density.

Mechanical and Rheological Properties Related
to In Vitro Digestion

The study of the microstructure of the composite gels after
heat treatment, through the study of their rheological and me-
chanical properties, may also give us some clue as to their
susceptibility to α-amylase attack. Guo et al. [22] observed
that the manipulation of gel strength and microstructure mod-
ified the extent and rate of lipid digestion in WPI emulsion
gels. In this case, harder gels better retained their structure
during in vitro digestion and were more efficient in delaying
lipolysis [24].

No significant difference in gel hardness was observed be-
tween a pure 10% WPI gel and the 10% WPI composite gel
(hardness of 154 ± 16 kPa and 174 ± 11 kPa, respectively,
Table 2) after heat treatment. So, in this case the hardness of
the protein gel was not significantly modified by the addition
of PS (5% w/v). This is in accordance with the microstructure
exhibited in Fig. 1d. which shows that the continuous protein
matrix was detached from the gelatinized starch granules,
hence, responsible for taking the load in the compression test.

Regarding WPI concentrations in the composite gels, no
significant difference in gel hardness was measured between
composite gels made of 8 and 10% WPI (187 ± 11 kPa and
174 ± 11 kPa, respectively). However, the composite gel made
of 6% WPI was significantly softer (hardness of 125 ±
13 kPa). Fracture strain was ~ 58% for all samples, so, failure
was not significantly influenced by the composition of the
gels.

In addition to the study of the mechanical properties of the
composite gels, rheological measurements were performed to
indirectly observe the microstructure of the WPI and PS gels
after heat treatment. As shown in Fig. 6, all samples behaved
as viscoelastic gels with dominating elastic properties, i.e., the
storage modulus G’ was higher than the loss modulus G^ (tan
δ <1) in the LVR. Above a certain strain value (i.e., 2 – 4%),
all samples showed a shear thinning behavior probably due to
the successive breakdown of the WPI particle gel. G’0, the
plateau value of G’ in the LVR, was 45.1 ± 1.5 kPa, 86.2 ±
7.0 kPa and 112.1 ± 25.1 kPa for the composite gels made of
6, 8 and 10% WPI, respectively. So, G’0 increased with the
increasing protein content, suggesting that more crosslinks
were formed when a higher WPI% was used, resulting in a
denser and more complex network [75]. Alting et al. [76] also
observed an increase in the storage modulus plateau value of

Table 2 Mechanical properties of the composite gels

Hardness (kPa) Fracture strain (%)

6% composite gel 125 ± 13 a 57.7 ± 1.8 a

8% composite gel 187 ± 11 b 56.8 ± 1.3 a

10% composite gel 174 ± 11 b 54.9 ± 2.0 a

10% pure WPI gel 154 ± 16 b,c 60.9 ± 1.4 a

Same letter as superscript indicates that differences are not statistically
significant in the same column

Fig. 6 Amplitude sweep curves of composite gels after heat treatment.
Lines represent the storage modulus G’ and dashes represent the loss
modulus G^. Error bars are not shown for the sake of clarity
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cold-set gels with increasing whey protein concentration. No
significant differences in the extension of the LVR were ob-
served between the three composite gels: the critical strains
measured were 2.3 ± 1.7%, 3.1 ± 1.8% and 1.6 ± 0.6% for the
composite gels made of 6, 8 and 10% WPI, respectively.

The addition of PS did not influence significantly the stor-
age modulus of the protein gel (G’0 = 107.1 ± 3.5 kPa for the
pure 10% WPI gel) but slightly extended the LVR (critical
strain of 0.5 ± 0.1% for the control gel). This is also in accor-
dance with the microstructure shown in Fig. 1d., i.e., starch
granules acted as inactive fillers and did not interact with each
other or with the protein network. According to these results,
gel strength and microstructure were related to starch digest-
ibility. More elastic gels, with a denser microstructure (8 and
10% WPI) protected better PS granules from the enzymatic
attack than the less elastic gel (6% WPI), during the intestinal
step of the simulated digestion (particle size 5 mm) (Fig. 5).
The gastric and intestinal phases both involve the action of
proteases that are able to degrade the whey protein network.
Throughout the digestion process, the microstructure of the
surface of the gel is loosened which in turn accelerate the
diffusion of proteases and will eventually lead to the disinte-
gration of the gel [73]. Consequently, the progressive soften-
ing and breakdown of the network by proteases will expose
more PS granules to starch-degrading enzymes as the diges-
tion moves forward, as evidenced in Fig. 5. It is then expected
that a denser microstructure will have a slower rate of protein
hydrolysis which will result in a slower rate of starch hydro-
lysis. And indeed, the results of this study show that the final
amount of glucose released from the matrix, as well as the
starch hydrolysis rate during the intestinal step of the diges-
tion, depended on the concentration in WPI of the gels (Fig.
5). Luo et al. [73] measured a slower proteolysis rate of WPI
gels when the protein concentration was increased from 15 to
20 wt% and concluded thatWPI gel digestion was determined
by the summed effect of enzyme diffusion limitation,

hydrolysis rate and microstructure transformation. Also,
Macierzanka et al. [77] showed that particulate gels resisted
better the proteolysis than fine stranded gels. However,
Opazo-Navarrete et al. [78] did not found a correlation be-
tween the microstructure, the hardness and the rate of prote-
olysis in WPI gels.

Structure and material properties have a significant impact
on the rate and extent of food breakdown and release of nu-
trients in the mouth and the stomach [79]. Rheological and
mechanical properties of the gels may be relevant not only to
control starch digestibility in vivo but also do design specific
food textures. Food hardness has a direct influence on the
breakdown in the mouth: the harder the food, the smaller the
bolus particle size [35]. For example, heat-set whey protein
emulsion gels with increasing hardness led to median particle
sizes from 4 to 0.95 mm, respectively, after mastication [80].
Then, food particle size and hardness also influence gastric
emptying. The rate of disintegration in the stomach generally
decreases with the increase of food hardness [79]. According
to the results of this study, the negative correlation between
digestibility and hardness may restrict the use of whey protein
encasing of starch granules to foods with a rather Bstrong^ and
Bchewy^ texture. In addition, the breakdown patterns in the
mouth and the stomach of the composite cold-set gels should
be carefully considered since particle size was a determinant
factor for starch digestibility reduction in vitro.

The main factors affecting the digestibility of starch in a
whey protein network formed by cold gelation are summa-
rized in Fig. 7.

Conclusions

WPI networks formed by cold gelation restricted the in vitro
digestibility of PS after heat treatment as measured by glucose
release using a three-stage digestion assay. This effect first

Fig. 7 Scheme representing
parameters influencing starch
digestibility in a WPI cold-set gel
matrix
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depended on particle size reduction of the gels. Gels with a
particle size of ~ 1 mm protected PS from enzymatic attack
until the intestinal step of the simulated digestion, while gels
with a particle size ~ 5 mmwere a barrier for starch-degrading
enzymes until the end of the digestion protocol. Then, glucose
release from the matrix depended onWPI concentration in the
gels. At the end of the digestion, PS hydrolysis was reduced
by 20.5 and 15.5% for composite gels with 10 and 8% WPI
respectively (particle size 5 mm), whereas no significant re-
duction was observed for the gel with 6% WPI. Moreover,
mechanical and rheological properties of the gels were related
to starch digestibility. The rate of PS hydrolysis decreased
with increasing hardness and elasticity of the gels.
Therefore, the microstructure of the protein network also has
to be carefully considered to modulate starch digestibility in
such composite gels. This work contributes to a better under-
standing of starch digestion in soft food matrices. The use of
whey protein gels appears as an interesting strategy to design
low-calorie food products with a slower postprandial release
of glucose from gelatinized starch. In future work, the break-
down properties of WPI & PS cold-set gels in the human
mouth and stomach will be investigated.
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