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A B S T R A C T

Mixed gels of plant proteins are being investigated for use as meat analogues. Juiciness is an important charac-
teristic for the acceptability of meat analogues. The juiciness is assumed to be governed by the hydration prop-
erties, or water holding capacity, of the gel (WHC). We analysed the WHC of single-phase gels of respectively soy
protein and gluten by applying Flory-Rehner theory. This enabled us to describe the WHC of more the complex
mixed gels. The WHC of mixed soy protein - gluten gels is shown not to be a linear combination of their con-
stituents. At high volume fractions, soy forms a continuous network and swells similarly to pure soy without being
hindered by gluten. However, increasing gluten content leads to a gradual decrease in soy swelling. This is due to
the mechanical interaction between soy and gluten. We propose that gluten-rich gels have a continuous gluten
network that entraps soy and hinders its swelling. The elastic moduli of the gluten network were extracted from
WHC data, and are in reasonable agreement with experimentally determined moduli. A better understanding of
the effect of mixed gel composition on WHC is valuable for the development of the next generation meat
analogues.
1. Introduction

Technological advancements in high moisture extrusion and shear
cell technology have enabled the production of fibrous structures from
plant proteins (Chiang et al., 2019; Grabowska et al., 2014, 2016; Dek-
kers et al., 2016b). These fibrous structures resemble the texture of
muscle fibres but lack the juiciness found in real meat (Hoek, 2010; de
Bakker and Dagevos, 2010). The juiciness of meat is related to its water
holding capacity (WHC) (Warner, 2017; Aaslyng et al., 2003; Puolanne,
2017; Pearce et al., 2011), and a similar relation is expected for meat
analogues. The juice release from meat has a typical temporal profile.
Some of the juice should be readily expelled, while the remainder should
be more tightly bound to the matrix to prevent the sensation of dryness
(Bertram et al., 2005; Yven et al., 2005). Consumers demand a product
similar to meat (Hoek et al., 2011), and the lack of juiciness due to
inadequate WHC and juice release profile is thus a hurdle for consumer
acceptance.

Meat analogues are complexmixed gels, and often contain soy protein
isolate (SPI), gluten, or a combination of both (Grabowska et al., 2014;
Dekkers et al., 2016a; Liu and Hsieh, 2007; Akdogan, 1999; Chiang et al.,
2019). However, the physics governing the WHC of such mixed protein
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gels is still poorly understood. We apply the concept of Flory-Rehner
theory in a phenomenological way to describe the WHC of single-phase
and mixed gels as a function of pressure. We aim to improve our un-
derstanding of the WHC of such complex mixed systems.

It has been reported that water distributes unevenly between SPI and
gluten (Dekkers et al., 2016a, 2018), which can be related to differences
in polymer-water affinity and cross-link density between the two phases.
The uneven distribution of water appears to be essential for obtaining a
meat-like structure as the moisture content in the two phases affects their
rheological properties (Dekkers et al., 2018). Although the gluten
network is known to be affected by the addition of soy in bread doughs
(Roccia et al., 2009), a recent study showed that heating mixtures of
gluten proteins and soy glycinin, one of the main soy proteins, does not
result in cross-linking between the different proteins (Lambrecht et al.,
2017). This suggests the two networks can coexist in mixed systems.
Studying the mixed systems as well as the two phases separately could,
therefore, provide valuable insights into the mixed system.

We investigate the WHC of mixed protein gels as a model system for
meat analogues. To reduce the complexity of the system we first char-
acterize the WHC of single-phase SPI and gluten gels before moving to-
wards more complex mixed gels that could be regarded as a rudimentary
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meat analogue. As is the case for many foods, meat and meat analogues
can be regarded as cross-linked polymer networks (Jin et al., 2014;
Paudel et al., 2015; van der Sman et al., 2013; van der Sman, 2012,
2007). The WHC of polymer networks can be described using
Flory-Rehner theory (Paudel et al., 2015; van der Sman, 2007, 2012,
2013), which describes the swelling of a cross-linked polymer network
using two opposing contributions (Flory and Rehner, 1943). These con-
tributions are the osmotic (mixing) pressure and the elastic pressure due
to network deformation. At equilibrium, the sum of these contributions is
equal to the pressure exerted onto the network. As such, the theory can be
used to describe the WHC (and thus moisture content) of a material as a
function of the applied pressure.

Flory-Rehner theory has several underlying assumptions which might
limit its application to (globular) protein gels. Globular proteins are
innately non-linear given their secondary and tertiary structure, which
for soy proteins persists after heating [Kim et al., 2004]. The assumption
of linear Gaussian chains is therefore void. However, this does not mean
the Flory-Rehner theorem is not applicable. The concept of a net swelling
pressure as the result of opposing mixing and elastic pressures can still
provide insight. In fact, Li et al. (2016) showed that the swelling of
fine-stranded (and predominantly globular) whey protein and egg white
protein gels can be predicted with FR theory (Li et al., 2016). Similarly,
FR theory was used to describe the swelling of complex mixtures such as
mushrooms (Paudel et al., 2015). The precise physical meaning of the
different parameters may, however, be affected given that not all as-
sumptions are met.

This paper is organized as follows. We study the WHC of single-phase
SPI and gluten gels by applying an increasing load via centrifugation.
Based on insights from the single-phase gels we describe the WHC of
more complex mixed gels. By combining data from large strain
compression experiments and data from the WHC experiments we hy-
pothesize about the network structure of mixed SPI-gluten gels. We will
briefly discuss the implications for the development of juicier meat
analogues.
2. Theory

2.1. Flory-Rehner theory

The WHC of polymer gels is governed by their thermodynamics and
can be analysed using Flory-Rehner theory (Flory and Rehner, 1943,
1944). Flory-Rehner theory states that the amount of solvent retained by
the polymer network depends on the external pressure Πext . In our ex-
periments we will exert this pressure via centrifugation. Under equilib-
rium conditions the external pressure will be equal to the swelling
pressure Πswell:

Πext ¼Πswell ¼ Πelas � Πmix (1)

The swelling pressure is composed of two independent contributions
that account for the different interactions between water and polymer.
These contributions are the mixing pressure Πmix, which accounts for the
interaction between the polymer and the solvent, and the elastic pressure
Πelas, which accounts for the elastic pressure exerted by the polymer
network onto the solvent. Note that we assume the contribution of dis-
solved ions and polymer charges to the swelling pressure to be constant,
and of limited magnitude (Πion ¼ 0). The theory assumes a homogeneous
network of Gaussian chains that swells uniformly. van der Sman (2015)
showed that the behaviour of a range of bio-polymers can be captured
with Flory-Rehner theory, and obey to the scaling laws from polymer
physics (van der Sman, 2015).

2.1.1. The mixing pressure
Πmix can be described with Flory Huggins (FH) theory. We will use

water sorption isotherms to estimate the governing parameter of the FH
theory, namely the interaction parameter χ. However, as most bio-
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polymers undergo a glass transition during desorption, we will analyse
the sorption isotherms with the Free Volume extension of FH theory, so-
called FVFH theory, instead (Vrentas and Vrentas, 1991). FVFH theory
has already been successfully used to describe the water sorption of
various food products such as vegetables (van der Sman et al., 2013),
mushrooms (Paudel et al., 2015), broccoli (Jin et al., 2014), meat (van
der Sman, 2012), chicken (van der Sman, 2013), and various bio-polymer
gels (van der Sman, 2015).

Note that FVFH theory includes an extra term (FðϕÞ) that is not found
in the classical FH theory. FðϕÞ is equal to zero above the glass transition
temperature. Therefore, when describing WHC data, FðϕÞ is equal to zero
in our calculation of the mixing pressure. The mixing pressure is related
to the water activity, aw, and is taken as:

vwΠmix

RT
¼ lnð1�ϕÞþϕ

�
1� 1

N

�
þ χϕ2 þFðϕÞ¼ ln aw (2)

where vw is the molar volume of water, R is the universal gas constant, T
is the absolute temperature, ϕ and 1� ϕ are the volume fraction of
polymer and water respectively, N is the ratio of the molar volume of
water and polymer, and χ is the Flory-Huggins interaction parameter
between water and polymer. Because of the relatively large size of a
polymer, N becomes very large allowing us to simplify the second term
on the right hand side to ϕ. FðϕÞ accounts for structural relaxation in the
glassy state and the changes in hydrogen bonding between water and
polymer in the semi-dilute regime (Vrentas and Vrentas, 1991; van der
Sman and Meinders, 2011). FðϕÞ was calculated according to van der
Sman et al. (2013) as (van der Sman et al., 2013):

FðϕÞ¼
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��
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�2 (4)

and Tg is calculated according to Couchman-Karasz (Couchman and
Karasz, 1978):

Tg ¼ ywΔCp;wTg;w þ ysΔCp;sTg;s

ywΔCp;w þ ysΔCp;s
(5)

Here, Mw is the molar weight of water, ΔCp;i is the change in heat
capacity at the glass transition, and Tg;i is the glass transition temperature
in the dry state. yi represents the weight fraction of polymer or water. We
have used ΔCp;s ¼ 0:425kJ K�1 which appears to be universal for bio-
polymers (van der Sman, 2012; van der Sman and Meinders, 2011;
Pouplin et al., 1999).

As has been shown previously, the interaction parameter for bio-
polymers and water is composition dependent and can be calculated as
(van der Sman and Meinders, 2011):

χ¼ χ0 þ ðχ1 � χ0Þϕ2 (6)

with χ0 and χ1 as the interaction parameters under dilute and concen-
trated conditions respectively. Water is a theta solvent for proteins at
very low protein concentrations, and thus χ0 is 0.5.

2.1.2. The elastic pressure
We take the elastic contribution to the swelling pressure as originally

described in Flory-Rehner theory. It assumes a homogeneous polymer
network that consists of linear Gaussian chains that swell isotropically. The
Young'smodulusEof suchgel networks canbedescribedwith thepower law
reported byHorkay and Zrínyi (1982) as function ofϕ0 (Horkay and Zrínyi,
1982), which is based on the c* theorem (De Gennes, 1979):



Table 1
Compositional information of the protein powders used. Dry matter contents
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E¼ aϕβ
0 (7)
(DMC) as determined by drying at 105�C for 24h, protein content according to
the Dumas combustion method with Nx5.7 (see e.g. Berghout et al. (2015)
(Berghout et al., 2015)), and salt content of the powders based on the conduc-
tivity of 5 wt% dispersions (as NaCl equivalents).

DMC
(wt%)

Protein content (Nx5.7,
wt%), n ¼ 3

Salt content (expressed as wt%
NaCl), n ¼ 3

SPI 93.7�0.2 81.7�1.1 1.33�.01
Gluten 93.4�0.5 77.9�0.1 0.39�.01
in which β is 9/4 and a is a constant (Horkay and Zrínyi, 1982). Higher
values of β have also been reported for certain biopolymers (β � 2:3�
2:7, (van der Sman, 2015). ϕ0 is the ϕ for which Πmix ¼ Πelas and thus
describes maximum swelling at Πext ¼ 0. For incompressible materials, E
is related to the Shear modulus, G, via:

E¼ 3G (8)

For the elastic contribution we use the affine network model (van der
Sman, 2015):

Πelas ¼ � Gref

h
~ϕ
1=3 �

~ϕ

2

i
(9)

Gref is the Shear modulus in the reference state. Gref is related to G via:

G¼Gref
~ϕ
1=3

(10)

~ϕ is defined as:

~ϕ¼ ϕ

ϕref
(11)

with ϕref as the ϕ at which the polymer network is in the relaxed state and
the chains experience zero stress.

It must be noted that the conditions at which the reference state is
determined differ greatly between studies (Quesada-P�erez et al., 2011),
and the physical meaning of ϕref is still under debate (Quesada-P�erez
et al., 2011; Khokhlov, 1980). For synthetic polymers ϕref is often
defined as the ϕ at cross-linking, which often occurs in the dry state
(thus ϕref ¼ 1). When cross-linking takes place in the presence of a
solvent, as is the case for bio-polymers, the reference state is often
chosen in a similar fashion (Hino and Prausnitz, 1996; Shibayama et al.,
1997). Khokhlov (1980) argues that ϕref should be chosen at
theta-conditions at which the individual chains are unperturbed
(Khokhlov, 1980). However, since we apply the affine network model
(van der Sman, 2015), polymer-solvent and polymer-polymer interac-
tion are omnipresent (Shibayama et al., 1997). van der Sman (2015)
showed that for many bio-polymer gels it holds that ϕref ¼ 1:5ϕ0 (van
der Sman, 2015). Because of the ambiguous nature of ϕref , we will
determine it by fitting our WHC data with Eq. (9).

3. Materials and methods

We have prepared single-phase gels from soy protein isolate (SPI) and
gluten via heat-induced gelation. By varying the polymer weight fraction
at cross-linking, gels with different cross-link densities were obtained.
Gels were washed and swollen in water before their WHC as a function of
pressure was determined using the centrifugation method (Kocher and
Foegeding, 1993; Paudel et al., 2015). The WHC data was fitted with
Flory-Rehner theory to obtain Gref and ϕref . Water sorption isotherms and
glass transition temperatures were measured for the different
bio-polymers before and after gelation to obtain χ1 using FVFH theory.
Based on the WHC of the single-phase gels we analysed the WHC of more
complex mixed gels with different SPI: gluten ratios.
3.1. Materials

Soy protein isolate (Supro 500E IP) and vital wheat gluten were ob-
tained from Solae (DuPont, St Louis, MO, USA) and Roquette (Lestrem,
France) respectively. Some compositional data is presented in Table 1.
Salt content was determined based on the conductivity of a 5 wt% protein
dispersion and is expressed in NaCl equivalents. Mili-Q water was used in
all experiments.
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3.2. Gel preparation

3.2.1. Soy gels
SPI gels were prepared by dispersing SPI powder in water, followed

by vigorous mixing to achieve a final dry matter content of between
approximately 25 and 35 wt%. SPI dispersions had an ionic strength of
between 0.08 and 0.12 molal and were not adjusted. Dispersions of SPI
and gluten were of neutral pH and were not adjusted. Actual dry matter
content of the dispersions was determined by drying at 105∘C for 24h.
The obtained dispersions were placed in vacuum bags and exposed to a
vacuum of 50mbar for 15 s to remove any air bubbles. The dispersions
were stored overnight at 4�C to ensure an even hydration of the protein.
The hydrated dispersions were placed in cylindrical stainless steel gela-
tion vessels with a radius of 12.5 mm and a height of 5 mm. The her-
metically sealed vessels were submerged in a shaking water bath (Julabo,
Seelbach, Germany) preheated at 95�C for 30 min. The vessels were
cooled by submersion in water of 10�C for 15 min. After cooling, the gels
were gently removed from their vessels.

3.2.2. Gel washing and swelling
Gel swelling and the removal of solutes was carried out simulta-

neously by washing in Mili-Q water. Gels were submerged in an excess of
Mili-Q water (1/100 wt/wt) immediately after gelation and stored at 4∘C
for 24h. The water was exchanged 3 times during the first 8h at regular
intervals. This was sufficient to reach a stable sample weight and constant
conductivity of the washing liquid. These signs were taken as confir-
mation that equilibrium had been reached.

The maximum level of swelling is defined as the polymer volume
fraction at maximum swelling and referred to as ϕ0. ϕ0 was determined
based on the dry matter content as determined by drying the swollen gels
at 105�C for 24h. Polymer and water densities were assumed to be
1330 kg m-3 and 1000 kg m-3 respectively.

3.2.3. Gluten gels
Gluten gels were prepared similarly to SPI gels, with some alterations

to the protocol. The gel-like structures obtained after heating hydrated
gluten were not uniform in shape and thus not suitable for uniaxial
compression testing or centrifugation (for WHC). The use of ethanol can
greatly improve the ease of handling of gluten (Lambrecht et al., 2016;
Dahesh et al., 2014). We therefore prepared gluten gels in anhydrous
ethanol (Sigma Aldrich, Steinheim, Germany) to study their strength and
WHC. By mixing gluten with ethanol a particle dispersion is obtained.
Gluten dispersions were transferred to the aforementioned gelation ves-
sels, omitting the evacuation and hydration steps. Gelation and the sub-
sequent washing and swelling was carried out as per the protocol for SPI
gels. Three water changes were assumed to be sufficient to wash out all
ethanol and solutes present. The range in which we could reproducibly
prepare gluten gels was narrow (yIp;gluten ¼ 0:575� 0:64) due to issues such
as gluten sedimentation and drainage within the gelation vessel.

3.2.4. Mixed gels
Mixed gels were prepared by dispersing SPI in water and vigorous

mixing, followed by gluten addition and further mixing. Mixed gels had
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an ionic strength between 0.09 and 0.04 molal. The mixtures were freed
from air, hydrated, and gelled according to the protocol for SPI gels. The
overnight hydration at 4∘C was assumed to be sufficient to reach an
equilibrium water distribution.
3.3. Water holding capacity by centrifugation

WHC was determined by centrifugation at different relative centrif-
ugal forces to apply a range of pressures to the equilibrated gels, similar
to Kocher and Foegeding (1993), and Paudel et al. (2015) (Kocher and
Foegeding, 1993; Paudel et al., 2015). Samples were gently taken from
pre-swollen gels using a biopsy punch with a diameter of 4 mm. The
samples were placed in centrifugal filters with a pore size of 0.2μm (Pall
Centrifugal Devices). An Eppendorf centrifuge with a swinging bucket
rotor was used to ensure the pressure was applied perpendicularly to the
surface of the sample. A centrifugation time of 1h was found to be suf-
ficient to reach a constant gel weight. During centrifugation, the expelled
fluid was collected in the bottom compartment of the tube without being
in contact with the sample, and the amount of water released was
determined by weighing.

Assuming a linear gradient in ϕ andΠext , the relative centrifugal force
can be converted to an average pressure applied on the sample as:

Πext ¼ 1
2
ρgactualH (12)

ρ is the mean density of the sample, gactual is the relative centrifugal force
at the sample location, and H is the sample height. Since the amount of
polymers is assumed to remain constant during centrifugation, the
change in sample height as a result of the moisture loss can be calculated
as:

ϕinitHinit ¼ϕH (13)

ϕinit is the initial polymer volume fraction, Hinit is the initial sample
height, and ϕ is the average polymer volume fraction.
3.4. Linear compression tests

Elastic Young's moduli E were determined by uniaxial compression of
the swollen gels using an Instron texture analyser equipped with a 100N
load cell similar to Renkema et al. (2001) (Renkema et al., 2001). In
short, gels prepared and swollen according to the protocol in Section
3.2-3.2.2 were trimmed to a radius of 12.5 mm using a cork borer and
placed on the plate of the texture analyser. Gels were compressed at a rate
of 1 mms-1. True Hencky strain was calculated as:

ε¼ ln
HðtÞ
H0

(14)

in which ε is the Hencky strain and H0 and HðtÞ are the initial height and
height after deforming for a certain time t. The stress on the gel σ is
calculated as:

σ¼FðtÞ
AðtÞ (15)

in which FðtÞ is the force recorded by the texture analyser and AðtÞ the
contact area of the gel after deforming for a certain time t. We assume
constant sample volume during deformation, which enables us to
calculate the sample area during deformation as:

AðtÞ¼ H0

HðtÞA0 (16)

in which A0 is the initial contact area of the gel. E was determined as the
slope of σ versus ε in the linear regime.
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3.5. Dynamic vapour sorption

Water vapour sorption isotherms can be used to determine the
interaction parameter χwith FVFH theory. Isotherms were determined at
25�C on a ProUmid SPSX-S3-EU01508. Measurements started by drying
for 24h at 0%RH, after which the RHwas increased with 10% increments
up to 90% RH, and lowered again to 0% RH in 10% increments. Equi-
librium was assumed when the weight change over a window of 10 min
was less than 0.0005min-1 for a period of 120 min. A maximum step
duration of 2000 min was used. Isotherms were determined in duplicate.
3.6. Determination of Tg

The glass transition temperature Tg is required to accurately fit sorp-
tion isothermswith FVFH theory. Values ofTg were determinedusing a TA
Instruments DSC 250 (modulated Differential Scanning Calorimetry,
mDSC). Samples with different moisture contents were prepared by
exposing them towater vapour for different lengths of timeafterwhich the
DSC sample pans were sealed hermetically. The samples were allowed to
equilibrate inside of the sample pan for at least 1 week before being
analysed. During thermal analysis samples were equilibrated at �20∘C
after which a temperaturemodulation with an amplitude of 1:27∘Cwith a
period of 60s was switched on. Temperature was raised to 120∘C at a rate
of 2∘min�1 after which the samples cooled back to�20∘C again, followed
by a second heating cycle to 180∘C. Glass transitions were identified from
the shift in the baseline of the reversingheatflowsignal of the second scan.
Dry matter content of the samples was determined by puncturing the
sample pan after measuring and drying at 105∘C for 24h.
3.7. Statistical analysis

Error bars indicate the 95% confidence intervals of the mean value, as
calculated from the standard error of the mean. n indicates the number of
measurements. In the case of n ¼ 2, error bars represent the absolute
deviation from the mean. Fitted values are the result of fitting individual
datasets, with error bars indicating the 95% confidence interval of the
mean of the fitted values. Where applicable, significant differences were
tested with a one-way ANOVA and Tukey-test, with p indicating the
significance level.

4. Results and discussion

4.1. Tg and water sorption isotherms

Glass transition temperatures of SPI and gluten were determined via
mDSC for different levels of hydration and fitted with Couchman-Karasz
with respect to Tg (Fig. 1a). The fitted value for SPI (384K) is in good
agreement with the value reported by Morales and Kokini (1997) for 7S
soy globulins (387K (Morales and Kokini, 1997, 1999); which is
remarkable as we used a crude commercial protein isolate. Values re-
ported for the Tg of soy proteins deviate widely between references
(Morales and Kokini, 1997, 1999; Mizuno et al., 2000; Kealley et al.,
2008), possibly due to variations in experimental methodology, raw
materials, and sample preparation. For the sake of consistency we will
use our own determined values. The fitted Tg of gluten (428K) is in good
agreement with literature values (Kalichevsky et al., 1992; Pouplin et al.,
1999; Verbeek and Van Den Berg, 2010), although higher values have
also been reported (Micard and Guilbert, 2000).

Water sorption isotherms of SPI and gluten were collected before and
after the gelation process using dynamic vapour sorption (Fig. 1b). Gels
were lyophilized and ground to a fine powder before sorption analysis.
The gelation process increased sorption by SPI at aw < 0:7. Additional
cross-linking can result in a higher glass transition temperature (Stutz
et al., 1990) and, as follows from FVFH theory, increase sorption in the
glassy regime. At aw where T > Tg , the sorption of gelled and non-gelled



Fig. 1. Glass transition temperatures of SPI and gluten protein at different moisture weight fractions, as determined via mDSC. Solid lines indicate best fit according to
Couchman-Karasz (1a). Water sorption isotherms of SPI and gluten, before and after the gelation process. Error bars overlap with the markers (n ¼ 2). Solid lines
indicate best fits with FVFH theory. Fitted values of χ1 are presented in the insert (1b).
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SPI is identical. DSC analysis of the lyophilized gels did not reveal a clear
glass transition. Therefore, a slightly higher Tg of 415K was fitted which
coincides with the Tg of 11S soy glycinin as reported by Morales and
Kokini (1997) (Morales and Kokini, 1997). Gluten sorption was not
affected by the gelation process. Sorption isotherms were fitted using
FVFH theory with respect to χ1 (Eq. (2)). Best fits and fitted values for χ1
are presented in Fig. 1b. SPI has a lower χ1 than gluten, indicating it has
more attractive interactions with water compared to gluten.
4.2. Gel swelling and mechanical characterization

4.2.1. Soy protein gels
We will use yip;j as the polymer weight fraction at gelation of a single-

phase (i ¼ I) or two-phase (i ¼ II) gel, made of polymer j, or of the gel as
Fig. 2. Maximum level of swelling, ϕ0, of SPI gels as function of yIp;SPI (solid line 0:22

as function of ϕ0 (solid line aϕβ
0 with a ¼ 7:59� 107 and β ¼ 2:28, R2 ¼ 0:98; Fig.
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a whole (j ¼ gel). Recall that ϕ0 represents the polymer volume fraction
at maximum swelling (when Πext ¼ 0). Increasing yIp;SPI resulted in a

linear increase of ϕ0 (Fig. 2a). This indicates that varying yIp;SPI is a
controllable method to adjust maximum swelling. The elastic Young's
moduli E of the swollen SPI gels were determined via uni-axial
compression. E increased proportionally as ϕ0 increases (Fig. 2b); E
thus also relates directly to yIp;SPI . The elastic modulus relates directly to
the cross-link density of the gel (van der Sman, 2013). An increased
cross-link density results in a greater resistance to deformation (conform
Eq. (9)), and explains the reduced swelling as yIp;SPI is increased
(Fig. 2a).

The modulus as a function of ϕ0 can be described with a power law
with an exponent of 2.28 (Fig. 2b). Note that the moduli were determined
in the swollen states. The apparent agreement with the theoretical
4yp � 0:0224, R2 ¼ 0:99; Fig. 2a), and elastic Young's moduli of swollen SPI gels

2b). n ¼ 3 for yIp;SPI , n ¼ 2 for E, and n ¼ 3 for ϕ0.



Fig. 4. WHC of swollen SPI and gluten gels expressed as polymer volume
fraction as function of the applied pressure as determined via centrifugation.
Open symbols were excluded from the fitted procedure due to gel collapse. Solid
lines are best fits with Flory-Rehner (R2 � 0:97). (n ¼ 8).
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exponent reported by Horkay and Zrínyi (1982) for networks of Gaussian
chains is most probably a deceptive coincidence as the majority of soy
proteins are globular (de HHJ de Jongh, 2003). It is unlikely that the heat
applied during gelation resulted in a complete loss of protein secondary
structure (Kim et al., 2004).

4.2.2. Gluten gels
Wheat gluten proteins are more difficult to handle than soy pro-

teins as they bind little water (Grabowska et al., 2014) and form a
network upon hydration (Attenburrow et al., 1990; Ng and McKinley,
2008). Our swelling experiments revealed that non-heated gluten
binds 2:1� 0:1g water g�1 protein, similar to Grabowska et al. (2014)
1:9g g�1, (Grabowska et al., 2014). Higher levels of swelling have also
been reported (3:3g g�1 (B�arcenas et al., 2009)). It must be noted that
the strength of gluten networks depends on the temperature at hy-
dration (Farahnaky and Hill, 2007), which can affect swelling. In
addition, the kneading process can affect the gluten network structure
in wheat flour doughs, by changing from a lumped to a strand-like
structure (Auger et al., 2008; Ng and McKinley, 2008). During prep-
aration of our gluten doughs the gluten was only hydrated with water,
and not kneaded as you would a bread dough, which may explain the
difference in swelling.

Single-phase gluten gels were prepared in ethanol and swollen in
water to study their swelling as function of yIp;gluten (Fig. 3 top). The

gluten gels bind less water than hydrated gluten (e 1:5g g�1). This could
be due to additional cross-linking upon heating. The exposure to ethanol
may also induce additional cross-linking as ethanol decreases the
denaturation temperature of gluten (Lambrecht et al., 2016) and may
facilitate further protein unfolding. ϕ0 increased slightly but signifi-
cantly with increasing yIp;gluten. Elastic moduli of gluten gels swollen in
water were not significantly different (Fig. 3 bottom), which suggests
similar cross-link densities. This is in line with the similar values of ϕ0.
A similarly limited dependence of swelling on the yIp;gluten is expected for
gels obtained from hydrated gluten.
Fig. 3. ϕ0 (top) and elastic Young'smoduli (bottom) of gluten gels prepared in ethano
significant differences (p< 0:01; n ¼ 3).
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4.3. WHC of single-phase protein gels during centrifugation

4.3.1. Soy protein gels
Swollen SPI gels were subjected to an increasing external pressure by

centrifugation to determine their WHC as a function of applied pressure.
The WHC data was fitted with the Flory-Rehner theory (Fig. 4). We
calculate the mixing contribution to the swelling pressure using the
interaction parameter, χ1, as obtained from fitting the sorption isotherms
with FVFH theory (Fig. 1). This leaves only the shear modulus in the
reference state, Gref , and the polymer volume fraction in the reference
l and washed and swollen in water as function of yIp;gluten. Different letters indicate



Fig. 6. Schematic representation of the SPI gel network before (a) and after (b)
the expulsion of water under external load (Πext ). Sustained external pressure
will induce the initial expulsion of water from the lower cross-link density areas.
This results in a compaction of the network and allows for the higher cross-link
density patches to overlap. This induces an increase in the elastic modulus of the
gel after the exudation of water and a change in the effective ϕref . Spirals
represent patches with high cross-link density.
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state, ϕref , as unknown parameters. Recall that the reference state refers
to the relaxed state of the polymer. Defining ϕref as ϕ at gelation did not
match the observed swelling and de-swelling. ϕref was therefore obtained
through fitting. For some gels, gel collapse was observed at higher Πext ,
which affected the WHC. Data points where collapse occurred were
therefore excluded from the fitting process (Fig. 4, open symbols). Fig. 4
shows a strong dependence of ϕ on the applied pressure that can be
described qualitatively with Flory-Rehner theory.

We compare the fitted values with E and ϕ0 from Fig. 2. Fitted values
of ϕref correlate linearly with the experimentally determined ϕ0 (Fig. 5a).
However, the results deviate from the expected result of ϕref ¼ 1:5ϕ0, as
was shown for various other bio-polymers (van der Sman, 2015). The
deviation could be the result of the globular (non-Gaussian) nature of soy
protein network. Alternatively, it could be due to some inhomogeneity in
the distribution of cross-links in the swollen gel. Hydrogel swelling de-
pends on the local cross-link density, as was also addressed in the review
by Hoffman (2012) (Hoffman, 2012; Drumheller and Hubbell, 1995).
Areas of low cross-link density will swell to a higher level than high
cross-link density areas, effectively increasing ϕ0. Low cross-link density
areas will exude more water at lower Πext , after which a homogeneous
material is obtained. We have accounted for these inhomogeneities by
excluding the first data point from the fits (Fig. 4). A schematic repre-
sentation of a possible gel structure is presented in Fig. 6.

We convert the fitted elastic shear modulus in the reference state,
Gref , to the Shear modulus, G, using Eq. (10) to enable direct com-
parison with the experimental Young's modulus E. G correlates linearly
with E (Fig. 5b). For incompressible materials a slope of 1= 3 would be
expected, while linear regression indicates a slope of 0.59. The devi-
ation could be due to the globular nature of soy. Alternatively, in-
homogeneities in cross-link density could account for this deviation.
During relatively fast measurements (such as uni-axial compression),
moisture losses are negligible and we measure the gel's bulk proper-
ties. During sustained deformation (such as during centrifugation)
areas of lower cross-link density will exude more water until the
higher cross-link density patches overlap (Fig. 6b). The volume frac-
tion of high cross-link density material increases, resulting in a higher
modulus.

The physical meaning of the parameters obtained through fitting may
be limited given that not all assumptions for Flory-Rehner theory are met.
Still, they are practically useful when describing and predicting theWHC.
Fig. 5. Fitted ϕref as function of experimentally determined ϕ0 (Slope: 0.69, R2 ¼ 0
elastic Young's moduli (Slope: 0.59, R2 ¼ 0:86) (5b). Solid lines are the result of line
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4.3.2. Gluten gels
Gluten gels prepared in ethanol were firm and showed no signs of

collapse during centrifugation, even at the highest pressures applied.
WHC as function of pressure was similar for the different values of yIp;gluten
and therefore only yIp;gluten ¼ 0:60 is shown (Fig. 4). Despite binding very
little water, gluten gels (prepared in ethanol) bind water very tightly with
negligible water losses in the relevant range of Πext . Similarly low losses
were reported for hydrated gluten doughs (Roccia et al., 2009) and we
expect similar behaviour for gluten gels prepared in water. Gluten is an
elastomer (Ng and McKinley, 2008), and thus characterized by a high
stretchability and limited polymer-solvent interaction. Although
reasonable fits of Flory-Rehner theory could be made, the WHC of gluten
gels is characterized by gluten's elastomeric behaviour as indicated by the
limited interaction with the solvent.

4.4. WHC of mixed protein gels

4.4.1. Water distribution before gelation
We have prepared mixed gels with different SPI: gluten ratios while

keeping the total dry matter content of the gel constant at yIIp;gel ¼ 0:3 to
study the effect of the SPI: gluten ratio on the WHC. As was shown by
Dekkers et al. (2018), two separate phases of soy and gluten can be
observed in similar mixed gels using confocal scanning laser microscopy
(Dekkers et al., 2018). The two phases are thought to be relatively pure
and consisting of SPI or gluten (Grabowska et al., 2014; Dekkers et al.,
:94) (5a). Fitted elastic Shear moduli as function of experimentally determined
ar regression. n ¼ 3 for ϕ0 and n ¼ 2 for E.



Fig. 8. WHC of mixed SPI-gluten gels at Πext ¼ 0 expressed as gram water per
gram protein. Gluten is assumed to bind 2 g water per gram protein. Solid line
indicates swelling of an SPI gel with yIp;SPI ¼ 0:3 (n ¼ 3).
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2016a, 2018), While gluten swelling shows only a limited dependence on
yIp;gluten, the WHC of SPI depends strongly on yIp;SPI (Fig. 4). Knowledge of
the water distribution between SPI and gluten before gelation is therefore
required to understand the WHC of the mixed gels.

Water distribution between polymers without cross-links, like our
protein powders, should adhere to Flory-Huggins theory (Eq. (2)).
However, gluten spontaneously cross-links upon hydration, which will
limit its hydration. Therefore, the full Flory-Rehner theory is required to
describe the water partitioning between SPI and gluten before gelation.
An experimental study using Time Domain-NMR on the water distribu-
tion between SPI and gluten as a function of yIIp;gel and SPI:gluten ratio
showed that SPI binds more water than gluten (Dekkers et al., 2016a).

We define the partition coefficient P as the fraction of total water in
the SPI phase; ð1�PÞ is therefore the fraction in the gluten phase. Since
SPI is a sol, its swelling depends only on Πmix;SPI . Gluten is cross-linked
and its swelling depends on Πmix;gluten and Πelas;gluten. Equilibrium is
assumed when � Πmix;SPI ¼ Πelas;gluten � Πmix;gluten. Πmix;i depends on χ1
from Fig. 1b, and Πelas;gluten follows from fitting Gref ;gluten and ϕref ;gluten to
the data from Dekkers et al. (2016a). Predictions based on Flory-Rehner
theory match the experimental data from Dekkers et al. (2016a)
reasonably well (Fig. 7).

We calculate the polymer weight fraction of the hydrated SPI, yIIp;SPI
before gelation, using the partition coefficient P:

yIIp;SPI ¼
wtp;2;SPI�

P 	wtw;2;gel
�þ wtp;2;SPI

(17)

wtp;2;SPI is the weight of SPI and wtw;2;gel is the total weight of water in the
mixture. We derive the expected level of swelling SPI in the mixed gel
from yIIp;SPI and the relation between yIp;SPI and ϕ0 in Fig. 2b.

4.4.2. WHC of mixed gels
Mixed gels with different SPI:gluten ratios were swollen until con-

stant weight. We assume gluten to swell to 2g water g�1 protein and
derive the amount of water in the SPI phase of the mixed gel using a
simple mass balance:

wtIIw;SPI ¼wtIIw;gel �
" 

1
yIIp;gluten

!
� 1

#
	wtIIp;gluten (18)
Fig. 7. Prediction plot of the water partition coefficient, P, using TD-NMR data
from Dekkers et al. (2016a), and as predicted with Flory-Rehner theory
assuming Gref ;gluten ¼ 1:7e5Pa and ϕref ;gluten ¼ 0:023. Average difference between
experimental and predictions is �7:9%.
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where yIIp;gluten is equal to 0.33. From the result of Eq. (18) we can derive ϕ

using yIIp;SPI and the densities of polymer and water. Now that we have
separated the contribution of gluten to the WHC from that of SPI we can
study the WHC of SPI separately from gluten.

The swelling of the SPI phase strongly depends on the SPI:gluten ratio
(Fig. 8). Mixed gels containing primarily SPI (ratios 20:1, 10:1, 5:1) swell
to a level similar to single-phase SPI gels, as indicated by the red line for a
single-phase SPI gel with yIp;SPI ¼ 0:3. The swelling of SPI decreased
gradually as gluten content was increased. Because of the limited water
uptake by gluten in the dough before gelation, more water will be
available to hydrate SPI, causing yIIp;SPI (before gelation) to decrease. As
was shown in Fig. 2b, the maximum level of swelling increases with
decreasing yIp;SPI , as a result of the decreased cross-link density. An
increased level of swelling of SPI with increasing gluten content was
Fig. 9. Elastic Young's moduli of swollen mixed gels with different SPI:gluten
ratios as determined with uni-axial compression (n ¼ 2). Φgluten represents the
volume fraction of the gluten phase in the swollen gel. Moduli of swollen single-
phase SPI and gluten gels were added for comparison. Note that the single-phase
SPI gel contains no gluten and thus Φgluten ¼ 0.



Fig. 10. Proposed mechanism explaining the swelling of mixed SPI-gluten gels.
SPI forms the continuous phase with gluten as a dispersed phase when ySPI ≫
ygluten (11a). For intermediate ratios of SPI:Gluten (ySPI � ygluten; ratioe2� 1),
gluten forms a continuous network and hinders SPI swelling (11b). Upon further
increasing the amount of gluten the continuous gluten network becomes
stronger, which further limits SPI swelling (11c). Here, yi represents the fraction
of polymer i of the total polymer content. Note that the depicted structure
merely describes the interaction between gel phases and does not represent the
proposed gel micro-structure.

Fig. 11. Water holding capacity as measured via centrifugation for mixed SPI-
gluten gels, expressed for the SPI phase, assuming gluten binds 2g water g�1

protein. Solid lines indicate the expected Πext dependence of ϕ based on the SPI
phase composition according to Eq. (17). Open symbols indicate gel
collapse (n ¼ 8).
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therefore expected, while the opposite is observed. The swelling of mixed
SPI-gluten gels is less than the weighted sum of the individual phases,
indicating an interaction between SPI and gluten.

4.4.3. Mixed gel mechanics
To investigate the interaction between SPI and gluten in mixed gels,

we have determined the elastic Young's moduli of swollen mixed gels via
uni-axial compression (Fig. 9). We express the modulus as function of the
volume fraction of the gluten phase in the mixed gel, Φgluten.

Both single-phase SPI and gluten gels have a considerably higher
modulus than mixed gels with low gluten fractions (SPI:gluten ratios
20:1, 10:1, 5:1). Since the modulus increases upon increasing the gluten
content, it is unlikely that gluten acts as an inactive filler (Dickinson and
Chen, 1999). Gluten and soy proteins have recently been shown not to
co-aggregate (Lambrecht et al., 2017). We hypothesize that the inclusion
of gluten may have introduced defects in the SPI network, causing the
observed weakening.

The modulus of the mixed gels increases with ΦGluten and exceeds the
modulus of neat gluten gels (ratios 1:1, 1:2). Gluten networks are known
to be strain hardening (Dobraszczyk and Morgenstern, 2003). For gels
with a continuous gluten network, gluten may already be strained as a
result of SPI swelling, and could consequently have a higher modulus.

We hypothesize that mixed gels with low gluten fractions are SPI
continuous (ratios 20:1, 10:1, 5:1). As the gluten content increases (ratios
2:1, 1:1, 1:2), a continuous gluten network forms that is either entrapping
or co-continuous with the SPI network. The mechanism explaining the
observed swelling of mixed SPI-Gluten gels is presented in Fig. 10.

4.4.4. Mechanical interaction between SPI and gluten
The mechanism proposed in Fig. 10 explains the reduced swelling of

SPI based on confinement and compression by a continuous gluten
network. To quantify this mechanical interaction interaction between SPI
and gluten, we analyse the WHC of the SPI phase in the mixed gel as
function of applied pressure. We derive the polymer volume fraction in
the SPI phase by subtracting the contribution of gluten using Eq. (18). We
hypothesize that at higher gluten contents the gluten forms a continuous
network and imposes a pressure on the SPI phase during swelling. This
will limit SPI swelling, as schematically depicted in Fig. 10. We will call
this pressure Πgluten, which is additive to the external pressure experi-
enced by SPI as:

Πext þΠgluten ¼ Πswell ¼ Πelas;SPI � Πmix;SPI (19)

Since Πgluten is additive to Πext , we can determine Πgluten as the differ-
ence in pressure between the freely swollen SPI gels and the SPI phase of
the mixed gels at the same value of ϕ (Fig. 11). We obtain the pressure
dependence of ϕ for a freely swollen SPI gel from yIIp;SPI and the relations
for single phase SPI gels between yIp;SPI and Gref and ϕref (Figs. 2b and 5a),
as indicated by the solid lines in Fig. 11. The difference in Πext between
experimental data points and the corresponding solid line indicates the
value of Πgluten:

Πgluten ¼ΠI
ext;SPIðϕÞ � ΠII

ext;SPIðϕÞ (20)

with Πgluten as the pressure exerted by the gluten on the SPI phase in the
mixed gel, ΠI

ext;SPI as the external pressure associated with a certain ϕ for

a single phase SPI gel, andΠII
ext;SPI as the external pressure associated with

that same ϕ for the SPI phase of the mixed gel.
Dekkers et al. (2016a) showed that one cannot easily differentiate

between iso-strain, iso-stress, and inter-penetrating networks for
SPI-gluten mixtures as they provide similar outcomes over a wide range
of sample compositions (Dekkers et al., 2016a). The iso-strain model (Eq.
(14)) should therefore provide a good indication of the strain on the
network. By expressing Πgluten as function of strain (ε), we effectively
obtain the stress-strain relation for the gluten network. Two distinct re-
gimes can be identified based on the SPI: Gluten ratios (Fig. 12).
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The first regime covers the gels low in gluten, which swell to a similar
level as pure SPI (Fig. 9, ratios 20:1, 10:1, 5:1). These gels have near-zero
values ofΠgluten at low strains, indicating similarity inWHC to pure SPI. In
line with our earlier hypothesis, SPI will be the continuous phase in gels
as they swell and de-swell similarly to pure SPI, with the gluten present as
inclusions. The increasingly positive pressures at high strain (ε � 1) are
the result of additional water loss associated with gel collapse (Fig. 12,
open symbols).

The second regimecovers thegelswithhigherglutencontent,which show
agradual decrease in swelling as gluten content is increased (Fig. 8, ratios 2:1,
1:1, 1:2). Themarkedly lower swelling of the SPI phase compared to pure SPI
suggests gluten is a continuous phase. The ratio at which the second regime
starts (e 2:1) could be the ratio at which gluten starts forming a space-filling
network. Πgluten becomes higher as gluten content increases, indicating that
the pressure exerted onto the SPI phase becomes higher.

At higher strains, we observe an increase in Πgluten. Gluten networks
are strain hardening (Uthayakumaran et al., 2002) which might explain
the increasing slope of Πgluten versus ε.



Fig. 12. The pressure exerted by the gluten phase on the SPI phase, Πgluten, as
calculated with Eq. (20), as function of the strain, ε. Dashed lines indicate the
regime over which the elastic modulus was determined. Open symbols indicate
gel collapse occurred during centrifugation. Insert shows the data for ratios 5:1,
2:1, 1:1 and 1:2 on a lin-log scale for clarity.
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For the gluten-rich gels (ratios 2:1, 1:1, 1:2) we were able to calculate
the elastic modulus of the gluten network as the slope in the linear regime
in Fig. 12. Naturally, a linear model cannot describe the observed strain
hardening of gluten. However, the more sophisticated affine network
model (similar to Eq. (8)) also failed to describe the observed non-linear
behaviour, suggesting the observed strain hardening is real (fits not
shown). The elastic modulus of the gluten phase increases with gluten
volume fraction (Fig. 13a), which is in line with the reduced swelling of
SPI as the amount of gluten in the mixed gels is increased.

To test the validity of the gluten moduli obtained from the WHC
measurements, we use them to calculate the expectedmoduli of themixed
gels and compare the result with the experimentally determined moduli.
An iso-strain or inter-penetrating network structure is most probable
based on the hypothesized structure. The modulus according to the iso-
strain network model is given by Eq. (21), (Takayanagi et al., 1963):
Fig. 13. Elastic Young'smoduli of the gluten and SPI phases in mixed gels (Fig. 13a). M
models, and the experimental Young's moduli of mixed gels (Fig. 13b). Φgluten repres
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EII;m
gel ¼ð1�ΦGlutenÞEm

SPI þΦglutenEm
gluten (21)
EII
gel is the modulus of the mixed gel, and ΦGluten, ð1 � ΦGlutenÞ, and Ei are

the volume fractions and moduli of the individual phases respectively.
Exponent m taken as 1 for iso-strain behaviour. The modulus of an
isotropic inter-penetrating network is given by (Feng et al., 2003):

EII
gel ¼ð1� aÞ2ESPI þ a2EGluten þ 2að1� aÞ

�ð1� aÞ
ESPI

þ a
EGluten

��1

(22)

where a is:

a¼

0BB@1:5� ð9� 4ΦGlutenÞ
1
2

2

1CCA
1
2

(23)

We take the moduli of the SPI phase from the relation between yIp;SPI
and ESPI from Fig. 2b. We acknowledge that the modulus of SPI appears to
be negatively affected by the addition of gluten. However, since the
modulus of the composite is dominated by the elasticity of gluten in the
relevant range of Φgluten the influence of the uncertainty in ESPI on the
modulus of the composite will be limited. Comparison of the moduli
calculated for the mixed gels with our experimentally determinedmoduli
shows a reasonable agreement, for both iso-strain and inter-penetrating
models, which is in line with Dekkers et al. (2016a). Even though we
cannot confirm the exact network structure, these findings support our
hypothesis that at sufficiently high gluten contents a continuous gluten
network forms which is capable of limiting the swelling of SPI via a
mechanical interaction.

The mechanical interaction between SPI and gluten in swollen mixed
gels depends on the ratio between the two bio-polymers. Therefore,
varying the ratio between SPI and gluten could be used to control the
swelling and de-swelling of mixed gels, and possibly meat analogues.
How the high shear processes commonly used to produce meat analogue
products would affect these findings remains unclear.

4.5. General discussion

We have used Flory-Rehner (FR) theory to better understand the
behaviour of mixed SPI-gluten gels. The parameters obtained through
fitting of FR theory were not entirely consistent with theory, possibly due
oduli of the mixed gels according to the iso-strain and inter-penetrating network
ents the volume fraction of gluten in the swollen gel.
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to the globular nature of soy protein. Nonetheless, using FR theory pro-
vided useful insights on the interaction between SPI and gluten. The
results indicate that at sufficiently high gluten contents, a continuous
gluten network forms. The gluten network both limits water uptake by
SPI, and increases the modulus of the mixed gel. While the limited WHC
might be detrimental to the juiciness of a meat analogue product, the
improved texture could be beneficial to the product's ‘bite’. Unfortu-
nately, there is currently no experimental method capable of predicting
juiciness accurately. The exact effect of SPI:gluten ratio on juiciness thus
remains unclear.

Interestingly, the SPI:gluten ratio at which gluten forms a continuous
network coincides with the ratios at which fibrous materials can be made
(Grabowska et al., 2014; Schreuders et al., 2019), and suggests gluten
continuity might be a prerequisite for making meat-like structures with
shear-cell technology.

5. Conclusion

We have studied the WHC of single-phase and mixed SPI and gluten
gels with Flory-Rehner theory to ultimately enhance the juiciness of
meat analogues. WHC of single-phase SPI gels depends on the polymer
weight fraction at gelation, yIp;SPI , and can be described with Flory-
Rehner theory. WHC of mixed SPI - gluten gels is not a linear combi-
nation of the WHC of their constituents. Mixed gels low in gluten exhibit
similar behaviour to neat SPI gels, although their elastic moduli were
lowered by gluten addition. This did not affect the WHC as a function of
external pressure, as indicated by the near-zero values of Πgluten.
Increasing the gluten content results in the formation of a continuous
gluten network, that limits SPI swelling via an apparent mechanical
interaction with SPI. The pressure exerted on the SPI phase by the
gluten network depends on the SPI:gluten ratio and the elastic modulus
of the gluten network was extracted. The elastic modulus of the mixed
gels could be approximated with the polymer blending law and the
predicted moduli of soy and gluten. Understanding the interaction be-
tween the different phases in bio-polymer blends can help in improving
their structuring potential, and aid the development of the next gener-
ation meat analogues. This work shows that the gel network structure
can be controlled with the SPI-gluten ratio. Therefore, it can be an
important tool to control both WHC/juiciness and the mechanical
properties of meat analogues.
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