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Meat analogues can offer consumers a more sustainable alternative to meat. A successful meat analogue is
characterized by a meat-like texture and high juiciness. Juiciness is related to the water holding capacity
(WHC). To gain an understanding of how to control the WHC via external conditions, we investigate the effect
of ionic strength and pH on water uptake. Model meat analogues were prepared in a Shear Cell and swollen
in baths of known pH and ionic strength. The effect of bath composition on water uptake was determined
experimentally, and simulated using Flory–Rehner theory. Experiments and simulations were in qualitative
agreement. The results show that water uptake increases with an increasing difference between bath pH and
the protein’s iso-electric point (pI ). At low ionic strengths, the internal pH is near the pI, resulting in reduced
swelling. At high ionic strengths, the charge imbalance between gel and bath is limited, also resulting in
reduced swelling. At intermediate ionic strengths, swelling increases with decreasing bath ionic strength.
Cross-link density negatively relates to WHC and can be controlled via the addition of cross-linking and
reducing agents. This work shows that by carefully choosing marinade pH and ionic strength, the WHC of
meat analogues can be controlled. These advancements can help improve the sensory characteristics and yield
of meat analogues and could enable the production of reduced-salt products.

1. Introduction

Taste and textural properties of meat and meat analogue products can
be enhanced by marination and impregnation (Burke and Monahan,
2003; Alvarado and Mckee, 2007; Lee et al., 1986; Sheard and Tali,
2004; Gómez et al., 2019). A marinade can be a carrier of salt, as well as
water-soluble flavours, or fat-soluble flavours when using an emulsion.
In addition to flavour, marinade composition could affect the water
holding capacity (WHC) of meat and meat analogue products (Lebert
and Daudin, 2014; English, 1996).
The WHC and moisture content of meat and meat products are
related to their juiciness (Aaslyng et al., 2003; Warner, 2017; Pearce
et al., 2011; Puolanne and Halonen, 2010). The WHC of meat can be
described with the Flory–Rehner (FR) theory of cross-linked polymer
networks (van der Sman, 2007, 2012). FR theory relates the WHC of the
polymer network to material properties such as polymer–water affinity
and cross-link density (Flory and Rehner, 1943; Quesada-Pére et al.,
2011). We have recently shown that the FR theory for neutral gels can
also adequately describe the WHC of simplified meat analogues made
from soy protein and gluten (Cornet et al., 2020).

Meat products can offer consumers an excellent sensory experience.
However, their production puts excessive strain on our food production
system and the environment (Pimentel and Pimentel, 2003; Aiking,
2011). Since consumers are not expected to simply stop eating meat
(OECD-FAO, 2018; Tilman et al., 2002), an alternative is needed. Plantbased meat alternatives may offer a more sustainable alternative to
meat (Smetana et al., 2015). This need has intensified the research
focused on developing meat-like products from plant-based ingredients.
Consumer studies indicate that consumers are most attracted to
meat alternatives that accurately mimic the beloved sensory attributes
of meat (Hoek, 2010). Several attributes of meat, including fibrousness,
can already be found in structures produced with the novel shear cell
technology. The shear cell can structure different combinations of biopolymers into fibrous gels that visually and structurally resemble meat
(Grabowska et al., 2014, 2016; Dekkers et al., 2016; Schreuders et al.,
2019).
Together with fibrousness, juiciness is one of meat’s most desirable
attributes (Warner, 2017; Bertram and Aaslyng, 2007; Hoek, 2010).
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Since proteins are poly-ampholytes they can carry both positive
and negative charges depending on the pH. English (1996) provided
an extension for the FR theory that takes the additional swelling due
to the local charge density into account (English, 1996; Rička and
Tanaka, 1984). Variations in pH and ionic strength can, therefore, affect
the WHC. It was shown that sensory juiciness is strongly affected by
marinade pH, although no relationship with WHC was found for short
marination times (Yusop et al., 2010). How the WHC of meat analogues
is affected by marinade properties such as ionic strength and pH is
currently not well understood.
We use a combination of experiments and simulations to improve
our understanding of the effect of pH and ionic strength on the WHC of
meat analogues. Model meat analogues prepared with a conical shear
cell were swollen in marinades with different pH and ionic strength.
Ionic strength was controlled using either NaCl or KCl. KCl was selected
alongside NaCl as it is a commonly used sodium-free alternative for
NaCl (Inguglia. et al., 2017). The effect of pH and ionic strength on
swelling was also simulated using a model based on the extended FR
theory. The simulations were aimed at qualitatively explaining the
outcomes of the swelling experiments. They should provide insight into
how WHC and juiciness can be controlled with pH and ionic strength,
alongside cross-link density and structure.

and Vrentas, 1991). 𝜒 is 0.91 ± 0.02 for soy protein; for gluten 𝜒 is
1.16 ± 0.04 (Cornet et al., 2020).
The applicability of FVFH theory has already been demonstrated for
numerous foods (Paudel et al., 2015; van der Sman et al., 2013; Jin
et al., 2014; van der Sman et al., 2013; van der Sman, 2012; Cornet
et al., 2020) and bio-polymer gels (van der Sman, 2015a). Note that
FVFH theory includes an additional term to account for the increased
sorption in the glassy regime. Since food polymers in wet systems, such
as meat analogues, are in the rubbery regime, we have omitted the FV
term our expression for 𝛱𝑚𝑖𝑥 (Eq. (3)).
The interaction parameter 𝜒 is composition dependent (van der
Sman, 2011):
)
(
(4)
𝜒 = 𝜒0 + 𝜒1 − 𝜒0 (1 − 𝜑)2

2. Theory

𝛱𝑒𝑙𝑎𝑠 = 𝐺𝑟𝑒𝑓 [𝜑̃ 1∕3 −

with 𝜒 as the effective Flory–Huggins interaction parameter and 𝜒0
and 𝜒1 as the interaction parameters under dilute and concentrated
conditions respectively. Water is a theta solvent for proteins at very
low polymer concentrations; 𝜒0 is therefore 0.5.
2.3. Elastic pressure
We describe the network deformation and resulting elastic pressure
𝛱𝑒𝑙𝑎𝑠 with the affine network model.

𝜑̃ is defined as:
𝜑
𝜑̃ =
𝜑𝑟𝑒𝑓

2.1. Flory–Rehner theory
The water holding capacity of polymer networks can be described
with Flory–Rehner theory by relating it to the swelling pressure, 𝛱𝑠𝑤𝑒𝑙𝑙 .
In the original theory for neutral gels, 𝛱𝑠𝑤𝑒𝑙𝑙 has two contributions. The
first contribution, 𝛱𝑚𝑖𝑥 , accounts for the interaction between polymer
and solvent. The second contribution, 𝛱𝑒𝑙𝑎𝑠 , accounts for the elastic
pressure generated as a result of network deformation upon swelling
or de-swelling. 𝛱𝑒𝑙𝑎𝑠 counteracts the moisture sorption due to 𝛱𝑚𝑖𝑥 at
sufficiently high moisture contents. At equilibrium, 𝛱𝑠𝑤𝑒𝑙𝑙 is equal to
the pressure applied to the gel:
𝛱𝑒𝑥𝑡 = 𝛱𝑠𝑤𝑒𝑙𝑙 = 𝛱𝑚𝑖𝑥 − 𝛱𝑒𝑙𝑎𝑠

(5)

(6)

𝐺𝑟𝑒𝑓 and 𝜑𝑟𝑒𝑓 are the shear modulus and polymer volume fraction
in the reference state. The reference state refers to the value of 𝜑 at
which the polymer chains are neither extended nor compressed (van
der Sman, 2015b). It must be mentioned that the physical meaning of
𝜑𝑟𝑒𝑓 and the conditions at which 𝜑𝑟𝑒𝑓 should be determined are still
under debate (Khokhlov, 1980; Quesada-Pére et al., 2011). 𝜑0 is related
to 𝐺𝑟𝑒𝑓 via (Horkay and Zrínyi, 1982; De Gennes, 1979):
9∕4

𝐺𝑟𝑒𝑓 ∝ 𝜑0

(1)

(7)

𝜑0 and 𝜑𝑟𝑒𝑓 are related via 𝜑0 = 2∕3𝜑𝑟𝑒𝑓 (van der Sman, 2015a). We
use the relation between 𝐺𝑟𝑒𝑓 and 𝜑𝑟𝑒𝑓 to select reasonable values for
𝜑𝑟𝑒𝑓 and 𝐺𝑟𝑒𝑓 in our simulations (Cornet et al., 2020).

𝛱𝑒𝑥𝑡 is thus the pressure externally applied on the gel (e.g. via centrifugation). Under free swelling conditions, such as when submerged in a
bath, 𝛱𝑒𝑥𝑡 can also be zero. In that case 𝛱𝑠𝑤𝑒𝑙𝑙 is also zero and thus 𝛱𝑚𝑖𝑥
equals 𝛱𝑒𝑙𝑎𝑠 . Flory–Rehner theory has been extended to describe the
swelling as a result of different ion concentrations inside and outside
the gel, as captured by the ionic pressure 𝛱𝑖𝑜𝑛 (English et al., 1996).
𝛱𝑖𝑜𝑛 contributes to 𝛱𝑠𝑤𝑒𝑙𝑙 as:
𝛱𝑒𝑥𝑡 = 𝛱𝑠𝑤𝑒𝑙𝑙 = 𝛱𝑚𝑖𝑥 + 𝛱𝑖𝑜𝑛 − 𝛱𝑒𝑙𝑎𝑠

𝜑̃
]
2

2.4. Ionic pressure
The approach developed by English (1996) was used to describe the
swelling as a result of an unequal distribution of charges between bath
and gel using an approach based on the work by (English, 1996). The
bath is assumed to be in excess and is not affected by the gel. The bath
is a NaCl solution of known ionic strength and pH, comparable to the
experimental set-up. The ionic strength is regulated by varying the salt
concentration 𝑐𝑁𝑎𝐶𝑙 . The counter ions for the protein side-groups in the
gel phase are assumed to be 𝑁𝑎+ and 𝐶𝑙− .
When ion concentrations become sufficiently high, their activity
(𝛾) can deviate from 1. The conditions used in our model simulations
are in the regime where 𝛾 ≠ 1 and activity coefficients should be
taken into account. We initially accounted for the non-ideal behaviour
using the Pitzer equations for the bath, and Debye–Hueckel for the gel
phase (van der Sman et al., 2020). However, accounting for the nonideal behaviour had only a minor effect on the absolute outcome of
the simulations and did not change the qualitative conclusions that
could be drawn. van der Sman et al. (2020) similarly showed that
the qualitative outcomes of simulated swelling experiments are similar
when non-ideal effects are ignored (van der Sman et al., 2020). The
lengthy equations were therefore omitted and ideality was assumed
throughout.
We first describe the equilibria in the bath, followed by the equilibria in the gel. The subscripts 𝛼 and 𝛽 were used to differentiate between
the gel and bath respectively.

(2)

According to the Rehner hypothesis all three contributions are independent. The three contributions to the swelling pressure are described
below.
2.2. Mixing pressure
We describe 𝛱𝑚𝑖𝑥 with Flory–Huggins (FH) theory, which depends
on the Flory–Huggins interaction parameter 𝜒. The mixing pressure is
taken as:
[
]
1
𝑅𝑇
ln (1 − 𝜑) + 𝜑(1 − ) + 𝜒𝜑2
(3)
𝛱𝑚𝑖𝑥 = −
𝜈𝑤
𝑁
𝜈𝑤 is the molar volume of water, 𝑅 is the universal gas constant, 𝑇
is the absolute temperature, and 𝜑 is the volume fraction of polymer.
𝑁 is the ratio between molar volumes of polymer and water (Paudel
et al., 2015). Because of the relatively large volume of proteins, the
term 𝑁1 is effectively zero. We have previously determined the values
of 𝜒 for soy protein isolate and gluten by fitting the sorption data
with the extended Free Volume Flory–Huggins (FVFH) theory (Vrentas
2
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Table 1
Concentrations and 𝑝𝐾𝑎 values of the different ionizable protein side-groups on soy
protein as determined by van der Sman et al. (2020) via acid titration (van der Sman
et al., 2020).
AA (three letter code)

Concentration (mol kg−1 )

𝑝𝐾𝑎

Glutamic acid (Glu)
Aspartic acid (Asp)
Histidine (His)
Lysine (Lys)

10
66
43
30.6

4.25
3.67
6.54
10.67

The concentration of positive and negative counter ions are 𝑐+ and 𝑐− .
𝑐𝐻,𝑖 and 𝑐𝑂𝐻,𝑖 are assumed negligible compared to 𝑐𝑁𝑎𝐶𝑙 . Therefore, 𝑐+
and 𝑐− are taken as 𝑐+ ≈ 𝑐𝑁𝑎+ and 𝑐− ≈ 𝑐𝐶𝑙− . The ionic strength is thus
related to 𝑐+ and 𝑐− via:
𝑐+ 𝑐− = 𝐼 2
The Donnan equilibria are:
𝑐𝑁𝑎,𝛼
𝑐𝑁𝑎,𝛽
𝑐𝐶𝑙,𝛼

2.4.1. Equilibria in the bath
The bath is a NaCl solution of known concentration (𝑐𝑁𝑎𝐶𝑙 ) and
pH. NaCl is assumed to be fully dissociated. The pH of the bath is
regulated by the addition of HCl or NaOH. The bath pH depends on
the concentration of protons in the bath 𝑐𝐻,𝛽 . The dissociation of water
is governed by its dissociation constant 𝐾𝑤 and the bath water activity
𝑎𝑤 :
𝑐𝐻,𝛽 𝑐𝑂𝐻,𝛽
𝐾𝑤 =
(8)
𝑎𝑤

𝑐𝐶𝑙,𝛽

𝑐+ =
𝑐− =

𝐾𝐴,𝑖 =

𝑐𝐴− ,𝑖
𝑐𝐴,𝑖

=

𝐾𝐴,𝑖
𝐾𝐴,𝑖 + 𝑐𝐻,𝛼

𝑖 = 𝐺𝑙𝑢, 𝐴𝑠𝑝

𝑐𝐴𝐻 + ,𝑖
𝑐𝐴,𝑖

=1−

𝐾𝐴,𝑖
𝐾𝐴,𝑖 + 𝑐𝐻,𝛼

𝑖 = 𝐻𝑖𝑠, 𝐿𝑦𝑠

3. Materials and methods
3.1. Materials
Soy protein isolate (SPI, Supro 500E, Solae, St Louis MO, USA;
81.7±1.1% protein Nx5.7; 95.2 ± 0.4wt% DMC) and vital wheat gluten
(Roquette, Lestrem, France; protein 77.9±0.1% Nx5.7; 92.5 ± 0.7wt%
DMC) were obtained from commercial sources. The protein isolates
contained 1.33 ± 0.01 and 0.39 ± 0.01wt% NaCl equivalents respectively (Cornet et al., 2020); this was accounted for when setting the
ionic strength of the solutions. Glutaraldehyde (25% aqueous solution),
dithiothreitol (DTT; 99%), sodium chloride (NaCl), potassium chloride (KCl), disodium phosphate (Na2 HPO4 ), monosodium phosphate
(NaH2 PO4 ), and all other reagents used were of analytical grade and
were obtained from Sigma-Aldrich (Steinheim, Germany). Mili-Q water was used for all experiments (IQ7000, Merck KGaA, Darmstadt,
Germany).

(12)

(13)

The conservation of ionizable side-groups is ensured by:
𝑐𝐴,𝑖 = 𝑐𝐴𝐻,𝑖 + 𝑐𝐴− ,𝑖

𝑖 = 𝐺𝑙𝑢, 𝐴𝑠𝑝

(14)

𝑐𝐴,𝑖 = 𝑐𝐴𝐻 + ,𝑖 + 𝑐𝐴,𝑖

𝑖 = 𝐻𝑖𝑠, 𝐿𝑦𝑠

(15)

)
(
)
𝐾𝐿𝑦𝑠
𝐼𝑐𝐻,𝛼
𝐾𝐻𝑖𝑠
+ 𝑐𝐴,𝐿𝑦𝑠 1 −
+
+ 𝑐𝐻,𝛼
𝐾𝐻𝑖𝑠 + 𝑐𝐻,𝛼
𝐾𝐿𝑦𝑠 + 𝑐𝐻,𝛼
𝑐𝐻,𝛽
𝑐𝐴,𝐴𝑠𝑝 𝐾𝐴𝑠𝑝
𝐼𝑐𝐻,𝛽
𝑐𝐴,𝐺𝑙𝑢 𝐾𝐺𝑙𝑢
𝐾
+
+ 𝑤 +
𝐾𝐺𝑙𝑢 + 𝑐𝐻,𝛼
𝐾𝐴𝑠𝑝 + 𝑐𝐻,𝛼
𝑐𝐻,𝛼
𝑐𝐻,𝛼

𝑖

Since 𝐻𝑖𝑠 and 𝐿𝑦𝑠 are charged at low pH, 𝜃𝐻𝑖𝑠 and 𝜃𝐿𝑦𝑠 are given by:
𝜃𝑖 =

(19)

With 𝑛𝑝 as the molar concentration of ionized side-groups and 𝑧 as sidegroup valency. We use the expression by Horkay et al. (2001) for the
ionic pressure (Horkay et al., 2001):
]
[√
1
𝐼 2 + ( 𝑛𝑝 )2 − 𝐼
(22)
𝛱𝑖𝑜𝑛 = 2𝑅𝑇
2

The degree of side-group dissociation 𝜃𝑖 depends on the ratio of dissociated side-groups over all side-groups of species 𝑖. For 𝐺𝑙𝑢 and 𝐴𝑠𝑝, 𝜃𝑖
is given by:
𝜃𝑖 =

𝑐𝐻,𝛼

(18)

By filling out the above equations into the electro-neutrality condition
and simplifying, we arrive at a lengthy sixth-order polynomial similar to English (1996), (English, 1996). The polynomial was omitted
because of its size and poor readability.
The proton concentration inside the gel was obtained by solving
the electro-neutrality condition with respect to 𝑐𝐻,𝛼 , using a numerical
solver in Python. The degrees of dissociation for the different sidegroups, 𝜃𝑖 , are then obtained from their dissociation constants. The
molar concentration of ionized groups on the protein follows from:
∑
𝑛𝑝 =
𝑧𝑖 𝜃𝑖 𝑐𝐴,𝑖
(21)

(11)

𝑖 = 𝐻𝑖𝑠, 𝐿𝑦𝑠

𝑐𝐴𝐻 + ,

𝑐𝐻,𝛽
𝐼𝑐𝐻,𝛽

(20)

The dissociation of basic side groups 𝐻𝑖𝑠 and 𝐿𝑦𝑠 depends on 𝐾𝐴,𝑖 via:
𝑐𝐻,𝛼 𝑐𝐴,𝑖

, we can express 𝑐− and 𝑐+ as the ratio between 𝑐𝐻,𝛼

𝐼𝑐𝐻,𝛼

=

(10)

𝑖 = 𝐺𝑙𝑢, 𝐴𝑠𝑝

𝑐𝑂𝐻,𝛽
𝑐𝑂𝐻,𝛼

(
𝑐𝐴,𝐻𝑖𝑠 1 −

The concentration of the different side-groups is given by 𝑐𝐴,𝑖 . (De)protonation of the acidic (𝐺𝑙𝑢, 𝐴𝑠𝑝) and basic side-groups (𝐻𝑖𝑠, 𝐿𝑦𝑠)
is indicated with the subscripts 𝐴𝐻 ↔𝐴− and 𝐴 ↔𝐴𝐻 + respectively. The
dissociation reactions of the acidic side-groups depend on 𝐾𝐴,𝑖 via:
𝑐𝐴𝐻,𝑖

(17)

𝑐𝐻,𝛼

The electro-neutrality condition of the gel is therefore given by:

(9)

𝑐𝐻,𝛼 𝑐𝐴− ,𝑖

=

𝑐𝑂𝐻,𝛽
𝑐𝑂𝐻,𝛼
𝑐𝐻,𝛽

𝑐

2.4.2. Equilibria in the gel
We consider a soy protein network with both acidic and basic
side-groups, capable of carrying either negative or positive charges
respectively. The concentrations and 𝑝𝐾𝑎 values of the ionizable side
groups on soy protein were determined by van der Sman et al. (2020)
via acid titration (Table 1) (van der Sman et al., 2020). van der Sman
et al. (2020) determined the concentration of the basic amino acids
based on the premise that the effective charge of the protein is zero at
the iso-electric point (𝑝𝐼). We use the subscripted three letter codes to
refer to the different amino acids (Table 1). These are 𝐺𝑙𝑢, 𝐴𝑠𝑝, 𝐻𝑖𝑠 and
𝐿𝑦𝑠 for Glutamic acid, Aspartic acid, Histidine and Lysine respectively.
The ionizable groups were reported as the number of residues per gram
protein 𝑛𝑖 . By multiplying 𝑛𝑖 with the density of protein 𝜌𝑝 and the
polymer volume fraction 𝜑, the number of ionizable groups per unit
volume 𝑁𝑖 is obtained:

𝐾𝐴,𝑖 =

=

Since 𝑐𝐻,𝛼 =
𝐻,𝛽
and 𝑐𝐻,𝛽 :

𝐾𝑤 is taken to be a constant with value 10−14 . 𝑎𝑤 follows from Raoult’s
law.

𝑁 𝑖 = 𝑛 𝑖 𝜌𝑝 𝜑

(16)

3
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3.2. Sample preparation
Fibrous model meat analogue samples were prepared from soy
protein isolate (SPI), gluten, NaCl, and water in the weight ratio of
23:7:1:69 using an in-house built high-temperature shear cell (HTSC;
Wageningen University and Research; (Grabowska et al., 2016)), resulting in a DMC of 29.4wt%. The sample preparation procedure
and the used formulation have previously been described in detail
by Grabowska et al. (2014). Samples were prepared as follows. NaCl
was dissolved in water and the SPI added, followed by vigorous mixing
with a spatula until a homogeneous paste was obtained. The paste
was covered with Parafilm (Pechiney Plastic Packaging, Inc., IL, USA)
to prevent water evaporation and left to hydrate for 30 min. After
hydration, gluten was added, followed by further mixing. The obtained
mixture was transferred to the shear cell, pre-heated at 95 ◦ C. The shear
cell was sealed hermetically by lowering the top cone and applying a
sealing pressure of 2 bar. The shearing process was started immediately
thereafter by applying a shear rate of 39 s−1 at the edge sample’s edge
(30 rpm) for 15 min. After shearing, the system was cooled down in 5
min to a temperature of 50 ◦ C by connecting it to a cooling oil bath
(Julabo PrestoPlus LH85, Seelbach, Germany). After opening the shear
cell, the sample was immediately transferred to a hermetically sealed
bag to prevent evaporative moisture loss. After the bagged samples
reached room temperature (22 ◦ C) they were horizontally placed in
a freezer and frozen at −18 ◦ C until use to prevent sample spoilage.

Fig. 1. Maximum level of swelling expressed as a function of bath ionic strength and
pH. The bath was a phosphate buffered saline solution, or water in the case of the
lowest ionic strength. Error bars are the 95% confidence intervals with 𝑛 = 3.

𝜌𝑝 and 𝜌𝑤 are the polymer and water densities with values 1330 kg m−3
and 1000 kg m−3 respectively. 𝑦𝑝 was determined gravimetrically after
drying at 105 ◦ C for 24h. Simulation results were normalized to the
level of swelling at the pI (pH 5) to obtain a measure for Q.

3.3. Vacuum impregnation and swelling
Samples were thawed at room temperature before use. Samples
with a diameter of 7 mm and a height of 5 mm were taken with a
sharp biopsy punch. Vacuum impregnation was carried out by placing
samples in the bath solution and exposing them to a vacuum of 30
mbar for 60 min using a vacuum pump (SC 950, KNF Neuberger GmbH,
Freiburg, Germany). After the vacuum was released sample containers
were sealed and left to equilibrate overnight at 4 ◦ C. Various bath compositions were used as described in the next paragraph. Some samples
underwent a washing treatment by replacing the water frequently until
the washing water reached a constant conductivity.

3.5. Statistics
The number of repetitions differed between experiments and is
indicated with 𝑛. Error bars indicate the 95% confidence interval of
the observation. Where applicable, significant differences were tested
using a one-way ANOVA and Tukey test.
4. Results and discussion
We have studied the swelling of a soy protein and wheat glutenbased model meat analogue. The pH and ionic strength of the bath
were varied to investigate their effect on swelling. Cross-link density
was varied by adding cross-linking or reducing agents to the marinades.
Model simulations based on the extended Flory–Rehner theory were
run alongside the experimental work and are part of the discussion.

3.3.1. Bath composition
Bath composition was varied with respect to pH and ionic strength.
The pH was varied between pH 6 and pH 8 with a step size of 0.5, and
stabilized using phosphate buffers. The buffer solutions were prepared
by mixing stock solutions of Na2 HPO4 and NaH2 PO4 in appropriate
ratios. The ionic strength was adjusted to 0.002, 0.01, 0.05, 0.09, 0.15,
0.25, 0.43, or 0.8 m by adding either water or a NaCl solution. Actual
ionic strength were calculated afterwards for each sample separately.
In some experiments, NaCl was replaced with KCl. Where applicable,
glutaraldehyde or DTT were diluted with buffer to achieve the desired
concentrations. The buffer’s ability to stabilize the pH was confirmed
in preliminary tests.

4.1. Experimental results
4.1.1. Effect of pH and I on maximum swelling
Model meat analogues were swollen in bath solutions with different
pH and ionic strength. The level of swelling was determined and is
expressed as the swelling ratio Q (Fig. 1). Bath ionic strength, 𝐼,
affects Q, with low 𝐼 resulting in more swelling than high 𝐼. Washing
samples with water until constant conductivity, and low I, resulted in
the highest level of swelling. There is an apparent plateau at Q ≈ 5
when 𝐼 > 0.5. At moderate 𝐼 (𝐼 ≈ 0.01–0.2), pH has a pronounced
effect on Q, with an increase in pH resulting in more swelling. The
effect of pH on swelling is weakened as 𝐼 increases, as indicated by
the similarity in Q between samples around 𝐼 ≈ 0.8.
The effect of potassium chloride (KCl) on the WHC was also determined, as KCl is a commonly used alternative to NaCl (Fig. 2).
To exclude any effect of the phosphate buffer, bath solutions were
prepared without a buffer. The solutions thus had a pH equal to
the initial sample pH of 7. Both NaCl and KCl showed a decrease
in WHC as the ionic strength increased, and an apparent plateau at
high ionic strength. Samples swollen in KCl solutions show similar
levels of swelling compared to those swollen in NaCl solutions at high

3.4. Determination of the water holding capacity
The water holding capacity (WHC) is expressed as the swelling ratio
Q and was determined using a similar method as Paudel et al. (2015).
Q was determined based on the polymer volume fraction at maximum
swelling, 𝜑0 . 𝜑0 is based on the dry weight fraction of polymer, 𝑦𝑝 , and
the assumption that no polymer is lost during swelling. Dry weight was
determined after drying at 105 ◦ C for 24 h. 𝜑0 was calculated as:
𝜑0 =

𝑦𝑝 ∕𝜌𝑝
(𝑦𝑝 ∕𝜌𝑝 ) + (1 − 𝑦𝑝 )∕𝜌𝑤

(23)

Swelling ratio Q relates to 𝜑0 via:
𝑄 = 𝜑−1
0

(24)
4
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4.2. Model simulations and discussion
4.2.1. Model considerations
The effects of pH and 𝐼 on the swelling of a simplified meat
analogue were simulated using the extended Flory–Rehner theory. The
bath is a NaCl containing solution with a pH between 2 to 12. The crosslink density was varied by adjusting 𝐺𝑟𝑒𝑓 . The experimental results
were explained based on the model simulations and their implications
discussed. Gluten swelling accounts for only a minor part of mixed
soy protein–gluten gel swelling (Cornet et al., 2020). However, gluten
can exert an additional (mechanical) pressure on soy in mixed soy–
gluten gels when present at sufficiently high concentrations (Cornet
et al., 2020). Since the magnitude of this effect cannot be predicted
accurately at this time, a more simplified meat analogue containing
solely soy protein was assumed for the simulations. Given the minor
contribution of gluten to the overall swelling, our simulations can still
provide meaningful qualitative information. The degree of swelling was
determined by solving 𝛱𝑒𝑥𝑡 = 𝛱𝑠𝑤𝑒𝑙𝑙 (𝜑) = 0. The degree of swelling
is expressed with the normalized swelling ratio Q. Q is obtained by
normalizing with the degree of swelling at the pI (𝑄 = 𝜙∕𝜙𝑝𝐼 ).

Fig. 2. Maximum level of swelling as a function of bath ionic strength. The ionic
strength was adjusted with either NaCl or KCl. The pH was 7 and was not adjusted.
Error bars are the 95% confidence intervals with 𝑛 = 3.

4.2.2. The effect of ionic strength and pH on Q near the pI
The simulated swelling data is presented as a function of pH instead
of ionic strength (like in Fig. 1) to improve visibility of the observable
effects (Fig. 4). The insert in Fig. 4 serves to ease comparison with
Fig. 1. The simulation results show a minimum in swelling ratio Q
around the pI of soy protein (Fig. 4; pH 5). The swelling minimum
is in good agreement with the reported pI of soy protein (𝑝𝐼≈ 4.5–5;
e.g. (Virkar et al., 1982)), as van der Sman et al. (2020) determined
the number of lysine residues based on the 𝑝𝐼 (van der Sman et al.,
2020). Swelling increases on either side of the swelling minimum as
the bath pH moves away from the 𝑝𝐼. This is a result of increased
protein net charge due to additional side-group dissociation. Lowering
the ionic strength results in a progressive widening of the swelling
minimum ( Fig. 4 left). When the ionic strength becomes sufficiently
high (0.01 > 𝐼 > 1), ionic strength no longer affects swelling around the
𝑝𝐼 ( Fig. 4 right). As the ionic strength takes extreme values (𝐼 > 1),
the swelling minimum widens once more. At high 𝐼, non-ideal ion
behaviour could be of importance.

Table 2
Effect of salt addition to the soy protein–gluten mixture prior to shear-induced
structuring on WHC. Standard formulation contained 1wt% NaCl. All baths had pH
7. Values are presented as swelling ratio Q ± confidence interval. Letters indicate
different significant groups (𝑝 = 0.05).
Formulation

Bath ionic strength (m)

Swelling ratio Q

Standard
No NaCl added
Standard
No NaCl added

0.25
0.25
0.002
0.002

4.9
5.1
7.6
7.6

±
±
±
±

0.2a
0.1a
0.1b
0.1b

ionic strengths (𝐼 > 0.1). A minor but significant increase in swelling
is noticeable at low ionic strength when using KCl instead of NaCl,
as indicated by the lack of overlap between confidence intervals. No
significant effect was observed at higher ionic strengths (as confirmed
with ANOVA; not shown). The origin of the minor increase at low
ionic strength cannot be identified based on our results. We do note
that commercially available meat analogue products tend to have ionic
strengths over 0.1 m (Bohrer, 2019). At such ionic strengths the effect
of using KCl on WHC does not differ from that of NaCl.

4.2.3. pH buffering by proteins near the pI
The observed widening and narrowing of the swelling minimum
around the 𝑝𝐼 upon changing the ionic strength in the range 𝐼 < 1
is a result of the ability of proteins to act as pH buffers. At the 𝑝𝐼,
net protein charge is zero. As the pH changes, side-groups dissociate
while satisfying the electro-neutrality condition. When sufficient ions
are present in the bath solution (moderate to high ionic strength),
the electro-neutrality condition can be satisfied by taking up counterions from the bath. However, at low bath ionic strengths, counter-ion
availability is limited. To achieve gel electro-neutrality, side-group
dissociation must be limited to reduce the number of counter-ions
required. Since this occurs near the 𝑝𝐼, the gel’s internal pH will have
deviated from the bath pH and be close to the 𝑝𝐼 (Fig. 5). The internal
gel pH close to the 𝑝𝐼 thus explains the widened swelling minimum
near the 𝑝𝐼 at low ionic strength.
The reduced swelling at low ionic strengths was not observed
experimentally, even after simulating an infinitely large bath of low
𝐼 through repeated washing with de-ionized water (Fig. 1). A possible explanation lies in the composition of the (commercial) protein
isolates used in this study. Commercial isolates can contain a considerable amount of ions. Possibly, these ions were only partially washed
out during the swelling experiments, either due to slow diffusion or
protein–ion binding. As shown by Borukhov et al. (2000), polymer
charge might also contribute to the ionic strength, and elevate the ionic
strength (Borukhov et al., 2000). Both situations could result in an
increase of the gel’s internal ionic strength.

4.1.2. Salt addition before shear-induced structuring
Salt (NaCl) is commonly added to the hydrated soy–gluten mixture
prior to shear-induced structuring (Grabowska et al., 2014; Dekkers
et al., 2016). We have omitted the addition of NaCl before shearinduced structuring and tested its effect on WHC. The samples with
and without added NaCl had a visually similar structure. Swelling
in bath solutions of high ionic strength revealed no significant effect
on the WHC (Table 2). Also when both samples were washed, no
significant effect on the WHC was found. This suggests salt addition
before structuring has no irreversible effects on WHC.
4.1.3. Effect of cross-link density on swelling
The cross-link density was altered through the addition of crosslinking agent glutaraldehyde and reducing agent DTT. Glutaraldehyde
can form cross-links between various functional groups of proteins
(Migneault et al., 2004), while DTT disrupts disulphide bonds (Peters
et al., 2015). Cross-linking with glutaraldehyde had a negative effect on
WHC, as indicated by the decrease in swelling ratio Q (Fig. 3a). WHC
reduced proportionally upon increasing the glutaraldehyde concentration. DTT had the opposite effect and increased the WHC (Fig. 3b).
For DTT, no concentration dependence was observed. Conductivity
measurements revealed no effect of glutaraldehyde or DTT addition on
ionic strength (data not shown).
5

Journal of Food Engineering 290 (2021) 110283

S.H.V. Cornet et al.

Fig. 3. Swelling as affected by the addition of glutaraldehyde (a) and DTT (b). The ionic strength was 0.03 m for all samples. The pH was 7 and was not adjusted. Error bars
are the 95% confidence intervals with 𝑛 = 3.

Fig. 4. Model simulations of the level of maximum swelling, based on the extended Flory–Rehner theory with 𝛱𝑒𝑥𝑡 = 0 for different ionic strength and pH. Low (left) and high
(right) ionic strengths are presented separately for clarity. The insert serves to ease qualitative comparison with Fig. 1. The gel’s elastic properties were taken as 𝐺𝑟𝑒𝑓 = 50 kPa
and 𝜑𝑟𝑒𝑓 = 0.091. The used colour map should scale well with (printed) greyscale. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

proteins have no net charge, swelling at the pI is not affected by ionic
strength.
Although the experimental pH range is narrower, the same trend is
observed; moving the bath pH from the pI results in additional swelling
(Fig. 1). The detrimental effect of high ionic strength on swelling as
shown by the simulations is in line with our experimental observations.
Plotting Q as a function of the internal gel pH, all but the highest
ionic strength data points collapse onto a single curve (Fig. 6). This
shows that the main function of ionic strength is to modulate the effect
of pH. Thus, the ionic strength indirectly controls swelling by affecting
the internal gel pH.

4.2.4. The effect of pH on Q
When the pH moves from the 𝑝𝐼, swelling ratio Q increases as a
result of increased protein charge (Fig. 4). Changes in Q occur near
the 𝑝𝐾𝑎 of the different amino acid residues. In the pH range, 7.5–9,
an apparent plateau forms, indicating swelling is not affected by pH.
At these pH values, the two acidic side-groups are deprotonated and
charged, while histidine is neutral and lysine is protonated. As the pH
approaches the 𝑝𝐾𝑎 of Lysine (pH 10.7), Lysine is deprotonated. The
protein net charge will have increased, which explains the additional
swelling. At the limit of high and low pH, all available groups will have
dissociated. Further increasing or decreasing the pH does not result in
increased polymer charge and, therefore, does not affect swelling.
In reality, the 𝑝𝐾𝑎 of an individual amino acid residue is affected
by its local environment (Alexov et al., 2011). The effect of pH on
swelling is, therefore, more gradual as the pH passes through the range
of 𝑝𝐾𝑎 values of a given amino acid. This explains why there was still
a pronounced effect of pH on swelling in the pH range 7.5–9 (Fig. 1).
Increasing the ionic strength results in reduced swelling at all 𝑝𝐻s
except the pI. The greater ionic strength results in a lower ionic pressure
and therefore reduced swelling. This also explains the widening of
the swelling minimum around the 𝑝𝐼 at high ionic strength. Since the

4.2.5. Effect of cross-link density on swelling
The shear modulus, 𝐺𝑟𝑒𝑓 , is proportional to the cross-link density
(Gosline, 1978). By varying 𝐺𝑟𝑒𝑓 we can further study the effect of the
cross-link density on WHC (Fig. 7). In our simulations, increasing the
modulus resulted in reduced swelling. Similarly, reducing the modulus
increased WHC. This is what would be expected based on Eq. (1) and
(5), which show that a greater modulus results in a greater resistance
to swelling. Reducing 𝐺𝑟𝑒𝑓 thus results in a larger relative contribution
of the mixing and ionic pressure to the swelling pressure, and results
in more swelling.
6
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Fig. 5. Internal gel pH as a function of the bath pH and buffer concentration, as
determined by solving the electro-neutrality condition (Eq. (20)). The gel’s elastic
properties were taken as 𝐺𝑟𝑒𝑓 = 50 kPa and 𝜑𝑟𝑒𝑓 = 0.091. The used colourmap should
scale well with (printed) greyscale. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
Fig. 7. Simulations of the effect of cross-link density on swelling ratio Q. Cross-link
density was altered by varying 𝐺𝑟𝑒𝑓 . The corresponding values of 𝜙𝑟𝑒𝑓 range from 0.048
to 0.30. The ionic strength was 0.03 m and the pH was 7.

DTT on the WHC of whey protein particles and did find a concentration
dependent response (Peters et al., 2015). This suggests that such an
effect could have been visible at lower DTT concentrations. Glutaraldehyde acts on several functional groups on proteins (Migneault et al.,
2004), which could explain why it did show a concentration effect. Soy
protein gels and extrudates are stabilized not only by disulphide bonds
but also by physical interactions such as hydrogen bonds, hydrophobic
interactions and ionic interactions (Shimada and Cheftel, 1988; Pietsch
et al., 2019). The physical bonds remaining after DTT treatment formed
a sufficiently strong network to prevent further swelling. Lowering salt
content prior to shear-induced structuring showed that the addition of
NaCl has no irreversible effects on WHC (Table 2). Furthermore, the
fibrous structure was not affected. This suggests the importance of ionic
cross-links is limited.
4.3. General discussion
Fig. 6. Normalized swelling ratio Q as function of the internal gel pH and bath ionic
strength. The gel’s elastic properties were taken as 𝐺𝑟𝑒𝑓 = 50 kPa and 𝜑𝑟𝑒𝑓 = 0.091. The
used colourmap should scale well with (printed) greyscale. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

We have shown that simulations based on Flory–Rehner theory
are in good qualitative agreement with experimental observations of
the swelling of model meat analogues at a range of pH values and
ionic strengths. Our simulations show that low ionic strength results
in reduced swelling over a wide range of pH values due to an internal
gel pH close to the 𝑝𝐼. The gel minimizes side-group dissociation to
achieve electro-neutrality when counter ions are limited. The presence
of more ions can, therefore, be beneficial to the water uptake by meat
analogues. Ions present in soybean and its derived ingredients, or added
during processing, increase the gel’s internal ionic strength and thereby
limit the gel’s buffering capacity. This could explain the experimentally
observed swelling maximum at low bath (/marinade) ionic strengths.
While some ions should be present to act as counter-ions, the addition
of copious amounts of salt is detrimental to the WHC. The development
of salt-reduced meat analogue products with improved juiciness might,
therefore, be possible.
Small pH alterations can greatly improve water uptake by model
meat analogues and improve product yield. Increased moisture content
might be beneficial for the product’s sensory properties by enhancing
the juiciness. Tailoring product formulation and post-structuring process conditions can, therefore, have a substantial effect on the final

The experimental results show a similar relation between WHC
and cross-link density. Upon increasing the cross-link density with glutaraldehyde, the WHC progressively declined. Reducing the disulphide
bonds with DTT did have a positive effect on WHC, but no effect of
concentration was visible. Glycinin, the main protein in soy, has 2
mole disulphide bonds per mole protein (approximately 6.7μmol g−1 )
(Renkema, 2001), which is lower than the concentrations of DTT used
in the experiments. Glycinin also contains free sulfhydryl groups, which
decrease upon heating (Berghout et al., 2014). This suggests additional
disulphide bonds may have been present. Furthermore, gluten also
contains disulphide bonds (Delcour et al., 2012). However, the lack of
a concentration-dependence in the WHC suggests all disulphide bonds
were already reduced at the used lowest concentration of DTT, and that
the actual number of disulphide bonds is below the lowest concentration of DTT used. Peters et al. (2015) also reported a positive effect of
7
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5. Conclusions
The effect of pH and ionic strength on the WHC of soy protein
and gluten-based model meat analogues was studied using both experimental data and model simulations. The experimental results and
simulations are in qualitative agreement on the effect of pH. They show
that a marinade pH far from the iso-electric point of the protein results
in additional swelling. Minimizing the ionic strength experimentally
resulted in the highest level of swelling, while our simulations showed
limited swelling at low ionic strength. The simulations showed that the
buffering capacity of the protein limits protein side-group dissociation
at low ionic strengths. This effectively widens the iso-electric point of
the protein, which in turn reduces swelling. However, the internal gel
pH is decisive in setting the degree of swelling. We have shown that
marinade pH and ionic strength are tools to control water uptake by
simplified meat analogues. Furthermore, altering the cross-link density
could be a route to alter WHC without the addition of ions. With these
tools, food manufacturers can develop meat analogue products that
more closely resemble real meat, and improve product yields. Low-salt
marinades showed the highest water uptake, which might enable the
development of salt-reduced meat analogues.
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