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Abstract: Alginate—protein composite gels are widely used in
food and biomedical applications, including 3D bioprinting,
where, for example, alginate—gelatin bioinks serve as scaf-
folds for cultured meat and organ models. While gelatin
offers unique thermo-responsive and elastic properties, its
animal origin motivates the search for plant-based alterna-
tives. Plant proteins like pea protein lack thermo-reversible
gelation but provide cell adhesion motifs that support cell
proliferation, making them promising components for bioink
development. Therefore, this study aims to characterise the
effect of varying pea protein contents (0-0.8 wt%) on alginate
gelation behaviour in different solvents (0 mM, 100 mM NaCl,
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and DMEM cell culture medium). Alginate gelation was facili-
tated using a model mixing system with a two-component
cartridge and static mixer, maintaining constant alginate
(2wt%) and calcium concentrations (~30 mM). Rheological
assessments revealed that pea protein decreased gel strength
(G) and delayed gelation, likely due to steric hindrance from
protein entrapment during phase separation. However, pro-
tein addition improved water holding capacity and gel elas-
ticity, indicated by a reduction in water loss, loss factor and
dissipation ratio. Higher ionic strength mitigated the gelation
delay by screening negative electrostatic repulsion. These
findings provide insights for the formulation of plant-based
bioinks with tailored techno-functional properties.

Keywords: nonlinear rheology, Lissajous plots, phase separa-
tion, electrostatic interactions, arrested state

1 Introduction

Alginate—protein composite gels are used in various appli-
cations in foods or biomedicine. In 3D printing of foods,
alginate-based inks have been shown to be suitable to create
specific textures for personalised foods with improved
nutritional profiles, plant-based meat alternatives or for
the encapsulation of functional ingredients like antioxidants
[1-3]. In 3D bioprinting, alginate—protein gels serve as scaf-
folds for cultured meat, tissue engineering and organ
models [4-6]. A common bioink combination is the addition
of gelatin to alginate, which improves the printability while
providing cell adhesion motifs essential for cell growth and
proliferation [7,8]. Replacing animal-derived gelatin with
plant-based proteins such as pea protein is increasingly
important for sustainability and animal welfare reasons.
Alginate is an anionic polysaccharide derived from
algae or bacteria that forms strong but brittle gels in the
presence of divalent cations [9]. Gelatin is a collagen-
derived protein forming temperature-sensitive elastic
gels [10]. In 3D bioprinting, the addition of gelatin to the
alginate-based bioinks not only improves cell adhesion [11]
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but reduces the viscosity, resulting in improved print-
ability and reduced shear stress on the cells during
printing. Under cell culture conditions (approximately pH
7), alginate and gelatin are compatible in their ungelled
state [12]. However, in biopolymer mixtures, gelation of
one biopolymer can induce phase separation due to the
excluded volume effect [13-15].

Pea protein offers a promising plant-based alternative
due to its availability and ability to provide essential cell
adhesion motifs that alginate lacks [16-18]. However,
unlike gelatin, pea protein forms gels through heat-
induced denaturation and aggregation [19]. Additionally,
commercially available pea protein is often largely dena-
tured due to intensive processing, leading to lower solubi-
lity and poor gelation properties [20]. While alginate and
gelatin are compatible in their ungelled state and phase
separation typically occurs upon gelation, alginate and pea
protein behave differently under cell culture conditions
(pH ~7). Under these conditions, both alginate and pea
protein carry negative charges [19], resulting in electro-
static repulsion and segregative phase separation even in
the ungelled state [21]. This inherent incompatibility could
be advantageous for increasing scaffold porosity but poses
challenges for maintaining macroscale stability during
printing, where homogeneity is required for high printing
accuracy.

Phase separation in biopolymer mixtures can influ-
ence the gel strength in different ways [22,23]. It may
enhance gel strength and accelerate the gelation by water
redistribution and concentrating the polymers into distinct
phases [24]. However, when the volume fractions are
similar, the formation of a bicontinuous network can
weaken the gel strength, as neither polymer network can
be fully developed across the system [22,24]. When gelation
and phase separation occur simultaneously, the outcome
depends on the relative rates of these processes. If gelation
is faster than phase separation, the system can reach an
arrested state, in which macroscale homogeneity is main-
tained despite underlying microscopic phase separation
[14,23,25].

A common method to prepare alginate-based bioinks
involves blending the biopolymer mixture with a calcium
sulphate solution containing the cells, using two syringes
connected with a luer lock. The syringes are pushed back
and forth to mix the two fluids [7,26,27]. As alginate rapidly
gels upon contact with calcium [28], gelation and shear
occur simultaneously during mixing, resulting in partial
disruption of the network as it forms. Characterising the
evolution of the gel structure immediately after mixing is
essential to understand the early-stage properties of the
bioink, which influence its printability [26]. This rapid
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gelation likely causes the system to reach an arrested state

shortly after mixing, limiting large-scale phase separation.

As aresult, even mixtures such as alginate and pea protein,

which are incompatible in their ungelled state, could form

macroscopically homogeneous gels suitable for 3D
bioprinting.

The solvent conditions, particularly ionic strength, can
additionally affect the structure formation in alginate—pro-
tein bioinks. Higher concentrations of monovalent ions can
reduce the repulsive interactions between biopolymers by
screening their negative charges, potentially increasing
their compatibility. Further, cell culture media which con-
tain salts, glucose, amino acids and vitamins may influence
the alginate gelation. However, little is known about how
plant-based proteins like pea protein affect alginate gela-
tion behaviour under conditions relevant to bioink
preparation. A better understanding of the structure for-
mation could help adjust the polymer content and solvent
conditions for optimised techno-functional properties of
the resulting composite gels.

Therefore, this study investigates the influences of
varying pea protein content on the gelation behaviour of
alginate in diverse solvent environments, including low
ionic strength (distilled water, 0 mM NaCl), high ionic
strength (100 mM NaCl) and cell culture medium DMEM
(Dulbeccos Modified Eagle Medium). To better understand
differences in gel microstructure, analyses were per-
formed in the linear and non-linear viscoelastic regimes.
The alginate gelation of pure alginate gels, as well as algi-
nate—pea protein composite gels, was characterised using a
model mixing system consisting of a two-component car-
tridge and an attached static mixer. This mixing system
enables a rapid blending of the biopolymers and the cal-
cium sulphate solution. Consequently, the alginate gelation
starts during the mixing process, similar to the bioink pre-
paration in bioprinting. In this context, we hypothesised
the following:

* The addition of pea protein results in antagonistic effects
on gel strength. Due to the rapid gelation, phase separa-
tion cannot progress, leading to an arrested state where
the protein is homogenously distributed throughout the
alginate network. The repulsive interactions between
alginate and pea protein disturb gel formation, leading
to weaker gels.

* The addition of pea protein slows alginate gelation.
While the high viscosity of the ungelled biopolymer mix-
ture helps to maintain macroscopic homogeneity, the
evenly dispersed protein aggregates may sterically inter-
fere with alginate—calcium crosslinking. Additionally,
the protein may interact with the calcium ions, causing
a buffering effect on the gelation.
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* A higher ionic strength could compensate for the effects
of the protein by reducing the electrostatic repulsion
between alginate molecules, as well as between alginate
and pea protein. This charge screening could lead to
faster gelation, despite the protein interfering with algi-
nate gelation.

To test these hypotheses, we conducted oscillatory
rheology measurements to characterise the potential
antagonistic or synergistic effects on the gel strength, as
well as gelation velocity. Additionally, we analysed non-
linear rheological behaviour using Lissajous plots to gain
more detailed information about the microstructure at a
specific low large amplitude oscillatory shear (LAOS) strain
amplitude, resembling the behaviour of the gels under cell
culturing conditions and storage, where small movements
of the gels, such as those caused by cell proliferation or cell
culture medium exchange, impact the gel structure.
Finally, we characterised the water loss of the gels.

2 Experimental section

2.1 Materials

Sodium alginate (W201502, lot #SHBM2247) and biowest
cell culture medium DMEM high glucose (L0101) w/o 1-glu-
tamine, w/o sodium pyruvate were purchased from Sigma
Aldrich (Merck KGaA, Darmstadt, Germany) and VWR
International GmbH (Dresden, Germany), respectively.
The complete composition of the cell culture medium can
be found in Table S1. Pea protein concentrate (ProFam™
Pea Protein 580, lot #E2028107A1) with a protein content of
78% and a solubility of approximately 30% was kindly pro-
vided by ADM Germany GmbH (Hamburg, Germany).

2.2 Alginate sample preparation

Alginate solutions with 4.0 wt% were prepared in distilled
water, 200 mM NaCl or DMEM cell culture medium and
stirred for 2 h at 60°C, followed by 4 h at 40°C. The solutions
were stored in the fridge overnight, and the pH was
adjusted to 7 the next day. The alginate gelation was con-
ducted by rapid mixing of the alginate solution and 60 mM
calcium sulphate (CaSO,4) using a two-component cartridge
(MIXPAC™ 2K 50 mL 1:1 B-system) with an attached static
mixer (MBH-06-20T), commonly used for the preparation of
two-component glue (Figure 1). Prior to the measurement,
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Figure 1: Mixing system for alginate gelation: (a) glue gun with attached
two-component cartridge and static mixer and (b) disassembled two-
component cartridge and static mixer.

the cartridge was shaken for at least 30s to ensure even
distribution of the insoluble CaSO, salt before mixing with
alginate in a 1:1 weight ratio. The mixing is conducted by
pushing the glue gun several times. To ensure reproduci-
bility, the same number of pushes was used for each mea-
surement. The first and last pushes were discarded, and the
sample was directly applied to the rheometer plate. The
resulting concentrations of the pure alginate gel were 2 wt%
alginate and ~30 mM CaSO,.

2.3 Preparation of biopolymer mixtures

For the preparation of the composite gels, alginate stock
solutions at 4.5 wt% were prepared as described before.
Pea protein suspensions with 15wt% were prepared in
distilled water, stirred for 2h and homogenised at
17,500 rpm for 90s using Ultra-Turrax® (IKA-Werke,
Germany). Afterwards, the pH was adjusted, and the pro-
tein suspension was autoclaved for 15min at 121°C. This
step was added since sterilisation of the protein is neces-
sary for its use in bioinks for 3D bioprinting. After auto-
claving, the protein suspension was thoroughly mixed by
shaking, then cooled in an ice bath for 10 min and stored in
the fridge overnight. DSC analysis of the untreated protein
showed no detectable thermal transition (Figure S2), sug-
gesting that the protein was largely denatured prior to
autoclaving. Solubility was approximately 30%, which
may be attributed to the presence of large aggregates, as
indicated by high-molecular-weight bands and non-
migrating material in SDS-PAGE. After autoclaving, the
molecular weight distribution shifted to higher molecular
weights with a broad band above 250kDa, indicating
further aggregation (Figure S3). Although no firm gel was
visually apparent, autoclaving resulted in a noticeable
increase in viscosity and the formation of a weak gel-like
structure, as indicated by rheological measurements (G’
~10Pa, G' ~4Pa, Figure S4). The biopolymer mixtures
were prepared by mixing the stock solutions. The resulting
concentrations of the composite gels were 2 wt% alginate +
0.1, 0.4 or 0.8 wt% pea protein and ~30 mM CaSO,. At these
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low protein contents, the autoclaved protein is expected to
be present as dispersed aggregates rather than forming a
continuous protein network. The alginate content was
selected based on the typical range used in 3D bioprinting.
A concentration of 2wt% alginate combined with 30 mM
CaS0O, was identified as suitable for bioinks in previous
studies [11]. Additionally, our pretrial experiments con-
firmed that these concentrations facilitated the most homo-
geneous mixing when using the static mixer system.
Higher alginate and/or calcium concentrations adversely
affected mixing efficiency and resulted in inhomogeneous
samples. All experiments were conducted in triplicate.

2.4 Small and large-amplitude oscillatory
rheology

Rheological measurements were carried out using an MCR
102e rheometer (Anton Paar GmbH, Austria) equipped with
a plate-plate geometry (PP50 with 50 mm diameter, Anton
Paar GmbH, Austria). Unless otherwise specified, all experi-
ments were conducted at 21°C, with a strain amplitude of 0.5%
and a frequency of 1 Hz. Initially, a time sweep was performed
for 30 min, corresponding to the typical duration required for
preparing the bioink and initiating the 3D bioprinting process.
Subsequently, a frequency sweep from 0.01 to 100 Hz was
conducted (Figures S7 and S8), followed by an amplitude
sweep ranging from 0.01 to 100%. The gelation velocity within
the 30 min time sweep was calculated as the first derivative of
G as a function of time (dG'/d¢). To ensure the comparability of
the samples, the gelation velocity was normalised against the
maximum value (dG’/dt)/(dG’/dt)pmax. All the experiments
were conducted as individual triplicates. Additionally, every
individual stock solution was gelled and measured three
times. Leading to a total of nine datapoints per experimental
setup (three from each individually prepared stock solution).

To further analyse the non-linear deformation beha-
viour beyond the linear viscoelastic (LVE) region (LAOS),
elastic and viscous Lissajous plots were generated. In an
elastic Lissajous plot (stress 7 vs deformation y), purely
elastic materials produce a straight line, while purely vis-
cous materials would form a circle. Viscoelastic materials
display intermediate behaviour, resulting in an ellipse. As
viscous contributions increase, the shape transitions from
a straight line to an ellipse. Conversely, in a viscous
Lissajous plot (stress 7 vs shear rate y) the pattern reverses,
with purely viscous materials forming a straight line
[29,30]. The Lissajous plots shown were normalised against
their maximum values (7/Tnax), (V/¥ax) a0 (P/Vnay) [301.
Within the LVE regime, the Lissajous plots maintain their
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shape, but beyond this regime, they become distorted. This
distortion can be quantified by the non-linearity para-
meters: the strain stiffening ratio (S-factor) and shear
thickening ratio (T-factor). The S- and T-factor describe
the distortion of the Lissajous plots from the LVE ellipse
for each analysed strain amplitude, providing a quantita-
tive measure of the intracycle non-linearities [29]. The
S-factor is calculated from the elastic response Lissajous
plots as described by Ewoldt et al.:
G{ - Gy
S= T’ M
where Gy is the large-strain modulus given as the secant at
the maximum strain and Gy; the minimum-strain modulus
given as the tangent at zero strain. For S > 0, intracycle
strain stiffening and for S < 0, intracycle strain softening is
indicated. The T-factor is calculated similarly from the vis-
cous Lissajous plots:
r= @

n
Here, n/ represents the large-rate dynamic viscosity and
Ny is the minimum-rate dynamic viscosity. T > 0 represents
intracycle shear thickening, whereas T < 0 refers to intracycle
shear thinning. For both factors (S and T), values of zero
indicate a linear elastic or viscous response for a single har-
monic [29]. In addition, the area enclosed within the elastic
Lissajous plot was quantified using the dissipation ratio ¢,
which represents the dissipated energy per deformation
cycle. This coefficient is defined as the ratio of the energy
dissipated within one cycle E4 to the energy dissipated in a
system with a purely plastic material response (Eq)pp [31]:

6 = Ea  _ TG’
(Eddpp  40max .

©)]

Here, corresponds to the intercycle strain amplitude,
Gy is the first viscous harmonic (loss modulus) at that
given strain amplitude and op.x is the maximum shear
stress of the considered LAOS cycle. For a purely elastic
material response, ¢ approaches zero; for a purely plastic
response, ¢ approaches 1; and values around 0.785 indicate
Newtonian behaviour [31]. Finally, we used Fourier-trans-
form (FT) rheology and calculated the higher Fourier coef-
ficients of the shear stress (2-7th harmonic) to give further
insight into the non-linear deformation behaviour. The FT
rheology data can be found in the Supplemental material
(Figure S9b). All data analysis, except for the derivative of
G' and the dissipation ratio, was performed using the Rheo-
Compass software provided with the instrument (Anton
Paar GmbH, Austria). The LAOS analyses were conducted
as technical triplicates.
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2.5 Water loss

The water loss of the gels was characterised by weighing
them before and after centrifugation at 20,000 g and 21°C
for 30min (Avanti J-E, Beckmann Coulter GmbH,
Germany). Prior to centrifugation, the gels (approximately
20 g) were placed in 50 mL centrifuge tubes and stored at
room temperature for 1h. The water lost, collected as the
supernatant, was carefully extracted using a pipette. The
total water loss was calculated as follows:

masSiotal — MASSpellet

Water loss = 100%. 4)

masStotal

2.6 Zeta potential measurements

Zeta potential measurements of pure alginate and pea pro-
tein in distilled water and in 100 mM NaCl were conducted
using a ZetaSizer Nano ZS (Malvern Instruments Ltd, UK) at
21°C and a polymer concentration of 0.1 wt%. Prior to the
measurement, the samples were filtered with glass fibre
syringe filters with a pore size of 1-2um (Carl Roth,
Karlsruhe, Germany). The samples were then equilibrated
for 4 min, and the measurement duration was restricted to
40 runs.

3 Results and discussion

To better understand the gelation behaviour of algina-
te—pea protein systems under conditions relevant to bioink
preparation, we used a model mixing system consisting of
a two-component cartridge and a static mixer. This setup

)
-
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2% Alginate + amount of added
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mimics the mixing conditions of extrusion-based 3D bio-
printing while enabling rheological analysis during the
early stages of alginate gelation. First, we analysed the
mechanical properties of the resulting gels, focusing on
gel strength and water retention. Second, we assessed gela-
tion kinetics by tracking the time-dependent evolution of
the storage modulus. Finally, we examined the microstruc-
tural characteristics of the gels under non-linear deforma-
tion using LAOS analysis.

3.1 Gel strength

The gelation behaviour of the alginate—pea protein compo-
site gels was first characterised by time sweep measure-
ments, which are provided in the Figure S5. All samples
exhibited typical gelation curves, with both storage mod-
ulus (G) and loss modulus (G”) increasing rapidly in the
initial phase before reaching a plateau-like region. Notably,
all samples had already reached a gel state (G’ > G”) at the
beginning of the measurement, consistent with the rapid
gelation induced by calcium addition. Since the gelation
profiles of the samples were similar, three parameters
were chosen to better quantify differences in gel strength:
The storage modulus G’ (Figure 2a) and the loss factor tan §
(Figure 2b) at the end of the 30 min time sweep, as well as
the total water loss of the gels after centrifugation (Figure
2c). First, a higher storage modulus indicates a higher
ability of the gel to store and recover energy and therefore
it is often used to describe the gel strength [30]. Second, the
loss factor is a useful parameter to analyse the gel strength
since it represents the ratio of energy lost (loss modulus G”)
to energy stored (storage modulus G') during deformation
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Figure 2: Gel strength represented by: (a) storage modulus G’ and (b) loss factor tan 6 measured after 30 min time sweep at 0.5% deformation and
1Hz. (c) Total water loss (%) after centrifugation of 2 wt% alginate gels as a function of added protein content in various solvents. Lines are added as

guides to the eye.
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tan § = G"/G' [30]. Consequently, low values of the loss
factor (tan 6 < 1) indicate a higher proportion of energy
stored, which correlates with higher elasticity and there-
fore higher resistance against deformation, indicating a
stronger gel. Third, the water loss after centrifugation is
indirectly related to the gel strength as a low water loss
indicates a high capacity of the gel network to withstand
the deformation by centrifugation and retain the water
immobilised within the gel network. Figure 2 shows the
gel strength of alginate—pea protein composite gels indi-
cated by the chosen parameters as a function of the added
protein content in various solvents.

The addition of protein resulted in a strong decrease of
G, indicating weaker gels (Figure 2a). Lower values in G’
indicate an antagonistic effect on the overall gel strength,
which confirms the first hypothesis. In biopolymer mix-
tures such as alginate and pea protein, phase separation
is thermodynamically driven by repulsive electrostatic
interactions, as both biopolymers carry negative charges
under the conditions used (zeta potential, Figure 3). How-
ever, phase separation is likely limited by the high viscosity
of the biopolymer mixture prior to gelation and by the
rapid formation of the alginate network upon mixing
with calcium sulphate. The resulting increase in viscosity
and the formation of a crosslinked network likely reduced
molecular mobility, leading the system into an arrested
state where phase separation is kinetically hindered. Con-
sequently, while electrostatic incompatibility exists, the
rapid gelation of alginate restricts the extent to which
phase separation can develop. It should be noted that the

0 mM NacCl 100 mM NaCl
Alginate Pea Alginate Pea
0
-10 g —
-20 —112v
m
30 x/l= 1271
-40 1‘132\/ +2mV
< -50
£
— -60 ]'
o
S -70
2 I
2 80 -65
% +10 mV
N -90

Figure 3: Zeta potential of alginate and pea protein at pH 7 in distilled
water (0 mM NaCl) and in 100 mM NaCl. Measurements were performed
as duplicates. Error bars account for the standard error within one
measurement.
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pea protein stock solution (15 wt%) exhibited weak gel-like
behaviour (G ~10Pa, G' ~4 Pa, at 0.5% deformation and
1Hz, Figure S4), likely due to aggregation and weak net-
work formation induced by the autoclaving treatment.
However, this stock solution was subsequently diluted
when mixed with alginate and calcium sulphate, resulting
in a maximum final protein concentration of 0.8 wt%. At
this low concentration, it is highly unlikely that the protein
retains or forms an independent gel network. Instead, the
dilution and shear during mixing are expected to disrupt
any weak protein aggregates, resulting in dispersed parti-
cles within the continuous alginate matrix. These protein
aggregates may interfere with alginate gelation and reduce
gel strength through steric effects rather than by forming
an independent protein network. The resulting gel could
either exhibit partial phase separation, with the protein
aggregates dispersed within the continuous alginate net-
work or form a swollen gel where the protein is more
evenly distributed but may still interfere with gelation
through steric hindrance. However, based on rheological
data alone, no definitive conclusion can be drawn
regarding the microstructure.

At the same time, the loss factor of the gels decreased
(Figure 2b), indicating a more pronounced elastic behaviour
with increasing protein content. This behaviour is contradic-
tory to the decrease of the storage modulus (indicating
weaker gels) since lower values of the loss factor are attrib-
uted to more elastic and therefore stronger gels. A simulta-
neous decrease of the storage modulus and the loss factor
indicates that the relative contribution of the viscous compo-
nent (loss modulus G”) is decreasing even more than the
elastic component (storage modulus). The changes in gel elas-
ticity with protein addition will be further discussed in Sec-
tion 3.3, using dissipation ratio data. Moreover, the total water
loss of the gels decreased with increasing protein content
(Figure 2c), which could be attributed to the higher total
polymer content of the gels. Water loss, especially endo-
genous water loss due to syneresis occurring without external
force, is more pronounced in gels with high permeability,
since polymer chain rearrangements tend to lead to water
redistribution [32]. The increased total polymer content in
alginate—pea protein gels could, therefore, reduce the mobi-
lity of the molecules, leading to a lower total water loss.
However, it cannot be excluded that changes in the gel struc-
ture, as indicated by the lower G’ or a lower loss factor, also
influence the water loss of the gels.

Leelapunnawut et al. analysed alginate—pea protein gels
for 3D printing with a similar composition used in this study.
However, they employed a different gelation method, incor-
porating phosphate to slow down the alginate gelation.
Compared to our results, they observed higher values of G’
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and the loss factor, indicating a stronger yet less elastic gel
[33]. The slower alginate gelation in the presence of phos-
phate may allow the phase separation rate to exceed the
gelation rate, potentially leading to more distinct phase
separation before reaching an arrested state.

Interestingly, other authors reported synergistic
effects of heat-treated pea protein on calcium-induced gela-
tion in alginate—pea protein gels [34,35]. However, these
studies used low-denatured pea protein produced at lab
scale, which formed soluble aggregates. Compared to the
commercial protein used in this study, the gelation proper-
ties of these soluble aggregates should be improved [20],
resulting in the pea protein contributing to the gel strength.
Furthermore, these studies used slower gelation
approaches through the addition of phosphate [35] or
slowly releasing calcium from insoluble salts by a gradual
PH decrease with p-glucono-6-lactone [34]. In this context,
the slower alginate gelation rate enables the formation of
different network types depending on the extent of phase
separation at the given composition of the gels.

Moreover, to create a model system that resembles the
3D bioprinting process, we chose a gelation time of 30 min,
as this is a typical duration for the bioprinting process.
However, within these 30 min, most samples had not
reached a steady state of gelation. Notably, samples con-
taining protein exhibited a slower gelation, which will be
discussed in the next section. This slower gelation implies
that the G' values shown in Figure 2a may not represent the
maximum gel strength that these slower-gelling samples
would achieve at the steady state. Nevertheless, extending
the gelation time is not feasible for 3D bioprinting pro-
cesses, as prolonged exposure could damage the cells [36].

A higher ionic strength of 100 mM NaCl did not affect G
" (Figure 2a). In contrast, the loss factor (Figure 2b) and the
total water loss (Figure 2c) increased with the higher ionic
strength, which could be caused by the competition
between the biopolymer molecules and salt ions for water.
The higher affinity of the salt ions to water reduces the
water bound by the biopolymer network, decreasing the
water holding capacity and increasing viscous behaviour
(higher loss factor). Previous studies have described the
effect of higher ionic strength on alginate gel layers and
found that increasing ionic strength leads to an increased
layer thickness, i.e. swelling of the gel. On the one hand, the
reduction of electrostatic repulsions leads to the formation
of intramolecular bonds, which reduce the stretching
length of the molecules, leading to less elastic gels [37].
On the other hand, an ion exchange between calcium
and sodium ions could lead to a reduction in the gel
strength [38]. The addition of DMEM led to a slight decrease
in G' while the loss factor remained unchanged. The lower
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G' could be attributed to components in the cell culture
media that might interfere with the alginate gelation, espe-
cially charged molecules like amino acids and salt ions
[39,40]. The total water loss of the gels was higher than
in water but lower than in 100 mM NaCl gels.

Another factor influencing the resulting gel strength is
the shear stress applied to the gels during the mixing pro-
cess. As previously described, the alginate gelation occurs
immediately upon contact with calcium sulphate, meaning
the gel is formed during the residence time in the static
mixer. Consequently, the applied stress during mixing par-
tially breaks the gel structure, which subsequently
recovers due to further diffusion of the calcium ions after
mixing. The efficiency of the mixing process is influenced
by viscosity. The addition of pea protein to the alginate
solution had only a minor effect on the viscosity of the
ungelled mixtures (data not shown). However, depending
on the rate and extent of gelation, the shear stress during
mixing likely varies between samples, potentially influen-
cing the resulting gel strength. The impact of different
mixing systems and mixing durations on the viscosity
and gelation of alginate—pea protein gels for bioinks will
be explored in future studies and is beyond the scope of the
present work.

3.2 Gelation velocity

Figure 4a shows the normalised gelation velocity dG'/dt as
a function of time for pure alginate gels and alginate—pea
protein gels containing 0.8 wt% pea protein. The progres-
sion of alginate gelation typically exhibits a rapid increase
in G, followed by a plateau where G’ remains relatively
stable until reaching a steady state, during which a further
increase of the modulus is neglectable. The initial increase
of G' results in a maximum of the gelation velocity (dG'/dt).
As the gelation continues towards the steady state, dG'/dt
approaches zero [13,41]. The stages of alginate gelation
have been extensively described in the literature. Fang
et al. characterised alginate gelation as occurring in three
sequential steps. The first step involves the formation of
alginate—calcium mono-complexes. In the second step,
dimers are formed in an egg-box-like structure, where
two alginate molecules are crosslinked by a single calcium
ion. The third step involves the lateral association of these
dimers to form multimers [42]. Besiri et al., who studied in
situ alginate gelation using a custom-made rheological
setup, were able to measure and identify two distinct
stages. The first stage is characterised by a rapid increase
in G (high dG'/dt), corresponding to the initial fast
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Figure 4: Normalised gelation velocity dG’/dt during time sweep at 0.5%
deformation and 1Hz: (a) alginate 2wt% + pea protein 0-0.8 wt% in
various solvents, (b) gelation velocity at 10 min of the time sweep as a
function of the added protein content in various solvents. In (b), the lines
are added as guides to the eye. Arrows (4) indicate the deceleration of
gelation velocity from pure alginate to alginate-pea protein gels.

crosslinking within the first 30 s. The second stage shows a
slower increase in G’ (lower dG'/d¢t), starting around 13 min,
which reflects a reduction in the diffusion rate caused by
the increase in viscosity and slower formation of multi-
mers [43]. However, in this study, the rapid gelation
method involving direct mixing of alginate with calcium
sulphate is carried out outside of the rheometer. Therefore,
the first stage of gelation, which occurs within the first few
seconds and involves the reaching of the maximum gela-
tion velocity, happens before rheological measurements
can begin. As a result, measurements start during the
second stage of gelation, as described by Besiri et al. [43],
when the sample has already reached the gel state (G' > G").
This approach captures only the latter part of the gelation
velocity curve. This latter stage is characterised by a slow
decrease in gelation velocity due to the further formation
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of multimers and completion of the network, which
reduces the diffusion rate of calcium ions.

The faster the gelation progresses, the more rapidly
the viscosity increases, inhibiting further diffusion. This
causes G’ to reach its plateau and dG'/dt to approach zero
more quickly.

At 100 mM Nacl, alginate gelation was slightly acceler-
ated compared to 0 mM NacCl (blue solid curve compared to
black solid curve in Figure 4a), likely due to electrostatic
screening of the negative charges of alginate by sodium
ions. With the addition of NaCl, the zeta potential increased
from —65 + 10 to -27 + 2mV for alginate and -30 + 1to -12 +
1mV for pea protein (Figure 3). The reduced repulsion
between alginate molecules leads to a faster network for-
mation, as previously hypothesised. In the cell culture
medium DMEM (red solid curve in Figure 4a), alginate
gelation was slightly slower compared to the gelation in
water (black solid curve). This could be attributed to two
effects: First, attractive electrostatic interactions between
the medium’s components, such as positively charged
amino acids, and alginate may occupy calcium binding
sites. Second, components of the medium may have an
affinity for calcium, causing calcium ions to bind to these
components instead of alginate. Both scenarios result in a
buffering effect on the formation of alginate—calcium
bonds, thus hindering gelation. Although zeta potential
measurements in DMEM were technically challenging
and are not discussed in detail here, both alginate and
pea protein can be assumed to remain negatively charged
in DMEM, as the medium’s ionic strength (~150 mM) falls
within the same range as the 100-200 mM NaCl conditions
where negative surface charges were confirmed. This
assumption is further supported by previous findings
showing that alginate maintains a negative zeta potential
even at ionic strengths of 200 mM NacCl [12]. The zeta poten-
tial values in DMEM and a discussion of the difficulties in
measurement are included in Figure S1.

The addition of protein led to a slower gelation in all
solvents (dashed curves in Figure 4a). As discussed in Sec-
tion 3.1, the low pea protein contents used in this study are
unlikely to form an independent protein network. Instead,
the protein is expected to be present as dispersed aggre-
gates within the alginate matrix. One possible explanation
for the reduced gelation velocity is that these protein
aggregates sterically hinder the mobility of alginate chains,
slowing the formation of the crosslinked network. Addi-
tionally, the protein may interact with free calcium ions,
temporarily reducing their availability for alginate cross-
linking, causing a similar buffering mechanism as
described for DMEM. In alginate—gelatin mixtures, such
buffering effects have been demonstrated when using
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slow calcium release from Ca-EDTA complexes via a
p-glucono-6-lactone induced pH decrease. In this study,
the slower gelation was attributed to gelatin either inter-
acting attractively with the alginate or, more likely, buf-
fering the pH and therefore the calcium release from
Ca—-EDTA complexes [13]. Moreover, previous studies have
shown that attractive interactions between negatively
charged polysaccharides and positive residual charges of
overall negatively charged proteins can occur [12,44,45].
However, this effect may be minor due to the relatively
high negative charges of alginate —65 + 10 mV and pea pro-
tein =30 + 1mV at pH 7 (Figure 3). While increased viscosity
of the biopolymer mixture could theoretically contribute to
slower gelation, viscosity measurements of the stock solu-
tions before gelation showed comparable values across all
formulations, particularly at higher shear rates relevant for
mixing (data not shown). This observation is further sup-
ported by recent findings in a separate study (Woelken et al.,
manuscript in preparation), where even at higher total
polymer contents, the addition of pea protein to alginate
solutions had only a minor effect on viscosity under shear.
This suggests that viscosity differences are unlikely to
explain the reduced gelation velocity. Nevertheless, the
rheological measurements alone cannot fully resolve the
underlying mechanism, and a potential contribution of resi-
dual protein aggregation cannot be fully excluded.

To further quantify and visualise the differences in
gelation velocity arising from protein addition, Figure 4b
shows dG'/dt at a selected time of 10 min as a function of
the added protein content. The trends shown at 10 min
(Figure 4b) are similar for later time points during the
experiment. Additional figures showing the differences
between pure alginate gels and alginate—pea protein gels
as AdG'/dt over time can be found in Figure S6. At the
highest pea protein content (0.8 wt%), the difference
between the pure alginate gel and the pea protein gel
expressed as AdG'/dt was 0.42, 0.23 and 0.35 in 0mM,
100 mM NaCl and DMEM, respectively. In Figure 4b these
differences in AdG'/dt are visualised by the arrows. The
effect of protein addition on the gelation velocity was
less pronounced in 100 mM NaCl compared to water as
can be seen from the lower AdG'/dt. This suggests that
the accelerated gelation due to charge screening by NacCl
and the decelerated gelation due to the steric hindrances
caused by the protein may counterbalance each other, as
previously hypothesised. Conversely, this counterbalan-
cing effect was not observed in DMEM despite its high ionic
strength. This observation could be attributed to the pre-
sence of additional components, such as amino acids,
which might exert a similar effect as the pea protein. Con-
sequently, the combined decelerating effect of the protein
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and the constituents of the DMEM either cannot be coun-
terbalanced at all or would require higher salt
concentrations.

3.3 Small and large-amplitude oscillatory
shear rheology

In the final part of this study, we analysed the deformation
behaviour of the gels within and beyond the LVE regime.
Understanding the behaviour of the gels under low and
high deformation is essential to gain a detailed under-
standing of the microstructure and the impact of the pea
protein on the alginate gelation. We will focus our discus-
sion mainly on non-linearities at low strain amplitudes as
these provide additional insights under conditions relevant
to cell culturing and storage. Figure 5 illustrates the results
of the amplitude sweep, with the storage and loss moduli in
Figure 5a, the quantification on the non-linearities using
the S- and T-factor in Figure 5b and c, respectively, as well
as the dissipation ratio in Figure 5d. All parameters are
depicted as functions of the applied deformation strain.

The amplitude sweeps in Figure 5a illustrate the inter-
cycle strain behaviour over the entire strain range applied.
As described previously, the moduli of alginate—pea protein
gels are lower than those of pure alginate gels. Additionally,
the shape of the curves differs: Pure alginate shows more
gradual softening beginning at lower strain levels, whereas
alginate—pea protein gels exhibit a sharper decrease in G’ at
higher strains. This difference becomes especially apparent
at 100 mM NaCl. Moreover, only the gels containing pea
protein show a distinct maximum in G”, which is character-
istic of the brittle breaking behaviour often observed in
alginate gels [13]. Both the abrupt decrease in G' and the
peak in G" are associated with the onset of non-linear defor-
mation. Above 21% deformation, all gels showed a signifi-
cant increase in higher-order Fourier coefficients, revealing
the emergence of intracycle non-linearities (Figure S9b). In
particular, the second Fourier coefficient also began to
increase slightly. According to the literature, only odd har-
monics should be present, and even harmonics might indi-
cate measurement irregularities such as wall-slip or tran-
sient flows [29]. Since some of the gels exhibited syneresis
during the measurement, wall slippage likely caused these
irregularities. This could explain why the maximum in G” is
absent in the pure alginate gels. Due to the increase in
higher-order and especially even harmonics, we focus on
the data up to a deformation of 21%, as indicated by the
dashed lines in Figure 5. Data above 21% deformation is
only mentioned in qualitative terms.
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Within the LVE regime, the elastic Lissajous plots
exhibited narrow elliptical shapes for all samples, while
the viscous Lissajous plots displayed wide, nearly circular
shapes, indicating viscoelastic behaviour with a significant
elastic contribution. Beyond the LVE regime, the Lissajous
plots became distorted. These non-linearities were quanti-
fied by the S- and T-factor, as shown in Figure 5b and c,
respectively. Within the LVE regime, the S- and T-factor
both had values of zero (Figure 5b and c). However, at
deformations above 3%, the Lissajous plots became dis-
torted and both factors increased above zero, indicating
intracycle strain stiffening for the S-factor and intracycle
shear thickening behaviour for the T-factor. Using the S-
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factor, no differences were observed between pure algi-
nate and alginate—pea protein gels. In contrast, distinct
differences in the T-factor trend were observed with pro-
tein addition. In pure alginate gels, the increase of the T-
factor started at a lower deformation, indicating non-linear
behaviour, possibly due to earlier yielding compared to
alginate-pea protein gels. At deformations helow 20%, the
T-factor exhibited higher absolute values than the S-factor,
indicating that the sample’s behaviour is dominated by intra-
cycle shear thickening [46]. At around 20% deformation, a
maximum in the T-factor was observed, which can either
be attributed to the formation of microcracks in the sample,
or as mentioned before wall-slip. At deformations exceeding
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Figure 5: Amplitude sweeps (0.1-100%) of pure alginate gels 2 wt% and alginate-pea protein gels 2 wt% + 0.8 wt% in various solvents at 1 Hz: (a)
Storage and loss moduli, (b) intracycle strain stiffening coefficient (S-factor), (c) intracycle shear thickening coefficient (7-factor), and (d) dissipation
ratio as functions of deformation. The dashed line indicates the measurement limit at 21.1% deformation. The dotted line indicates the deformation

(15.4%) used for the quantification of the data.
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50%, the T-factor dropped drastically in all samples. In pure
alginate gels, values below zero were reached, indicating the
presence of intracycle shear thinning. In contrast, the S-factor
increased further and showed higher absolute values than
the T-factor, especially for the alginate—pea protein mixture,
suggesting that intracycle strain stiffening becomes the domi-
nant behaviour of the samples at high deformations [46]. This
relatively contradictory behaviour of the S- and T-factor could
also be attributed to inertia effects [46] like secondary flows
arising at high deformations [47]. Additionally, the maximum
in the T-factor correlates with the maximum of the third
Fourier coefficient (Figures S9b and d and S10), suggesting
that the measuring accuracy above this deformation (~21%)
might be negatively impacted, most likely by wall-slip phe-
nomena, as previously described.

The dissipation ratio ¢ (equation (3)) shown in Figure 5d
quantifies the area enclosed in the elastic Lissajous plots.
Values close to zero indicate elastic behaviour, while values
of ~1 indicate plastic behaviour [31]. Within the LVE regime,
the narrow elliptical shape of the Lissajous plots results in
dissipation ratios close to zero in all samples, indicating
highly elastic gels. Up to the chosen deformation limit of
21%, the dissipation ratio shows only a slight increase with
rising deformation. Above 21%, the dissipation ratio showed a
steep increase, revealing the change from elastic to plastic
behaviour when the sample undergoes partial structural
breakdown and transitions into a flowing state. This is in
agreement with the other parameters discussed.

In contrast to the analysis of the gel strength, the differ-
ences in non-linear behaviour between the solvents are not
clearly visible in Figure 5. To better quantify the differences,
we selected an amplitude of 15.4% to compare the elastic and
viscous Lissajous plots (Figure 6a), the S- and T-factor (Figure
6b), as well as the dissipation ratio (Figure 6c¢) for pure algi-
nate gels and alginate—pea protein gels with 0.8 wt% pea
protein. The chosen amplitude is well above the LVE regime,
but below the deformation where the higher-order Fourier
coefficients might indicate impaired measurement accuracy.
Furthermore, the behaviour of the gels under relatively low
strain deformation is particularly relevant for evaluating
their performance under cell culturing conditions. Small
movements of the gels, such as those caused by cell prolifera-
tion or during the exchange of cell culture medium, could
impact the scaffolds.

From Figure 6a, it is evident that the protein addition
impacted the viscoelastic deformation behaviour of the
gels. The shape of the elastic Lissajous plots changes
slightly: the curves become narrower for alginate—pea pro-
tein gels than for pure alginate, suggesting a modest
increase in elastic stiffness. In the viscous Lissajous plots,
the changes are more pronounced, shifting from a more
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rectangular shape in pure alginate gels to a rounder shape
in protein-containing gels. This suggests a change in the
nature of the viscous response — from nonlinear in pure
alginate to more linear and homogeneous when pea pro-
tein is present. Similarly, Figure 6b shows that the differ-
ences in the S-factor among all samples are relatively small
compared to the differences in the T-factors. In most of the
gels, the T-factor is higher than the S-factor, indicating that
the shear thickening response of the sample dominates
[46]. With the addition of pea protein, both factors
decrease, resulting in similar values of S- and T-factor in
composite gels at 0 mM and in DMEM. These samples also
had the lowest loss factors, showing a reduced viscous
behaviour, which might explain why the T-factor,
describing the viscous contribution to the viscoelastic
behaviour of the gel, is not dominant in those samples.

Although the elastic Lissajous plots displayed similar ellip-
tical shapes across all samples, differences in the enclosed
area of the elastic Lissajous plots were evident. Figure 6¢ high-
lights these variations in the dissipation ratio between the
solvents. The pure alginate gels in 100 mM NacCl had a higher
dissipation ratio, indicating less elastic and more plastic beha-
viour. Conversely, the addition of pea protein led to lower
dissipation ratios in all solvents, implying that these gels
have a higher elasticity. These results are consistent with
the discussion of the loss factor (in Section 3.1). Interestingly,
the reduction in dissipation ratio and loss factor correlates
with the water loss of the gels (Figures 2b and c and 6c), since
greater water loss was associated with a higher dissipation
ratio, and vice versa. This relationship was previously
described for soy protein gels by Urbonaite et al., who further
correlated the water holding capacity and dissipated energy to
the coarseness of the gels. Coarser gels exhibited a higher
water loss and greater energy dissipation. Therefore, it seems
likely that the addition of protein, while increasing the elasti-
city of the gels, may also reduce their coarseness by acting as
an inert filler within the alginate network [48]. Further, the
gelation velocity might impact the elasticity of the gels. Kastner
et al. showed that the elasticity of pectin gels increased with a
slower cooling rate/slower gelation. The slow gelation allows
an optimum arrangement of the molecules, leading to longer
junction zones. Conversely, a fast gelation leads to the forma-
tion of shorter junctions and less arrangement of the mole-
cules, resulting in a lower elasticity [49]. These explanations
are in line with the results of this work.

Usually, a higher elasticity presents itself as a higher
resistance against deformation, which leads to a larger LVE
region and a crossover point (G’ = G") at higher amplitudes.
Because the crossover in the analysed gels occurs way
above the amplitude where wall-slippage and measure-
ment inaccuracies are likely (Figure 6a), this parameter
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led to non-reproducible results (data not shown). Further-
more, the limit of the LVE is usually defined as the ampli-
tude at which G’ deviates more than 3-5% from G; at zero
deformation. This approach also led to non-reproducible
results since some of the samples had not fully reached a
steady state (data not shown). Therefore, we applied a
similar approach to the S- and T-factor to define the line-
arity limit, i.e. start of non-linear behaviour, of the gels. In
case of a LVE behaviour of the gels, the shape of the Lissa-
jous plots should remain elliptical even with increasing
strain amplitude. When the gel starts to exhibit non-linear
behaviour and the Lissajous plots become distorted, this
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distortion can be quantified by the S- and T-factor, which
diverge from zero. Since the S- and T-factor describe the
intracycle strain/shear behaviour at a single strain, as
opposed to the intercycle strain behaviour, which is used
to determine the LVE range, they might be less affected by
the non-steady state of the gels. Thus, these factors could
serve as a more accurate parameter to determine the lin-
earity limit.

As illustrated in Figure 5c, the T-factor in particular
shows an increase to values above zero at higher deformation
in alginate—pea protein gels compared to pure alginate gels.
Figure 7 depicts the linearity limit, i.e. start of non-linear
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Figure 6: LAOS analysis at 15.4% deformation (non-linear region) and 1 Hz: (a) normalised elastic and viscous Lissajous plots, (b) S- and T-factor, and (c)
dissipation ratios for pure alginate gels 2wt% and alginate-pea protein gels 2 wt% + 0.8 wt% in various solvents.
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behaviour, as the amplitude at which the S-factor and T-factor
rise to values above 0.03 (3% deviation from zero).

As described previously, the T-factor predominated in
most samples, leading to its values increasing at lower
deformation compared to the S-factor. Nonetheless, a
similar trend is observed for both the S- and T-factor: the
addition of protein caused deviations from zero occurring
at higher deformations. This behaviour can be attributed
to a higher linearity limit of the alginate-pea protein gels
and is consistent with the results discussed earlier. A
similar trend can be seen in the FT rheology. In samples
containing protein, higher order harmonics (third har-
monic in particular) occur at higher deformations, further
indicating an increased linearity limit (Figure S11).

To conclude, the addition of pea protein negatively
affected the alginate gelation, as evident by the lower G' and
the slower gelation velocity. Phase separation in incompatible
biopolymer mixtures often leads to synergistic effects on the
gel strength by concentrating the biopolymers in their respec-
tive phases [23]. However, in the case of alginate—pea protein
systems, where alginate is rapidly gelled by the addition of
calcium sulphate, antagonistic effects were observed. These
effects can likely be attributed to the gelation rate surpassing
the phase separation rate, forcing the system into an arrested
state where the protein is evenly distributed throughout the
alginate network [23,50]. Since both biopolymers are nega-
tively charged, repulsive interactions and steric hindrances
interfere with the alginate gelation. This effect could be par-
tially mitigated by adding NaCl, which accelerated the alginate
gelation through charge screening. In the cell culture medium
DMEM, similar buffering effects on the gelation velocity as
seen for the protein addition were observed, indicating that
the slower gelation could also be due to attractive interactions
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Figure 7: LAOS analysis: Linearity limit, i.e. beginning of non-linear
behaviour, indicated as strain amplitude at 3% deviation of $- and
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between calcium ions and amino acids in DMEM or with the
pea protein. However, the effect of DMEM was small com-
pared to the addition of protein. Despite the antagonistic
effects on the storage modulus, the protein addition led to a
lower water loss and more elastic gels, as indicated by the
lower loss factor and lower dissipation ratio.

4 Conclusion

This study analysed the effect of the pea protein addition on
the alginate gelation in various solvents. It was demonstrated
that pea protein delays the alginate gelation and exerts antag-
onistic effects on the gel strength. Similar effects could be
seen for the alginate gelation in DMEM cell culture medium.
Conversely, in a 100 mM NacCl solvent, the effects of pea pro-
tein were counterbalanced, as the electrostatic screening of
repulsive forces accelerated gelation. Although the algina-
te—pea protein systems formed overall weaker gels, the elas-
ticity of the composite gels increased in all solvents.

With slower alginate gelation, the bioink mixing pro-
cess — where the biopolymer solution is directly combined
with calcium sulphate — could be facilitated with less shear
stress on the cells, as the mixture’s viscosity would increase
more gradually. Furthermore, the higher elasticity of the
gels could enhance the stability of the construct during cell
incubation. However, higher alginate contents may be
necessary to counteract the antagonistic effects of pea pro-
tein on the gel strength.

This study contributes to a better understanding of the
impact of pea protein addition on the alginate gelation
behaviour. A detailed grasp of this structure-process—
function relationship is crucial for substituting gelatin
with more sustainable plant-based proteins and devel-
oping plant-based bioinks in 3D bioprinting. To deepen
this understanding, direct microstructural imaging, such
as confocal microscopy, would be valuable to clarify the
gel structure and extent of phase separation in these com-
posite gels. Building on these insights, future studies should
focus on implementing these findings in 3D bioprinting
applications. Besides printability, two additional para-
meters are of great interest. As previously described, the
alginate gelation is influenced by the mixing of the biopo-
lymer solution with the calcium sulphate. In this study, we
employed a model mixing system consisting of a two-com-
ponent cartridge and a static mixer. Although the relatively
long static mixer ensures macroscopically homogeneous
mixing, it would require a large number of cells, which
would not only significantly increase costs but also subject
the cells to excessive shear stress. Therefore, analysing
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different mixing strategies could provide insights into how
the formulation and mixing influence the printability and
cell viability. Cell viability is also affected by the porosity
and permeability of the gels. Alginate-pea protein gels
could differ significantly from alginate—gelatin gels, as
the pea protein does not dissolve during the cell cultivation
at 37°C. Thus, cell viability studies are needed to determine
whether pea protein is a suitable substitute for gelatin in
3D bioprinting. These aspects extend from the present
work and will be explored in future studies.
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