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This study investigated how fractionation method (dry fractionated (PPC) vs. wet fractionated (PPI)) affects pea
protein 3D printability and rheological behavior at 10-50 wt.%. The potential of preheating and hydrocolloid
addition (carrageenan, pectin, and xanthan gum) in enhancing their 3D printability, texture and microstructure
was also evaluated. PPI alone showed good printability at 30 wt.%, while PPC remained unprintable even at 50
wt.% due to fiber-induced network disruption and low viscosity. However, PPC’s printability was restored at 40
wt.% through preheating and hydrocolloid addition. PPC and PPI responded very differently to hydrocolloids:
pectin improved 3D printing resolution for PPI but weakened post-steaming texture, while in PPC, only pectin
provided printability without adversely affecting texture. Overall, PPI demonstrated inherent 3D printability
while PPC required modification to achieve comparable performance. Hydrocolloid functionality was protein-
type specific, and successful 3D printing of pea protein requires tailored formulation strategies depending on

the fractionation method.

1. Introduction

3D food printing by extrusion is a promising technology for struc-
turing plant-based proteins into customized and complex shapes, offer-
ing flexibility in design, nutritional tailoring, and ingredient
composition. This is particularly attractive for meat analogue develop-
ment, where structure, texture, and functionality must be carefully
engineered. Compared to conventional processes like high-moisture
extrusion, 3D printing operates at lower pressures and temperatures
(Wen et al., 2022), offering advantages in energy use and potential
preservation of functional ingredients. A critical factor in successful 3D
printing of plant-based protein is the printability - its ability to flow
through a nozzle (extrudability) and maintain its shape after deposition
(buildability) (Wilms et al., 2021). These properties are largely governed
by the rheological behavior of the protein, which is driven by its source,
extraction method, purity, and concentration and can be tuned through
formulation strategies (Wilms et al., 2021).

Two primary industrial routes for concentrating plant proteins are
dry and wet fractionation which yield two distinct protein ingredients:
protein concentrate and protein isolate. Protein isolates are normally
associated with higher protein purity (>80 % protein) and price, while
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also requiring more resource-demanding processing that results in sig-
nificant protein denaturation compared to protein concentrates (~50-
60% protein) (Schutyser et al., 2015; Sajib et al., 2023). Due to their
milder processing, dry fractionated protein concentrates retain more
impurities such as fibers, fats, minerals and polysaccharides (Boukid
et al.,, 2021). These are components that might later be reintroduced
in 3D printing formulations, making their initial removal unnecessary. It
is, for example, common to add hydrocolloids, including starch, to
improve the printability of food proteins that naturally exist in protein
concentrates. On the other hand, these impurities might negatively
affect the taste and nutritional value as well as on the printability when
aiming for high-protein products or specific rheological properties.
Previous studies suggest that less refined and minimally denatured dry
fractionated protein concentrates are good enough for meat analogues,
especially when using extrusion technology (De Angelis et al., 2023,
Schutyser et al., 2015) and sometimes offer better protein functionality
and product quality (Pelgrom et al., 2013, Lie-Piang et al., 2023).
However, it remains unclear whether the performance of these two in-
gredients translates similarly in the context of 3D food printing, which
relies on different flow and solidification mechanisms compared to
thermomechanical processing.
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Furthermore, formulation parameters such as ingredient concentra-
tion, thermal pre-treatment, and hydrocolloid addition can significantly
influence the printability of protein-based inks. Hydrocolloids like
pectin, xanthan gum, and carrageenan are commonly used to enhance
viscoelasticity, improve interlayer adhesion, and reinforce network
formation, though their effectiveness may vary depending on the protein
source and its degree of purity. Despite growing interest in using less
refined, dry-fractionated protein concentrates in 3D food printing, there
is still limited understanding of how their inherently retained poly-
saccharides and other non-protein components influence printability,
especially compared with high-purity protein isolates. These composi-
tional differences may affect not only the base printability of each pro-
tein system but also the type and extent of formulation modifications
required (e.g., through hydrocolloids or heat treatments) to achieve
optimal printing performance. Moreover, how these intrinsic (e.g.,
protein concentration) and extrinsic (e.g., preheating, hydrocolloid
addition) factors affect the printability and the final quality of printed
products from a protein concentrate and isolate in a side-by-side com-
parison remains underexplored.

Therefore, this study was aimed to systematically investigate the 3D
printability of pea protein concentrate (PPC) and pea protein isolate
(PPI) and to examine which ingredient is inherently more suitable for
extrusion-based 3D food printing and whether their limitations can be
mitigated. Specifically, our objectives were to (i) understand how the
type of protein ingredient and concentration (10-50%w) as key intrinsic
factors affect their rheological properties and 3D printability; (ii) asses
the effect of different extrinsic factors, including preheating and hy-
drocolloids additives (carrageenan, pectin and xanthan gum), on
improving the rheological properties and the printability of PPI and PPC;
and finally (iii) investigate how these factors influence the textural,
rheological and microstructural properties and water mobility of the 3D
printed objects produced from each protein ingredient.

2. Material and methods
2.1. Materials

Commercial pea protein isolate Nutralys® F85M (protein content =
80.87+0.31%, N=6.25) was acquired from Roquette (Roquette, France)
produced via wet fractionation and pea protein concentrate (Vestkorn
A/S, Denmark), contained around 90 %-93 % dry matter, 54 %-56 %
protein, 15 %-20 % carbohydrates, 15 %-17 % dietary fiber, 3%-5% total
fat, and 5.5 %-6.5 % ash which was produced through dry fractionation.
The hydrocolloids used were pectin from apple (Fluka, 70-75% esteri-
fication), xanthan gum (Sigma-Aldrich), and carrageenan (Sigma-
Aldrich, Cas: 9000-07-1).

2.2. Preparation of printing ink from pea protein ingredients

2.2.1. Effect of protein ingredient concentration

To evaluate the effect of protein concentration on the properties of
the printing ink, PPI and PPC were each individually mixed with
distilled water at various concentrations. PPC was prepared at concen-
trations of 10, 20, 30, 40, and 50 wt.%, while PPI was prepared at 10, 20,
30 wt.%. Based on pretests, PPI concentrations of 40 wt.% or higher
were excluded from further testing as they produced a grainy and
crumbly texture unsuitable for printing. The samples were hydrated and
mixed in a closed electric chopper intermittently for 5-15 seconds for
one hour at room temperature until the samples were visibly homoge-
neous. For the powder to be equally hydrated, the PPI samples were
mixed quickly and thoroughly in the beginning to avoid graininess and
mixed less at the end. The PPC samples were mixed moderately over the
entire hour for the samples to be evenly hydrated. After preparation, all
samples were stored overnight at 4 C and then equilibrated for one hour
at room temperature before the trials.

To investigate the effect of preheating prior to filling the cartridge,
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the samples were also heated in a 60°C water bath in 50 ml falcon tubes
(in plastic bags) for 20 min and left to cool down at room temperature
for 90 min before being used. These samples are denoted with an h at the
end when representing the results.

2.2.2. Effect of hydrocolloid addition

For the second trial, printing inks were prepared using 40 wt.% and
30 wt.% of PPC and PPI, respectively, were mixed with hydrocolloids,
specifically pectin (Pec), xanthan gum (Xan), and carrageenan (Carr) at a
concentration of 1.5 wt.% prior to adding distilled water. Then the
sample preparation continued as described in section 2.2.1 and used
immediately for 3D printing. Pretests of addition of pectin to PPI at 20
and 30 w % showed that PPI at 30 wt.% had a larger potential as printing
ink.

2.3. Rheological analysis of the 3D printing inks

Viscoelastic properties of all inks were analyzed using a dynamic
rheometer (Paar Physica Rheometer MCR 300, Anton Paar GmbH,
Austria) equipped with a serrated probe (PP25/P2) and a serrated plate
(TEK-150) with a gap setting of 1 mm. After loading, the samples were
covered with mineral oil, and a moisture trap and a waterlock were used.
Prior to analysis, there was a two-minute resting period. For the trial on
the effect of addition of a hydrocolloid with preheating, the samples
were preheated on the rheometer at 60 C for 20 min prior to the anal-
ysis. All the measurements were done with 2 or 3 replicates except for
the frequency sweep for PPC10 which had no replicates.

2.3.1. Oscillatory amplitude sweep

An oscillatory amplitude sweep was performed to find the linear
viscoelastic (LVE) region and flow point for the pea protein-based inks.
The strain was varied between 0.01 to 1000 (%) (6Pt./dec), using an
angular frequency of 10 rad/s at a temperature of 25 C (Abdollahi et al.,
2025). For the trial on the addition of a hydrocolloid together with
preheating, the temperature was kept constant at 60 C to simulate the
heating in the cartridge. The difference between the storage modulus
(G") and loss modulus (G") was used to get an insight into the visco-
elasticity of a sample (Joyner, 2019). The flow point, the point at which
the shear stress is high enough to make the sample start to flow
(Maldonado-Rosas et al., 2022; Outrequin et al., 2023), was obtained
from the intersection between the elastic modulus and viscous modulus.

2.3.2. Rotational viscosity flow curve measurement

The flow curve measurement of the protein inks was conducted to
examine their shear-thinning behavior. Shear viscosity was measured by
varying the shear rate logarithmically from 0.001 to 100 (1/s) at 25 C
under rotation mode. For the trial on the addition of a hydrocolloid
together with preheating, the temperature was kept constant at 60 C.

The model used to describe the fluids’ shear thinning behavior was
the Carreau-Yasuda model as seen in Equation 1, which describes the
viscosity (7) as a function of the shear rate (y) (Osswald & Rudolph,
2015):

o
- 1
T G =

where 7 is the zero shear viscosity, 4 is the relaxation time, n is the
power law index, and a is a regression parameter.

2.3.3. Frequency sweep measurement

Change in the viscoelastic properties of the inks in response to
variation of frequency between 200 and 0.1 rad/s at 25 C was measured
in LVR of the samples using a strain of 0.05 and under oscillation mode.
For the trial on the addition of hydrocolloid with preheating, the tem-
perature was kept constant at 60'C.
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2.3.4. Three interval thixotropy test

The recovery of the samples’ viscosity after 3D printing was evalu-
ated using a three-interval thixotropy test (3ITT) by applying a high
shear strain for a period to mimic the printing conditions during
extrusion (Johansson et al., 2025). After shearing, the viscosity at-rest
represents the post-extrusion condition on the printing platform. The
post-shearing viscosity was compared to the recorded viscosity of the
sample before increasing the shear strain to evaluate its recovery, as
performed by Maldonado-Rosas et al. (2022). In the initial stage of the
3ITT, the sample was held for 200 s at a shear strain of 0.05 %, repre-
senting the sample resting in the printing syringe, followed by an in-
crease to 10 % for 100 s, followed by a 200 s period of a shear strain of
0.05 % at an angular frequency of 10 rad/s. For the trial on the addition
of hydrocolloids with preheating, the temperature was kept constant at
60'C, to mimic the heating in the cartridge, until the last interval at
which it was set to 25 C, to mimic the room temperature at the printing
plate, and the last interval was extended to 300 s.

2.3.5. Tack-adhesion test

The tack-adhesion test was performed using a single-cycle uniaxial
tensile program with a texture analyzer (Perten TVT 6700, Perten In-
struments, Australia), using a flat compression plate @ = 40 mm
compression plate and a 10 kg load cell (Perten Instruments, 672040,
Australia). The pea protein samples were loaded on the measuring plate
and an initial gap distance of 3 mm was set. Then, the probe was raised
at a speed of 0.5 mm/s and manually stopped once the sample separated
into two. The peak force was recorded (n=3, 4 or 5) and the length at
breakage (n=3 or 4) was measured with a caliper. For all samples except
PPI30 and PPI30Carr, a trigger force of 1 g was used. For PPI30 and
PPI30Carr the trigger force was increased to 2500 g, however no peak
force could be recorded for these samples.

2.4. 3D printing and evaluation of the printed objects

For pea protein samples with low viscosity (PPC40h, PPI20, PPI20h,
and PPC40Carr), the printing cartridge (a 60 ml stainless steel syringe)
was filled by directly pouring the material into it. For the stickier protein
samples (PPC50, PPC50h, PPC40Xan and PPC40Pec), a modified
syringe-like tool with an open barrel bottom was used to facilitate filling.
After filling the cartridge, the bottom was slammed to remove excess air.

3D models for two objects, a square (hollow) and a cube (filled in),
were transformed into gcode files for printing using a GcodeCreator. The
objects were printed using Procusini 5.0 Food Printer (Procusini, Ger-
many) with a single moving cartridge with a diameter of 27 mm
equipped with @ = 1.0 mm nozzle. The square and the cube had a height
of 15 mm and 10 mm, respectively, with a side length of 20 x 20 mm
printed with a layer height of 0.5 mm, and a track width of 1.0 mm. The
print speed was set at 600 mm/min, the moving speed at 700 mm/min,
and the extrusion multiplier was 1.5. The extrusion and retraction speed
were 8000 mm/min.

The printing inks that dripped from the cartridge were considered
unprintable. To evaluate the effect of PPI and PPC at varying concen-
trations, only the square object was printed. For the samples containing
hydrocolloids, both square and cube objects were printed.

2.4.1. Post-processing of the printed objects by steaming

To investigate whether the 3D printed object was able to withstand
post-processing, the 3D printed cubes of the pea samples with hydro-
colloids and PPI30 as a control were steamed for 5 min with Cuisinart
(STM1000E). The temperature was aimed to be between 80 and 85°C,
and it was kept no lower than 70 and no higher than 90 C. The tem-
perature in the steamer was measured with a thermometer and regu-
lated to keep it in the range.

2.4.2. Uniaxial compression test of the post-processed printed objects
A compression test was performed on the post-processed cubes (n=3
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or 4) with a single cycle compression of 30 % with a @ = 40 mm
compression plate (Perten Instruments, 672040), using a 10 kg load cell
of a texture analyzer (Perten TVT 6700, Perten Instruments, Australia).
An initial speed of 3 mm/s was used with a test speed and retraction
speed of 1mm/s and a trigger force of 10 g.

2.5. Confocal laser scanning microscopy (CLSM)

To evaluate how the polysaccharides affected the protein structuring
in formed gels, samples were prepared in the same way as described in
section 2.2.2, where PPI at 30 wt.% and PPC at 40 wt.% were gelled with
and without the hydrocolloids as described by Sajib et al. (2023) with
slight modifications. The samples were filled into 10 ml syringes which
were heated at 85 C for 20 min in a water bath and then put on ice water
before being stored overnight at 4 C. The gel samples were placed on a
drop of staining solution on a cover slide. Proteins were stained with
Texas red (shown in red) and fibers with direct yellow 96 (shown in
green). Samples were examined with an inverted confocal laser scanning
microscope (Leica TCS SP5, Heidelberg, Germany) using a HCX PL. APO
CS 63.0 x 1.20 WATER UV objective. A 488 nm argon laser and a 594
nm HeNe laser were used for excitation and emission were collected at
502-531 nm and 610-649nm. Micrographs were captured with 1024 x
1024 pixels, eight line averages.

2.6. Water distribution analysis by low-field nuclear magnetic resonance

To determine the water distribution in the samples, the transverse
relaxation time (T2) was measured in the gels (n=2) with time domain
low-field nuclear magnetic resonance spectroscopy (LF-NMR) using
Bruker minispec mq20 (NMR MiniSpec mq20, Bruker, Germany)
equipped with a 10 mm probe. The measurements were performed at
20°C in real detection mode using the Carr-Purcell-Meiboom-Gill pulse
sequence. The number of scans was 44, the recycle delay 2.5 s, using
0 dummy slots. The bandwidth was 20,000 kHz, using a 0.1 tau pulse
separation between 90 to 180°, and the 90" and 180 pulse lengths were
2.76 ps and 5.54 ps, respectively. The number of data points for fitting
was 3000 and the number of not fitted echoes was 1. To obtain the
relaxation peaks, the data were processed using CONTIN (Provencher,
1982).

2.7. Statistical analysis

The statistical analysis and plotting of rheological and textural
analysis data were performed in MATLAB R2023b. For all replicates, the
mean and standard deviation were calculated. For the viscosity flow
curve, Carreau-Yasuda data fitting was performed in the software
Rheoplus/32, version V3.40. The plotting of TD-NMR relaxation peaks,
the integration, and statistical analysis were performed in OriginPro
2023. To determine statistical significance, one-way ANOVA was per-
formed followed by Tukey’s test using a significance level of a = 0.05
was performed, and the flow points and zero shear viscosities were log-
transformed (base-10) before the statistical analysis.

3. Results and discussion
3.1. Effect of concentration of PPI and PPC

3.1.1. Rheological properties

The rheological results of PPC at 10, 20, and 30 wt.% and PPI at 10
wt.%, with and without heating, can be found in Supplementary A in
Fig. A.1. As shown by their low viscosities, these samples were very
fluid and unable to support their own weight in the syringe and flowing
without applying any force. This behavior indicates insufficient inter-
molecular interactions or network formation at these concentrations,
which are critical for maintaining shape fidelity during extrusion-based
3D printing. As a result, these formulations were deemed unsuitable for
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printing and were not included in further analyses.

The shear stress amplitude sweep is an effective tool for determining
the flow points of viscoelastic materials, providing insight into their
supportability and buildability as 3D printing inks (Liu et al., 2018;
Maldonado-Rosas et al., 2022). The flow points of PPI20, PPC40, and
PPC50 were relatively low at approximately 60 Pa and 40 Pa, respec-
tively. In contrast, PPI30 exhibited a significantly higher flow point of
around 4500 Pa (see Fig. B.1 and Table B.1 in Supplementary B), sug-
gesting significantly greater resistance to deformation under stress. This
implies that PPI30 possesses superior buildability and is more capable of
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supporting successive printed layers without collapsing. The large in-
crease in flow point from PPI20 to PPI30 indicates a threshold concen-
tration at which a continuous protein network begins to form, leading to
a dramatic enhancement in mechanical strength. In contrast, the limited
increase in flow point with increasing PPC concentration suggests that
PPC does not form an effective network structure within the tested
range, which is essential for improving viscosity and structural integrity
(Ainis et al., 2023). Notably, PPI30 also exhibited much higher storage
(G" and loss (G") moduli compared to the other samples (see Fig. 1a),
indicating a stronger and more elastic network, despite having a higher
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Fig. 1. Rheological properties, effect of concentrations: (a,b) oscillatory amplitude sweep, (c,d) viscosity flow curve, (e,f) frequency sweep, (g,h) three interval
thixotropy test during low (0.05 %) and high (10 %) shear strain. Pea protein concentrate, PPC40 and PPC50 at 40 and 50 wt.% respectively, and pea protein isolate,
PPI20 and PPI30 at 20 and 30 wt.% respectively without preheating (a,c,e,g) and with preheating (b,d,f,h) at 60°C before filling the cartridge.
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water content than PPC50. This highlights the role of protein concen-
tration and structure-forming ability in determining rheological prop-
erties relevant to 3D printing performance. PPI30 showed a slight
increase in flow point and G' and G" with preheating (see Fig. 1b). This
suggests that thermal treatment promotes partial protein unfolding,
enhancing intermolecular interactions such as hydrogen bonding or
hydrophobic associations, which contribute to network strengthening.
This is in alignment with what Chen et al. (2022) found-that heating of
soy protein isolate to some extent increased the flow point, and that the
heating also improved the stability of the 3D printed object.

Shear-thinning behavior is desirable in extrusion-based 3D printing,
as the material should stay in the cartridge when no force is applied,
indicated by their zero shear viscosity, start to flow once pressure is
applied and lastly be stable once it is at rest after being printed (Tan
et al.,, 2018; Zhang et al., 2015). The viscosity flow curve can also
indicate how strong the shear-thinning property of a material is (Zhang
et al., 2015). All samples exhibited shear thinning behavior, as seen in
Fig. 1c and Fig. 1d. Among the samples, PPI30 showed the strongest
shear thinning behavior as it had the steepest descent of the curve. It also
had a significantly higher zero shear viscosity (about 170 kPa-S)
compared to the other samples which were about 3.6, 3.8, and 0.27
kPa-S for PPI20, PPC50 and PPC40, respectively. This suggests that
PPI30 forms a more robust internal network capable of resisting flow at
low shear, which is beneficial for maintaining shape fidelity during
printing. Preheating increased the viscosity of PPC samples regardless of
protein concentration, with zero shear viscosity increasing significantly
to approximately 7.9 and 10 kPa-s for PPC40 and PPC50, respectively
(Table A.1 in Supplementary A). In contrast, the effect of preheating on
PPI was less pronounced, increasing the zero shear viscosity insignifi-
cantly to about 190 kPa-s for PPI30 and 4.1 kPa-s for PPI20. This in-
dicates that PPC is more responsive to thermal treatment, likely due to
increased molecular mobility or partial denaturation that facilitates new
interactions during heating which can be attributed to PPCs lower purity
and more complex composition. Unlike PPL, which is highly purified and
predominantly composed of protein, PPC contains residual non-protein
components such as fibers, starches, and other soluble polysaccharides.
Upon heating, these components can undergo thermal swelling, gelati-
nization (in the case of starch), and interactions with proteins,
contributing to increased viscosity and network formation. Starch, in
particular, can gelatinize and entrap water, while fibers may physically
entangle with proteins or form particulate networks, both of which
enhance the bulk viscoelasticity. As a result, preheating may have a
greater impact on the rheological behavior and printability of PPC for-
mulations compared to PPIL.

PPI30 had a constantly higher G' than G" in the frequency sweep (see
Fig. le), indicating solid-like behavior (Joyner, 2019) and a stable gel
network. Preheating at 60°C had minimal impact on this viscoelastic
profile (Fig. 1f), suggesting that PPI30’s network is already
well-established at room temperature and not significantly altered by
mild thermal treatment. This aligns with the previous amplitude sweep
results showing a high flow point and with the strong shear-thinning and
zero shear viscosity observed in PPI30, all pointing toward a robust,
concentration-dependent protein network that supports shape fidelity
under shear and post-printing. For PPC50, G' was also constantly higher
than G", although both changed notably with the frequency, implying
that it had a soft gel structure. The preheating of PPC50 resulted in an
increased gap between the G' and G", and both decreased at lower
angular frequencies, indicating thermal enhancement of gel strength but
also some relaxation behavior typical of soft gels (Joyner, 2019). These
results are consistent with the shear tests, where PPC showed a notable
increase in zero shear viscosity after heating, likely due to starch gela-
tinization and polysaccharide-protein interactions. PPI20 and PPC40
had a crossover between the G' and G", indicating lower viscoelasticity
and, therefore, having more liquid-like properties. This behavior can
predict poor printability and buildability, as softer, less elastic pastes
cannot maintain shape integrity during extrusion and post-printing.
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The 3-Interval Thixotropy Test (3ITT) further highlights the differ-
ences in structural integrity and recovery behavior among the samples.
As shown in Fig. 1g and Fig. 1h, PPI30 and its preheated counterpart
(PPI30h) exhibited substantially higher complex viscosities than the
other samples throughout the test, indicating a more cohesive and
resilient internal network. This observation is consistent with previous
findings from the amplitude and frequency sweeps, where PPI30 dis-
played high flow point, low frequency dependence, and solid-like
viscoelastic behavior, all of which are desirable for extrusion-based 3D
printing. In contrast, PPC50 showed a greater drop in complex viscosity
during the high-shear interval compared to PPI20, and also demon-
strated poorer recovery during the final resting period. This suggests
that PPC50 is more susceptible to structural breakdown under shear and
has a slower or incomplete rebuilding of its network after deformation. A
rapid and sufficient recovery is essential for supporting the next printed
layer during additive manufacturing (Liu et al., 2019), and these results
point to a potential limitation of PPC in terms of post-extrusion sup-
portability. This indicates that during printing, PPC might not recover as
well after being subjected to a force. For the 3ITT, the shear strain in the
first and last interval should be within the LVE region, and in the second
interval, it should be outside of the LVE region (Toker et al., 2015). The
strain of 0.05 % which was used in the low strain regions in the 3ITT was
within the LVE region for all samples, including the preheated ones. The
higher strain of 10 % in the 3ITT was, however, not clearly outside of the
LVE region for PPI30 and PPI30h. This might mean that the internal
breakage might not be as high for PPI30 during extrusion. Interestingly,
after preheating, PPI20h and PPC40h initially showed similar complex
viscosities. Yet, PPC40h experienced a sharper viscosity drop under high
strain and recovered less during the final interval. One possible expla-
nation is that the applied strain exceeded the LVE region more signifi-
cantly for PPC40h than for PPI20h, resulting in more extensive internal
network breakdown. Regardless of the specific mechanism, the lower
recovery of PPC40h underlines its limited ability to restore structure
post-shear, which would negatively impact print quality and layer
stability.

In general, PPI exhibited stronger gel-like and solid-like properties
than PPC, which is particularly seen in the behavior of PPI30, which
despite its lower dry matter content had a significantly higher flow point
(4500 Pa) compared to PPC50 (around 40 Pa). This indicates that PPI-
based pastes can withstand a greater force before flowing, contrib-
uting to which could contribute to greater supportability and build-
ability for 3D printing applications (Liu et al., 2019). Additionally,
PPI30 demonstrated a more pronounced shear-thinning behavior than
the PPC samples, which could help in achieving smooth printing and
during extrusion, and a higher zero shear viscosity which could result in
greater stability post-printing. The G' and G" values indicated more
solid-like behavior for PPI, especially at 30 wt.%, compared to PPC even
at a very high concentration (50 wt.%). Frequency sweep tests showed
that while PPC still exhibited a weak gel structure, it had higher fre-
quency dependence and a softer, more deformable consistency than PPI,
indicating less robust network formation. This was also reflected in 3ITT
recovery behavior, where PPC exhibited lower structural recovery after
shearing, suggesting limitations in its ability to maintain shape in
layer-by-layer deposition.

Overall, the inferior performance of PPC could not be compensated
for by simply increasing concentration, suggesting that differences in
rheological performance are not solely a function of dry matter or pro-
tein content. Instead, they are strongly influenced by the presence of
non-protein components in PPC—such as starch and fiber—which likely
interfere with protein-protein interactions and the formation of a
cohesive viscoelastic network. Preheating partially improved the
viscoelastic and recovery properties of PPC, likely due to enhanced
protein unfolding and interaction potential, but it did not close the gap
compared to PPL
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3.1.2. 3D printability of PPI and PPC without and with preheating

The visual appearance of the 3D printed squares of PPC and PPI
without and with preheating can be seen in Fig. 2. The only printable
sample of PPC was PPC50, which still had low self-supportability and
buildability. Both PPI20 and PPI30 were extrudable, although PPI30
was the only printed object from the tested concentrations which
retained the designed shape and had a good buildability, although it still
had some hanging and cracked lines. The preheating of PPI at 60 C
before filling the cartridge only affected the 3D printability marginally.
Previously, Chen et al. (2022) have demonstrated that heating to some
extent can improve the stability of printed soy protein isolate. However,
PPI30 appeared to have a slightly worse printing resolution after the
preheating, with more hanging and cracked lines. The difference might
be that PPI30 had a stronger structure from the start compared to the soy
protein isolate in the study of Chen et al. (2022), meaning that there was
little room to improve while PPI20 was very loose. The effect of heating
on PPI might therefore have been better seen in an object with a con-
centration between 20 and 30 wt.%. Preheating had a stronger effect on
the printability of PPC, where it slightly increased the buildability of
PPC50 and improved the resolution as seen by the clearly distinguish-
able lines, although it still had low self-supportability and did not
respond properly to the retraction of the piston resulting in a loop. This
slightly improved 3D printability of PPC50 by heating might partially be
explained by the increase in zero shear viscosity caused by heating, as
well as the increased flow point, and partially by the more gel-like
behavior that was seen in the frequency sweep. The heat treatment of
PPC40 resulted in it being extrudable although it had poor buildability
and standability. PPC40h and PPI20h showed similar, poor printability
although PPC40h flowed out more, which could be due to PPI20h
recovering better after being printed, as seen in the 3ITT (see Fig. 1h).

Both PPI30 and PPC50 had relatively high protein content, compa-
rable to meat which contains around 20-21 % protein (Coultate, 2016),
which is ideal when creating a meat analogue. In this study, PPI at 20 wt.
% had poor printability with no buildability. Previously, Ainis et al.
(2023) were able to print pea protein isolate (Nutralys® F85M) at 19
and 21 wt.% with water and a pH 7.0 buffer (50 mM MOPS,
3-(N-morpholino)-propanesulfonic acid). The pH of PPI20 was
measured to 7.4, which unlikely explains the entire difference in
printability. Therefore, the discrepancy in printability remains unex-
plained, although it might be due to several factors such as batch effects
and storing conditions.

Connecting the printability of the protein ingredients to their

Without Preheating
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rheology, PPI30 had a high zero shear viscosity in the flow curve and a
gel-like structure in the frequency sweep. This might mean that a zero
shear viscosity of somewhere around the magnitude of 100 kPa-s, such
as the one PPI30, is necessary for 3D printing of pea protein-based inks.
Despite having similar protein concentrations (about 24.3 and 25.4 %
protein, respectively), PPI30 and PPC50 had markedly different rheo-
logical properties and printability, with PPI30 having good printability
and PPC50 having poor buildability. The difference in 3D printability
and rheological properties of PPC and PPI could be related to the higher
level of non-protein components in PPC such as starch, fibers, and sugars
possibly interfering with the protein-protein interactions and structure
formation. Venkatachalam et al. (2023) found that a larger addition of
fiber to a formula consisting of different amounts of protein, starch, and
fibers resulted in both a lower flow point and a lower necessary force to
extrude the material. The difference in protein network could also be
attributed to the state of the proteins, since commercial protein isolates
tend to be denatured while the concentrate has more native proteins
(Dumoulin et al., 2021). It has previously been shown that gel-forming
ability and rheological properties of PPI improved by an increase in
protein denaturation induced by using high pH and temperature during
the protein isolation (Sajib et al, 2023).

The zero shear viscosity and flow point alone might however not be
completely indicative of the printing performance. Rather it is likely,
that a combination of rheological properties such as zero shear viscosity,
viscoelasticity and the flow point describes the printability. One
example of this is that despite its poor printability, PPC50h performed
slightly better in buildability and supportability than PPI20h. Previ-
ously, the supportability has been linked to a higher flow point
(Maldonado-Rosas et al., 2022). However, the flow points of PPI20h and
PPC50h were close and insignificantly different (around 100 and 80 Pa,
respectively, see Table B.1 in supplementary B), and the difference in
printability can therefore not be explained by the flow point. PPC50h’s
better buildability might, however, be explained by the difference in
zero shear viscosity between the samples (PPC50h around 10 kPa-s and
PPI20h around 4 kPa-s) and that PPC50h showed a higher viscoelasticity
in the frequency sweep. An example of that the zero shear viscosity
might not be completely indicative of the printability is that a PPC40h
flowed out more compared to PPI20h although PPC40h had an insig-
nificantly higher zero shear viscosity (about 8 kPa-s compared to 4 kPa-s
for PPI20h). The rheological properties of PPC40h and PPI20h were
otherwise similar, with the main difference that PPC40h had a lower
recovery in the 3ITT. This difference in recovery might account for why

With Preheating

PPC50 PPI120 PPI30

PPC40h

PPC50h PPI20h PPI30h

Fig. 2. Effect of concentration on 3D printed square: The 3D printed square of pea protein isolate at concentrations of 20 and 30 wt.% (PPI20 and PPI30,
respectively) and pea protein concentrate at 40 and 50 wt.% (PPC40 and PPC50, respectively) from different angles without and with (indicated with an h) pre-
heating at 60 C. PPC40 without preheating was not printable, and is therefore not shown.
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PPI20h flows out less than PPC40h after being printed (see Fig. 2b).
An explanation for why PPC responded more to heating than PPI
could be that the protein in PPI is likely to be more denatured, as it has
been reported that commercial protein isolates tend to undergo harsh
treatments resulting in denaturation (Burger et al., 2022), while proteins
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from concentrates are in a more native state (Dumoulin et al., 2021).
PPC would then be more affected by the heat treatment since they would
be able to undergo denaturing, while little would happen with PPI.
Another explanation could be that during the wet-fractionation extrac-
tion of pea protein isolates, there is usually a loss of water-soluble
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Fig. 3. Rheological properties, effect of hydrocolloid addition: (a,b) oscillatory amplitude sweep, (b,f) viscosity flow curve, (c,d) frequency sweep, and (d,h) three
interval thixotropy test during low (0.05 %) and high (10 %) shear strain for (a,c,e,g) pea protein concentrate at 40 wt.%, and (b,d,f,h) pea protein isolate at 20 wt.%
with pectin (Pec), carrageenan (Carr), or xanthan gum (Xan), at 1.5 wt.% For Pec + heat, the sample was heated at 60°C on the rheometer.
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albumin proteins that to a larger extent consist of sulfur containing
amino acids (Jiménez-Munoz et al., 2021), while the albumins would
not be removed in the concentrate (Jiménez-Munoz et al., 2021). The
sulfur-containing albumins in PPC can then form disulfide bonds and
thereby form a more viscoelastic paste, while this would happen to a
lesser extent in PPI. One last explanation is that the fibers and poly-
saccharides remaining in PPC could act as thickening or gelling agents
during the heating, leading to a thicker paste.

Overall, the behavior of PPC and PPI as 3D printing inks was
remarkably different. At the tested concentrations, PPC generally
exhibited poor printability, while PPI at 30 wt.% demonstrated prom-
ising printability and retained its intended shape with good buildability,
although PPI at 20 wt.% struggled to support itself adequately. Heat
treatment notably enhanced the rheological properties of PPC, but it still
fell short in terms of printability, with PPC50h showing limited self-
supportability. For PPI30, preheating only had a slight effect on the
printing resolution, resulting in minor issues such as line hanging and
breaking. To further explore the printability improvements for PPI and
PPC, three hydrocolloids (pectin, xanthan gum, and carrageenan) were
tested in combination with PPI at 30 wt.% and PPC at 40 wt.%.

3.2. Effect of hydrocolloids

3.2.1. Rheological properties

As seen in the amplitude sweep in Fig. 3a, the addition of pectin to
PPCA40 resulted in a larger increase in G' and G" compared to xanthan
gum and carrageenan. This trend was also seen in the flow points where
PPC40Pec had a significantly higher flow point of about 0.60 kPa
compared to PPC40Xan and PPC40Carr with flow points of around 0.15
and 0.03 Pa, respectively (see Table B.1 in supplementary B). Compar-
atively, the G' and G" of the PPI samples as well as their flow points,
between 2.01 to 5.55 kPa, were still substantially and significantly
higher than all PPC samples (Fig. 1b). This indicates that PPC would not
have as good layer supportability as PPI even with the addition of hy-
drocolloids at the tested concentration. The heating of PPI30Pec on the
rheometer resulted in a decrease, although insignificant, in flow point
from 2.8 to 1.4 kPa while the decrease in flow point of PPC40Pec was
slight (from 0.60 to 0.52 kPa). As the flow point has been suggested to
indicate the force necessary to extrude the material (Liu et al., 2018;
Maldonado-Rosas et al., 2022; Venkatachalam et al., 2023), the decrease
in flow point of PPI would mean that a smaller force would be needed to
extrude PPI when applying heat. Furthermore, the heating of PPC40Pec
at 60°C on the rheometer resulted in increased G' and G", reaching close
to PPI30PecH.

All samples containing hydrocolloids showed shear-thinning
behavior, in the same way as pure PPI and PPC samples (Fig. 3c and
Fig. 3d). Out of the PPI samples with hydrocolloids, xanthan gum
resulted in the steepest slope in the viscosity flow curve, indicating
stronger shear-thinning behavior and PPI30Xan also had a lower vis-
cosity than PPI30. It has previously been seen that the addition of
xanthan gum at lower concentrations than what was used in this study
can increase the viscosity and improve the stability of the 3D printed
object (Liu et al., 2023; Pan et al., 2022), but a too high concentration
might have achieve this effect, which is supported by the findings of Liu
et al. (2023). The addition of pectin and xanthan gum to PPC at 40 %
increased its zero shear viscosity which was expected since these are
used as thickening agents (Coultate, 2016). However, carrageenan did
not increase the viscosity of PPC40 but increased the viscosity of PPI130.
The addition of pectin to PPC40 increased the viscosity by about 250
times that of PPC40, which indicates that pectin can be an effective
thickener used for PPC. The heating of PPC40Pec resulted in a signifi-
cant further, increase of the zero shear viscosity from 69 to 130 kPa-s
(see Table B.1 supplementary B), while it did not affect the zero shear
viscosity of PPI30Pec remarkably. This follows the trend of PPC being
more heat affected than PPI.

In the frequency sweep, all samples had gel-like behavior as there
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were no crossovers between G' and G" (Fig. 3e and Fig. 3f). However, for
PPC40Xan, PPC40Carr and PPC40Pec, G' and G" had a stronger de-
pendency and more pronounced slopes at higher frequency, indicating
that they had softer gel-like structure. PPC40Pec had a larger gap be-
tween G' and G", indicating higher viscoelasticity. For the PPI samples,
G' and G" were relatively unaffected by the frequency, indicating stable
gel-like behavior. Adding carrageenan to PPI increased G' and G" in the
frequency sweep, indicating a stronger gel formation. The heating of
both PPI30Pec and PPC40Pec increased their viscoelasticity. Kim et al.
(2021) has previously shown that their banana-pea protein printing
ink with the lowest supportability in 3D printing had a G' between 2 to
10 kPa for frequencies between 0.1 and 100 rad/s (Kim et al., 2021).
This can be compared to PPC40Carr and PPC40Xan, which had G'
ranging from 0.2 to 1 kPa and 0.5 to 1.7 kPa, respectively which is
substantially lower and would, based on their frequency sweep, likely
have a poor printability. Meanwhile, PPC40Pec had G' around 4.6 to 7.3
kPa for 0.1 to 100 rad/s, which is closer to what Kim et al. (2021) had for
their printing inks and might be suitable for printing. The PPI samples
had comparatively much higher G', PPI30Carr ranging between 16 to 36
kPa, PPI30Xan 9 to 20.5 kPa, and PPI30Pec had 10 to 28 kPa in the
frequency range of 0.1 to 100 rad/s. It has previously been suggested
that a stable 3D printed object can be linked to a higher flow point, and
to a higher G' (Chen et al., 2022; Liu et al., 2018). Based on that, all
PPC40 samples with added hydrocolloids are expected to have better
printability than PPC40 alone.

In the 3ITT (Fig. 3g and Fig. 3h), the addition of xanthan gum to
PPI30 resulted in a quicker recovery from the higher shear rate. Xanthan
gum has junction zones that can be easily and reversely broken
(Coultate, 2016) which makes it prone to shear thinning, which might
explain why the two mixtures containing xanthan gum recovered
quickly in the 3ITT.

Neither PPC40Pec nor PPC40Carr recovered quickly after the high-
strain period, while PPC40Xan recovered slightly quicker. For the
samples heated on the rheometer, PPC40PecH and PPI30PecH, the
complex viscosity increased in the 3ITT after the high strain period,
during the cooling phase, although the complex viscosity increased more
for PPC40PecH than PPI30PecH (see Fig. 3h). This indicates that
PPC40Pec has a stronger gelling capacity than PPI30Pec.

All in all, pectin had the strongest impact on the rheological prop-
erties of the pea proteins, particularly in PPC formulations. In PPC40Pec,
it is possible that pectin reinforces the paste since pectin likely can
interact with pea protein (Zhang et al., 2022). Pectin significantly
increased G' and G" and the flow point of PPC40, enhancing its visco-
elasticity and gel-like structure more effectively than xanthan gum or
carrageenan. Heating further strengthened PPC40Pec’s properties,
nearly matching those of PPI30PecH. In PPI formulations, carrageenan
increased the gel strength, while xanthan gum intensified shear-thinning
behavior and improved recovery from high shear. This suggests that
hydrocolloids, particularly pectin, improve PPC’s printability and sup-
portability, although PPI remains superior in buildability and structural
stability.

3.2.2. Tack-adhesion test

The tack-adhesion test offers valuable insights into the interlayer
bonding potential of printed formulations, which is a critical determi-
nant of 3D printing success in food systems. The peak force observed
during separation reflects the maximum adhesive strength, while the
distance at separation can indicate the extent of adhesive stretchability
or ductility before failure (Kim et al., 2021). In this study, PPC40 alone
exhibited minimal adhesion, pointing to its insufficient surface sticki-
ness and/or surface hydration under the testing conditions. Interest-
ingly, all hydrocolloids significantly enhanced the peak force required to
separate PPC-based samples (Fig. 4a), suggesting improved adhesive
interaction, likely mediated by the formation of a viscoelastic interfacial
layer that bridges the printed layers more effectively. PPC40Pec
exhibited the highest adhesive force, consistent with pectin’s ability to
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Fig. 4. Tack-adhesion test, effect of hydrocolloid addition: (a) the pictures of the separation, (b) the peak force, and (c) the length at separation of pea protein
concentrate at 40 wt.% (PPC40) and pea protein isolate at 30 wt.% (PPI30) without and with 1.5 wt.% of pectin (Pec), carrageenan (Carr), and Xanthan gum (Xan)
subjected to tack-adhesion test. Different letters indicate a statistical significance at « =0.05. The peak force and length at separation could not be measured for PPI30

and PPI30Carr.

form soft, sticky gels with high tackiness when interacting with proteins
through hydrogen bonding and electrostatic interactions (Turgeon et al.,
2007).

In contrast, PPI30 and PPI30Carr did not adhere at all during the tack
test. These samples likely formed firm, elastic gel networks with high
internal cohesiveness and minimal surface mobility, in line with their
frequency sweep data suggesting gel-like behavior. Strong internal
gelation can restrict surface flow and plasticity, both of which are
essential for adhesion in layered printing contexts (Lucey & Singh,
1997). Upon addition of pectin or xanthan gum to PPI30, measurable
adhesion was restored. These hydrocolloids may have disrupted the
rigid protein gel matrix as seen in the CLSM micrographs of the gels (see
Fig. 7), increasing surface softness and adhesiveness, as seen in other
studies involving hydrocolloid-induced modulation of protein gel in-
terfaces (Zhang et al., 2022). The higher tack force observed for
PPI30Pec and PPI30Xan, coupled with their abrupt breakage behavior,
suggests strong but brittle adhesive contacts, possibly due to
phase-separated structures or limited energy dissipation at the interface.

These results demonstrate that the impact of pea protein fraction-
ation method and hydrocolloids addition to them on tack-adhesion

behavior is both protein- and hydrocolloid-dependent, with pectin
notably enhancing adhesion in both PPC and PPI systems, although
through different mechanisms, by increasing peak separation force in
PPC and by reducing gel cohesiveness in PPI, enabling probe adherence.
Such distinct responses underscore the importance of tailoring hydro-
colloid selection based on the protein matrix to optimize layer adhesion
and structural integrity in 3D printed foods

3.2.3. 3D printability as a square

The addition of xanthan gum to PPI30 resulted in a printed object
with a higher resolution with clearly distinguishable, uncracked lines
(see Fig. 5). However, the addition of xanthan gum to PPI30 also made
the printed object softer as well as reduced the retraction response, as
seen at the start and stop point in the upper right corner of the printed
square from the top where there was a larger excess of printing material.
Pectin also slightly improved the resolution of PPI30, while the addition
of carrageenan to PPI30 resulted in lower printability in terms of reso-
lution - it exhibited substantial cracking as well as hanging of the lines.
This suggests that the more rigid gel structure carrageenan introduced in
PPI may lack the flexibility needed for smooth, cohesive layer formation
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Fig. 5. 3D printed square, effect of hydrocolloids: the printed squares of pea protein isolate (PPI) at 30 wt.%, and pea protein concentrate (PPC) at 40 wt.% mixed

with hydrocolloids at 1.5 wt.% without and with preheating at 60°C.

during printing.

The addition of pectin to PPC40 enabled the printing of a self-
supporting and high-resolution 3D object. However, PPC40Pec did not
respond to the retraction of the piston completely which resulted in an
excess of material at the start and stop locations. Preheating improved
the resolution of PPC40Pec while it reduced the resolution of PPI30Pec
slightly. Also, PPC40PecH responded quicker to the retraction of the
piston than PPC40Pec, which is seen by the reduced amount of excess
material at the start and end position of the square, marked in red (see
Fig. 5), indicating a reduction by the preheating at 60 C.

The addition of xanthan gum and carrageenan improved the print-
ability of PPC slightly, but the printed objects still did not have good self-
supportability. PPC40Carr had a zero shear viscosity (~2.7 kPa-s) close
to the one of PPC50 (3.8 kPa-s) and they were similar in terms of
printability. For future reference, a zero shear viscosity of that size could
be an indicator of a too loose material for stable 3D printing. In com-
parison, PPC40Pec had a good printability and a zero shear viscosity of
about 69 kPa-s whereas PPI30Xan, the softest of the PPI samples, had a
zero shear viscosity of about 75 kPa-s. PPI30Carr had the highest zero
shear viscosity of around 310 kPa:s, and it also had a poor printing
resolution, indicating that this might be a too high zero shear viscosity
for 3D printing at these conditions.

Connecting it to the tack-adhesion test, Kim et al. (2021) have pre-
viously speculated that the length at which the material breaks in the
tack-adhesion test can be connected to the resolution of the printed
object of the material, where a shorter length of break gives a higher
resolution since the tailing effect is minimized when the material re-
sponds quickly to the retraction (Kim et al., 2021). PPC40Carr and
PPC40Xan had the longest lengths at separation, and for PPC40Xan it is
clearly visible by the trailing material that it does not respond to the
piston retraction properly, and there is excess material at the start/ end
position in PPC40Carr.

PPI30Carr had no adhesion to the probe, and in the square, it is
possible to see that there is substantial hanging of lines, and there is a
poor adhesion at the start and stop position (marked in red), resulting in
a gap. It was also possible to see some hanging of lines in PPI30 without
hydrocolloids. But with the addition of pectin and xanthan gum, the
material could adhere to the probe, and there is substantial reduction in
hanging of lines in the printing. Taken together, perhaps a too short or a
non-existing break due to too high cohesiveness and lack of adhesiveness
might result in the opposite issue, where the material can’t adhere to the
layer causing the layers to slip off. There should therefore be an optimal
balance for a material where it is adhesive enough to stick to each layer,
while being cohesive enough to respond quickly to the retraction of the
piston and thereby avoiding tailing issues.

10

3.2.4. Characterization of the printed object after post-processing

The 3D printed cubes did not change substantially in appearance
after the mild steaming. PPI30Carr had a lower printing resolution than
PPI30, while PPI30Xan had a higher printing resolution than PPI30, as
can be seen in Fig. 6a. PPC40Carr leaked through the metal grid and was
therefore not steamed.

In the 3D printed cubes, it was also possible to see the same pattern
where the heating in the cartridge appears to have improved the
printability of the concentrate but not have affected the isolate much.
Most of the samples had better printability when printed as a cube than
as a printed square. This was probably due to the samples having more
stability and support in the printed cube than in the printed square
where each layer has less support. In this way, the square was a more
complex object and might give a better insight into which material is the
best for complex structures. However, in a meat analogue, it is likely that
the structure will be more like the cube than the square.

Since PPC40Carr was not steamed, there was no texture analysis
performed. The steamed object of PPI30Carr had the highest maximum
force (i.e., firmness) recorded if all samples, see Fig. 6b, which is in
alignment with that Cai et al. (2021) found that k-carrageenan together
with pea protein can create firm gels. Meanwhile, PPI30 containing
xanthan gums had the lowest maximum forces. This suggests that xan-
than gum alone would not be optimal to add to these protein samples if a
firmer end-product is desired. Pectin had the opposite effect on PPI
compared to PPC, where it decreased the firmness of the cubes of PPI
and increased it for PPC. For PP, both pectin and xanthan gum resulted
in decreased firmness, although they improved the printing resolution,
while carrageenan increased it but had a decreased resolution. This
would mean that there would be a trade-off for certain hydrocolloidal
additives as they might increase the resolution but then also decrease the
hardness, whereas adding a hydrocolloid such as carrageenan to make it
harder would reduce the printing resolution. That carrageenan increases
the hardness of the steamed object is in alignment with the results of
Bartkuviené et al. (2024), where the gel strength increased with carra-
geenan content. This is likely due to variations in protein composition
and interactions in PPI and PPC. In PPI, where proteins are typically
denatured and more readily form a cohesive gel (Dumoulin et al., 2021;
Burger et al., 2022), the addition of pectin might disrupt the already
existing protein-protein network (Yang et al., 2021), softening the
overall structure and thus reducing firmness which is further supported
by the CLSM micrographs (see Fig. 7). In PPC, however, which contains
more native proteins and non-protein components like fibers and starch,
pectin could enhance network formation by increasing cohesion among
these diverse components, through for example protein-pectin in-
teractions (Zhang et al.,, 2022). This leads to a denser, more rigid
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Fig. 6. Effect of hydrocolloids and post-processing on the 3D printed cube: (a) The 3D printed cube before and after a steaming treatment, (b) the maximum force at
30% single-cycle tensile compression of the post-processed cube, for pea protein isolate at 30 wt.% (PPI30), and pea protein concentrate at 40 wt.% (PPC40), mixed
with the hydrocolloids carrageenan (Carr), xanthan gum (Xan), or pectin (Pec). The samples that were preheated in the cartridge at 60 C are indicated with an H.

Different letters indicate a statistical significance at a =0.05.

structure, which accounts for the increased firmness in PPC cubes.
Consequently, pectin’s effect appears to depend on the composition and
the protein state of each matrix, highlighting its role in either softening
or strengthening gel structures.

The differing effects of pectin, xanthan gum, and carrageenan on the
maximum force of PPI could be explained by their molecular structures
and specific interactions with pea proteins. It has been suggested that
pectin, and xanthan gum interact with proteins through hydrogen-,
electrostatic-, and hydrophobic interactions (He et al., 2021; D. Zhang
et al., 2022; Xie et al., 2024; Liu et al., 2023). The incorporation of
pectin in pea protein isolate gels has previously been shown to improve
the stability of the gels (Zhang et al., 2022). That the incorporation of
pectin in PPI resulted in a less firm gel is unexpected, although this could
either be attributed to that a too high hydrocolloid content was used,
inducing a microphase separation and formation of a two-phase
nonhomogeneous structure as shown in the CLSM micrographs (see
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Fig. 7). For example, He et al. (2021) found that in ginkgo seed
protein-pectin gels, high methoxyl pectin had a larger decrease in gel
strength at higher concentrations compared to low methoxylated pectin.
The pectin used in this study was high methoxyl pectin, which means
that it typically forms a stronger gel in a solution high in sugar and low
in pH (Yang et al., 2022). Likely, none of those conditions were present
in the PPI samples, which might explain the lack of gelation. Further-
more, preheating had no significant effect on the maximum force in the
compression test. For xanthan gum, Liu et al. (2023) have previously
seen that a high concentration of xanthan gum can lead to a reduced gel
strength. They suggested that a two-phase system was forming at high
concentrations of xanthan gum with resulting protein globules due to
the repulsive forces between the negatively charged xanthan gum and
proteins at pH 7 (Liu et al., 2023). This might explain the decrease in
max force of the PPI30Xan gel and would mean that the concentration of
each polysaccharide as well as pH would need to be optimized to get the
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Fig. 7. Microstructure of gels, effect of hydrocolloids: the microstructure of gels with pea protein concentrate at 40 wt.% (PPC40) and pea protein isolate at 30 wt.%
(PPI30) and in the presence of carrageenan, xanthan gum, and pectin at 1.5 wt.%. The red regions are proteins, and the green regions are fibers. Scalebars 20 um.

desired consistency. Furthermore, it is possible that the different hy-
drocolloids could complement each other, for example, using carra-
geenan to gain stability and xanthan gum to improve the resolution of
the printed object. It should also be noted that xanthan gum primarily
acts as a thickener and rheology modifier rather than as an independent
gelling agent. Future studies could therefore explore combinations of
xanthan gum with gelling hydrocolloids, such as carrageenan or pectin,
to simultaneously optimize printability and the texture of the final
printed products.

3.2.5. Microstructure of gels

The microstructure visualized by the CLSM analysis of the gels can be
seen in Fig. 7. In PPI30, the protein formed a dense structure. The bright
red area represents the protein network, green shows fibers, whereas the
black area reflects the serum phase that lacks protein. In the PPI30
sample containing carrageenan, the proteins formed a continuous phase,
and carrageenan probably also formed a gel structure, resulting in a
biphasic system where both components contribute to stabilize the
structure, but PPI remained as the dominant continuous gel network. Cai
et al. (2021), found that k-carrageenan and pea protein form strong gels
and suggested that this was due to interactions between the hydrophobic
parts of protein aggregates and the carrageenan. This would reinforce
the gel, and could explain why the addition of carrageenan to PPI
resulted in the hardest post-steamed object. In the PPI samples with
xanthan gum and pectin, the proteins formed globular domains that did
not form any network. Instead, the polysaccharide phases formed the
continuous phase, providing support in the structure. Since primarily
xanthan gum, but also to some extent pectin gels, can flow easily upon
applying stress (Coultate, 2016; Kjgniksen et al., 2005; Morris, 2019)
and form weak gels, this could potentially explain the rheological
properties of the printing ink of PPI30Xan and PPI30Pec as well as the
increased tack, which showed a strong shear thinning behavior and a
low firmness. Similar microstructure with micro-phase separation,
resulting in a less homogeneous network and reduced gel hardness has
been previously reported with the content of polysaccharides in protein
systems such as soy and whey exceeds a specific threshold (Qiao et al.,
2024; Qiao et al., 2025; van den Berg et al., 2009) which is in line
with a relatively high concentration of hydrocolloids added in this study.
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The microstructure of all the PPC40 gels appeared very similar, showing
a protein network, although the higher fiber content in the protein
concentrate disrupted the protein network, which could explain their
weaker rheological properties. Also, the proteins in the network appear
grainier than in the PPI30 samples, where the protein phases were
smoother. These micrographs further support that fiber residues likely
disrupted the protein network formation in the PPC samples since the
protein is not seen to have a coherent structure as in PPI. Although the
CLSM micrographs of pectin- and xanthan gum-containing PPC samples
appeared similar, the marked difference in gel firmness suggests dif-
ferences at the molecular interaction level. Pectin could have reinforced
the protein network through electrostatic interactions and network
crosslinking as previously described by Zhang et al. (2022), while xan-
than gum perhaps primarily acted as a weak gel, not contributing to
gelation or structural strength (Liu et al., 2023). All in all, the CLSM
micrographs indicate that the main contributor to the stability of the PPI
gels is the protein network and confirm that the addition of pectin and
xanthan gum disrupted the protein network formation, forming a
weaker structure and resulting in a weaker post-steamed printing object.
This is also very much in alignment with the findings of Liu et al. (2023),
where xanthan gum formed a two-phase system.

3.2.6. Water distribution

In TD-NMR, the T, relaxation time corresponds to the degree of
mobility of protons where a long relaxation time means a high hydrogen
mobility (Xia et al., 2024, Nasrollahzadeh et al., 2022). This can
therefore be used to analyze the water distribution in food items (Chen
et al., 2010). The two dominant proton populations of PPI and PPC were
T2 (~6-82 ms) which represents water immobilized in gel network
(Nasrollahzadeh et al., 2022) and Ty (~80-260 ms) which represents
the more loosely bound or free water (Xia et al., 2024) (Fig. 8). PPC,
which had the weaker steamed printed objects and therefore can be
assumed to have weaker gels, had relatively larger Ty populations
compared to PPI, which had looser bound water. However, the relaxa-
tion time of Ty for all PPC samples was lower than that of PPI, which
could be attributed to the starch and fiber residues in PPC, which could
entrap and immobilize water (Nasrollahzadeh et al., 2023). The addition
of hydrocolloids had minor effect on water distribution for PPC. Pectin
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Fig. 8. Water distribution, effect of hydrocolloids: (a) the transvers relaxation time (T5) distribution, (b) the relative proton population in the peaks, and (c) the peak
relaxation times of the gels made from pea protein concentrate at 40 wt.% (PPC40) and pea protein isolate at 30 wt.% (PPI30) in the presence of carrageenan,
xanthan gum, and pectin at 1.5 wt.%. No normalization to the water content has been done. Different letters indicate a statistical significance at a =0.05.

decreased the relaxation time of Ty; for PPC significantly, suggesting
that pectin contributed to further immobilizing water in the gel. The
addition of the three hydrocolloids to PPI caused broadening of the Ty
peak, showing more heterogeneity in the water populations and
enhancing water immobilization. This could show that water molecules
are experiencing a wider range of microenvironments due to new in-
teractions or more complex gel microstructures formed by the combi-
nation of protein and the polysaccharide which is in line with the CLSM
image of the PPI in the presence of the polysaccharides with dual or
mixed networks compared to PPI alone. It has previously been reported
that addition of polysaccharides to protein matrices enhances hydrogen
bonding between proteins and restricts the mobility of water molecules
(Liu et al., 2018; Wang et al., 2023). PPI30 with carrageenan had the
firmest steamed printed object, and the broadest T»; proton population
distribution, again in line with its very heterogeneous but protein
network dominant microstructure, providing better water entrapment
and texture firmness. However, it seems like neither the relative proton
population nor the relaxation time can be used as sole indicators of the
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firmness of the gel. Rather, the strength of the gels might be attributed to
the molecular properties of the proteins and hydrocolloids. This is
further seen in PPI30Xan, which stood for the weakest steamed object.
The addition of xanthan gum to PPI resulted in a significantly larger
population in Ty;, which means that more water is immobilized by
xanthan gum, potentially implying that xanthan gum has participated
less in interaction with PPI and interacted more with water. As xanthan
gum also forms weak gels, this is probably the reason why the gel
strength decreases despite more immobilization of the water. This is in
line with the results reported by Wang et al. (2023) where addition of
xanthan gum to soy protein isolate resulted in largest area of T21 in its
extrudates compared with alginate and maltodextrin.

4. Conclusions
A side-by-side comparison of PPC and PPI at concentrations ranging

from 10-50 wt.% as 3D printing food materials revealed that PPI ach-
ieved adequate printability at 30 wt.%, whereas PPC was unprintable
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even at 50 wt.%. Limitations in the rheological properties of PPC at
40wt. % were mitigated by the addition of pectin and preheating at 60°C
which very effectively improved PPC's zero shear viscosity and print-
ability, though they had minimal effect on the PPI. The addition of
xanthan gum improved the adhesion and printing resolution of PPI at 30
wt.%, albeit with a significant reduction in uniaxial compression firm-
ness post-steaming. In contrast, carrageenan enhanced PPI's firmness
after steaming but at the cost of reduced print resolution. CLSM analysis
revealed that PPI formed coherent protein networks, especially when
combined with carrageenan, while the addition of xanthan gum or
pectin disrupted network formation, consistent with the weaker textures
of the steamed printed objects. In PPC, the inherent high fiber content
disrupted protein network formation, but pectin likely supported the
structure via electrostatic interactions, despite the microstructure ob-
servations being similar to xanthan gum. These microstructural obser-
vations were mirrored by LF-NMR, where PPI exhibited a narrower Ty
peak, indicating stronger and more uniform gel matrices, but it was
broadened by the hydrocolloids, particularly by carrageenan, indicating
structural heterogeneity and water immobilization. In contrast, PPC
samples had a lower T,; relaxation, immobilizing water with their fi-
bers, where pectin addition further immobilized water. The most
favorable results in terms of print resolution were achieved with PPC at
40 wt.% with pectin and preheating and PPI at 30 wt.% with xanthan
gum. Effective printability was associated with samples exhibiting zero
shear viscosities between 70-200 kPa-s and flow points between 500-
3000 Pa, with a zero shear viscosity around 100 kPa-s appearing
essential for consistent 3D printing performance. Altogether, these
findings suggest that while commercial PPI is inherently better suited for
food 3D printing applications and that hydrocolloids could be added to
tailor its applications, PPC can be made printable with appropriate
modifications, particularly at higher concentrations.
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