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1. Introduction

3D printing is a novel approach for shaping foods, allowing precise 
control over shape, texture, and ingredient distribution, and creating 
customized food products for individuals with personalized nutrition 
needs (Pan et al., 2022). Among the various 3D printing techniques, 
extrusion-based 3D printing is one of the most widely used because of its 
simplicity and broad compatibility with diverse materials (Zhu et al., 
2024). However, the rheological properties of 3D printing ink have 
specific requirements—the ink must exhibit lower viscosity during 
ejection from the 3D printer nozzle and regain higher viscosity after 
extrusion to maintain the shape and provide self-support for the printed 
structure (Sharma et al., 2024). Therefore, the printability of food is 
typically assessed through rheological measurements across three sub
phases: extrusion (flow properties), recovery (thixotropic behavior), and 
regeneration or self-supporting (structural stability), highlighting their 
critical role in successful printing (Derossi et al., 2024).

The 3D printing of hydrogels can face various difficulties. Incorpo
rating oil into a gel system is a way to improve both extrudability and 
self-supporting performance due to its lubricating and filling effects on 
food (Mu et al., 2023). For instance, Zhao et al. (2022) observed that 
incorporating 20–70 % oil into starch hydrogels enhanced gel strength, 
attributing this improvement to the filling of gel pores with oil droplets. 
Several studies (Liu & Ciftci, 2021; Reche et al., 2024) showed that inks 
with a higher oil content produced shapes that more closely resembled 
the desired design, thereby enhancing printability. As a result, 
emulsion-filled gels (EFGs), formed by entrapping dispersed oil droplets 
within a three-dimensional hydrogel network (Dickinson, 2012), have 
attracted significant attention as promising candidates for 3D printing 
inks.

The interactions between oil droplets and the hydrogel matrix have a 
significant impact on the EFG properties and structure (Foegeding et al., 
2017). One of the factors that affects these interactions is the type of 
emulsifier used. Common emulsifiers in food systems include 

low-molecular-weight surfactants (e.g., lecithin, mono- and diglycerides 
of fatty acids) and biopolymers (Carrera Sánchez & Rodríguez Patino, 
2021; Maier et al., 2014). Emulsifiers reduce interfacial tension through 
adsorption at the oil–water interface, enhancing the kinetic stability of 
the emulsions (McClements, 2016, p. 3). Low-molecular-weight surfac
tants adsorb rapidly and strongly to fluid interfaces, resulting in dense 
molecular packing and low surface and interfacial tensions. In contrast, 
biopolymer-based emulsifiers (e.g., proteins) attach to the oil droplet at 
a slower rate and at multiple sites, forming thicker, more structured 
interfacial layers that enhance droplet–matrix interactions via hydrogen 
bonding or steric entanglement (Z. Cai et al., 2023; Carrera Sánchez & 
Rodríguez Patino, 2021). Based on their interaction with the gel matrix, 
emulsion droplets are classified as either active or inactive fillers. 
Inactive fillers have low chemical affinity and minimal interaction with 
the gel matrix, typically reducing gel strength. Conversely, active fillers 
engage with the gel matrix through noncovalent or covalent in
teractions, promoting the formation and stabilization of the gel network 
(Dickinson, 2012; Farjami & Madadlou, 2019).

To date, several attempts have been made to use 3D-print protein- 
based emulgel systems. Herrera-Lavados et al. (2023) successfully pro
duced 3D printed emulsion gels with low oil content (5 %), containing 
up to 10 % bean protein and 1–2.5 % gelatin, demonstrating good 
performance and printability. Similarly, 3D printing ink with good sta
bility and printability was investigated by Yu et al. (2022, 2023), who 
found that, via the addition of a small amount of polysaccharides (up to 
0.5 % of xanthan and guar gums), the 3D printing performance of 6 % 
soy protein emulsion gel inks could be improved. In addition, a study by 
Zhu et al. (2024) found that emulgel systems composed of SPI-PP protein 
(6–12 %) and canola oil (20–80 %) were suitable for 3D printing. EFGs 
with active fillers were obtained at oil volume fracture (ϕ) up to 0.74, 
while high internal phase emulsions were obtained at higher values 
(>0.74 ϕ). Even though these studies achieved good 3D printing pa
rameters, the protein content in the investigated inks was low, which 
makes these systems unfavorable for older adults or people during 
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periods of active growth, such as pregnancy, lactation, and childhood 
(Morgan et al., 2023).

Considering that sufficient protein content should be ensured when 
developing 3D printing inks for personalized nutrition, we attempted to 
compose high-protein content EFGs suitable for 3D printing applica
tions. In this work, pea proteins were chosen as a source of protein for 
their significant advantages, including high digestibility, low allerge
nicity (Y. Wang et al., 2023), and complete amino acid profile, offering 
high levels of lysine and threonine (Shanthakumar et al., 2022). Due to 
the well-known functional limitations of pea proteins, such as weak 
hydrogel formation, a blend of pea proteins with collagen and κ-carra
geenan was used in this study to improve the technofunctional charac
teristics of pea proteins (Kuang et al., 2023). This decision was 
supported by extensive research dedicated to enhancing the gel strength 
of pea protein by mixing them with κ-carrageenan (W. Cai et al., 2021; 
Fu et al., 2023), pectin (D. Zhang, Kobata, et al., 2022; Z. Zhang, Kobata, 
et al., 2022), modified starch (Y. Wang et al., 2023), chitosan (Xu & 
Dumont, 2015), gum arabic (Basyigit, 2023), curdlan (Fu et al., 2023), 
egg white (Kuang et al., 2023), whey (Tarrega et al., 2012; Wong et al., 
2013), or myofibrillar fish proteins (Ye et al., 2024). This study aimed to 
develop high-protein content EFGs with customized rheological and 
structural properties optimized for 3D printing applications. The 
objective of this study was to evaluate how oil droplets stabilized with 
different stabilizers (lecithin or mono- and diglycerides) incorporated 
into a pea protein–collagen–κ-carrageenan hydrogel affect the print
ability, mechanical strength, and stability of high-protein content EFGs. 
The formulated EFGs were thoroughly characterized using rheological 
and microstructural analyses as well as freezing-thawing, heating-cool
ing stability tests, and 3D printability assessments.

2. Materials and methods

2.1. Materials

Canola oil was purchased from a local supermarket. Pea protein and 
collagen (bovine I and III type mixture) isolates containing 80 % and 90 
% protein, respectively, were purchased from My Protein (Manchester, 
UK). κ-Carrageenan was obtained from Sigma-Aldrich (Steinheim, Ger
many). Soy lecithin was generously provided by the Alvas Group 
(Kaunas, Lithuania). Mono- and diglycerides of fatty acids (MDGs) were 
purchased from Puratos (Bijgaarde, Belgium). Potassium chloride and 
other chemicals were purchased from Eurochemicals (Vilnius, LT). All 
chemicals were of analytical grade.

2.2. Sample preparation

First, κ-CAR (0.6 % (w/w)), collagen (12.5 % (w/w)), KCl 0.1 % (w/ 
w) and pea protein 12.5 % (w/w) were hydrated together in distilled 
water for 2 h. The mixture was then heated in a 95 ◦C water bath for 30 
min. To obtain EFGs, the heated mixture was homogenized with 
different heated oil phases: oil without additives (EFG_Oil), oil con
taining 1 % soy lecithin (EFG_Oil/Lecithin), and oil containing 2 % 
mono- and diglycerides of fatty acids (EFG_Oil/MDG). Samples were 
homogenized at 15,000 rpm (T 18 digital ULTRA-TURRAX, IKA, Ger
many) at 95 ◦C for 2 min, with a hydrogel or oil mixing ratio of 80:20. All 
samples contained a final protein content of 20 % (comprising 10 % pea 
protein and 10 % collagen) and an oil content of 20 %. After being 
cooled to room temperature, the gels were stored at 4 ◦C for 24 h before 
further analysis.

2.3. Rheological analysis

Rheological properties were characterized using an MCR92 rheom
eter (Anton Paar, Graz, Austria) with a parallel plate setup (PP25 ge
ometry, 1 mm gap).

The frequency sweep of EFGs was conducted within the linear 

viscoelastic region at 25 ◦C at 1 % strain, while the oscillation frequency 
ranged from 1 to 100 rad/s. A temperature sweep was conducted on 
freshly prepared EFG samples, measuring the storage modulus (G′) and 
loss modulus (G″) as the temperature decreased from 95 ◦C to 25 ◦C. The 
samples were then held at 25 ◦C for 10 min, followed by a second 
heating-cooling cycle (from 25 ◦C to 95 ◦C and back to 25 ◦C) and 
another 10-min hold at 25 ◦C. The strain was set to 1 %, and the heating 
or cooling rate was 5 ◦C/min. Silicon oil and solvent traps were used to 
prevent water evaporation.

The yield stress and thixotropic recovery of EFGs were determined at 
30 ◦C, 35 ◦C, 40 ◦C, and 45 ◦C. Prior to analysis, the samples were heated 
to approximately 60 ◦C to ensure they were in a flowable state. Yield 
stress measurements were carried out in oscillation stress sweep mode at 
1 rad/s in the 1 to 1,000 Pa range. According to Z. Liu et al. (2019), the 
yield stress was determined as a point at which the storage modulus was 
equal to the loss modulus. Thixotropic recovery was measured using 
PP50S geometry to prevent the sample from slipping out of the 
plate-plate system. Samples were subjected to a low shear rate of 1 s− 1 

for 3 min, followed by a high shear rate of 100 s− 1 for 2 min, a 10-min 
rest period, and a final low shear rate of 1 s− 1 for another 3 min. The 
shear recovery of the EFGs was determined by calculating the percent
age of viscosity at the end of the final low shear rate phase relative to the 
viscosity measured after the initial low shear rate phase.

2.4. SEM

The samples were lyophilized with Alpha 1–4 LSC freeze drier 
(Martin Christ, Germany) for 18 h at 1 mbar, with the condenser tem
perature set to − 55 ◦C. Consequently, the oil phase was removed ac
cording to the method described by X. Li et al. (2021) by performing oil 
extraction with petroleum ether, followed by vacuum drying at 50 ◦C. 
The Mira3 XMU A Tescan (Tescan Inc., Czech Republic) brand scanning 
electron microscope (SEM) was used to examine the microstructure of 
the products. Samples were secured to the SEM Al stubs and then coated 
with gold 5 nm thick in a Quorum Q150 model Au sputter coating unit 
(Quorum Tech, GB). The samples were acquired and imaged at a 
working range of 10 mm using a Tescan Mira3 XMU (Czech Republic) at 
10 kV field emission using a back-scattered electron (BSE) detector, and 
representative images were recorded at different magnifications of 
500× and 2,000x.

2.5. Particle size distribution

The particle size distribution of the EFGs was measured using a laser 
diffraction particle size analyzer Mastersizer 2000 (Malvern, Worces
tershire, UK). The refraction indexes for oil and water were 1.47 and 
1.33, respectively.

2.6. Heating-cooling and freezing-thawing stability

Five cycles of EFG heating-cooling stability were evaluated. Samples 
were heated for 30 min in a 95 ◦C water bath and then cooled at room 
temperature for 1 h. The procedure was repeated five times, and after 
each cycle, the visual appearance of the EFGs was evaluated. For 
freezing-thawing stability, samples were exposed to 5 cycles of freezing 
at − 20 ◦C for 24 h and thawing at room temperature for 6 h. After each 
cycle, visual appearance, water-holding capacity (WHC), and oil- 
holding capacity (OHC) were evaluated.

2.7. Water- and oil-holding capacity

The WHC and OHC of the EFGs were assessed by adding 5 g of the 
sample to 15 mL centrifuge tubes and centrifuging at 10,000×g for 20 
min at room temperature (Digtor 21R, Orto Alresa, Greece). The oil and 
water released from the samples were carefully collected with a syringe 
and weighed. WHC and OHC were calculated using the following 
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formula: 

Solvent holding capacity (%)=

(

1 −
w1

w2

)

× 100 (1) 

where w1 is the oil (or water) content (g) released from the sample after 
centrifugation, and w2 is the oil (or water) content (g) in the sample.

2.8. 3D printing

An extrusion-based 3D printer (FOODINI, Natural Machines, Spain) 
was used to evaluate the printability of the EFGs. The printing param
eters selected during pre-testing included a nozzle diameter of 4 mm, 
printing speed of 8,000 mm min− 1, and line thickness of 4.2 mm. Before 
the 3D printing procedure, the EFGs were heated to approximately 60 ◦C 
to achieve a flowable state and then transferred to preheated 100 mL 
capsules (at 30 ◦C, 35 ◦C, 40 ◦C, or 45 ◦C). They were maintained at these 
temperatures for 30 min to ensure uniform temperature distribution. 
The selected shape for the 3D printing experiment was a 15-layer hollow 
cylinder (30 mm diameter, 4.2 mm wall width, and 63 mm height). 3D 
printing accuracy and stability were calculated according to the modi
fied (Y. Liu et al., 2022) formulas: 

3D printing accuracy (%)=

(

1 − h0 − h
h

)

+

(

1 − d0 − d
d

)

+
(

1 − w0 − w
w

)

3
× 100

(2) 

3D printing stability (%)=

(

1 − h2 − h0
h0

)

+

(

1 − d2 − d0
d0

)

+

(

1 − w2 − w0
w0

)

3
× 100

(3) 

where h0 is the average height, d0 is the average diameter, and w0 is the 
average wall width of the 3D-printed cylinder immediately after print
ing; h2, d2, and w2 are the height, diameter, and wall width of the 3D- 

printed cylinder 2 h after printing; and h, d, and w are the height, 
diameter, and wall width of the designed model, respectively.

2.9. Statistical analysis

All experiments were carried out at least three times, and the results 
were expressed as the mean ± standard deviation. A t-test was employed 
to identify significant differences between samples, with a p-value below 
0.05 considered statistically significant. Data analysis was performed 
using Graph Pad Prism software.

3. Results and discussion

3.1. Rheological and microstructural characterization of EFGs obtained 
by the addition of oil with or without different stabilizers

The suitability of EFGs for 3D printing applications was assessed 
through rheological evaluation. Extrusion and recovery properties were 
evaluated by measuring yield stress and thixotropic behavior, while self- 
supporting properties were measured by frequency and temperature 
sweeps.

3.1.1. Frequency sweep
The oscillation frequency sweep measurement results of the different 

EFGs are presented in Fig. 1. All systems exhibited gel behavior when G′ 
was higher than G″ in the entire frequency range from 1 to 100 rad/s 
within their LVR, and the loss factor tanδ was <1 (D’Alessio et al., 
2024). According to the frequency dependence of the moduli, the 
structural stability of the EFGs can be judged (Kurt & Gençcelep, 2018). 
A moderate increase in G′ and G″ with increasing frequency was regis
tered because the structural elements of the EFGs did not have enough 
time to rearrange themselves upon stress applied at the high-frequency 
range, resulting in stiffer structures (Lin et al., 2024). Additionally, the 
values of G′ and G″ for the different EFGs were different. Higher G′ and G″ 
values were determined for the EFG_Oil/MDG and EFG_Oil, indicating 
that they were more solid-like in comparison with the EFG_Oil/Lecithin. 

Fig. 1. Frequency sweep of emulsion-filled gels. Table depicts storage modulus, loss modulus and tanδ of EFG at 1 rad/s.
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The observed differences might have contributed to the size and distri
bution of the embedded oil droplets in the structure of the EFG. The 
wider distribution of larger oil droplets observed in the EFG_Oil/Lecithin 
might trigger its lower hardness (Fig. 5) (Luo et al., 2019). Mechanical 
strength is an important characteristic of the EFG’s printability since 
materials with weak structural stability deform more easily during 
extrusion, causing low smoothness of the extruded filaments (Mu et al., 
2023). A higher G′ value indicates stronger mechanical strength of the 
EFG and its capability to support its weight after printing (Y. Liu et al., 
2018).

3.1.2. Temperature sweep
Temperature sweeps were used to investigate structural changes that 

can occur during sol–gel transition processes, which are most important 
for solidifying EFGs after extrusion. The results are demonstrated in 
Fig. 2. As shown in our previous studies during the cooling process, the 
pea protein-collagen-carrageenan-based macromolecular structure 
gradually transits from highly flexible and single random coils of 
collagen and carrageenan molecules mixed with the pea protein aggre
gates toward a physically interacted interpenetrating gel network 

consisting of mono or triple helixes and aggregated structures with 
reduced mobility of molecules (Bartkuvienė et al., 2024). Accordingly, a 
sharp increase in G′ values of all investigated EFGs during the temper
ature decrease period from 95 ◦C to 25 ◦C was recorded, implying the 
onset of gelation. Systems with rapid thermosetting gelation properties 
are highly valuable as 3D printing inks (Y. Liu et al., 2024). In our case, 
the sharpest G′ increase was recorded during the temperature decrease 
from 45 ◦C to 30 ◦C for all samples. However, the lowest G′ values in this 
temperature interval were determined for the EFG_Oil/Lecithin; the G′ 
increased from 0.32 kPa to 4.97 kPa. The G′ of the EFG_Oil changed from 
1.49 to 13.91 kPa, and the G′ of the EFG_Oil/MDG raised from 1.37 kPa 
to 12.474 kPa, as the temperature decreased from 45 ◦C to 30 ◦C. During 
the incubation period, when the temperature was maintained at 25 ◦C, 
the G′ values remained almost unchanged for 25 min. This indicates that 
the EFG structure has reached equilibrium, supporting the deposited 
layers and maintaining the desired shape during 3D printing (Chen et al., 
2019). Considering the influence of different stabilizers used in the oil 
added as a gel filler, they did not affect the shape of the recorded tem
perature sweep curves. However, adding lecithin-stabilized oil resulted 
in lower EFG G’ values over the entire temperature range.

3.1.3. Yield stress
The yielding behavior of matrices can be an advantage in 3D print

ing, as it allows the formation of specific, original shapes during the flow 
stage, which the fluid will essentially keep (Geffrault et al., 2023). Fig. 3
presents the yield stress as the minimum force required to start the flow 
of EFGs, which were obtained by adding oil with different stabilizers and 
measured at different temperatures. Relatively low yield stress values 
under shear are reported as desired during extrusion in 3D printing (Mu 
et al., 2023). The lowest yield stress was determined for the EFG_Oil/
Lecithin; it was 2,569–2,965 Pa. When oil stabilized with MDG was 
added to the gel, a slightly higher yield stress was recorded (3,057–3, 
451 Pa). However, the yield stress increased the most when oil without 
stabilizers was used in the EFG. These results confirm the frequency 
sweep results, which also showed the contribution of the oil stabilizer 
used to the mechanical strength of the EFG.

The observed differences in the rheological properties of EFGs might 
be due to factors such as oil/filler and hydrogel/matrix characteristics 
and interactions between them (Farjami & Madadlou, 2019). First, our 
previous study (Bartkuvienė et al., 2024) showed the presence of 
non-network pea proteins in the pea protein-carrageenan hydrogel, 
which can act as emulsifiers by adsorbing on the O/W interface of oil 
droplets (Olsmats & Rennie, 2024). Second, the competitive or 

Fig. 2. Temperature sweep of emulsion-filled gels.

Fig. 3. The yield stress of emulsion-filled gels measured at different temperatures (30 ◦C, 35 ◦C, 40 ◦C and 45 ◦C). Different letters among columns indicate sig
nificant (P < 0.05) differences: lowercase – among different EFGs at similar temperatures; uppercase – among different temperatures of EFGs.
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synergistic adsorption of two types of emulsifiers might occur at the oil 
droplet interface in the presence of lecithin or MDG. We presume that in 
the EFG_Oil/Lecithin, oil droplets with lecithin coexist with pea proteins 
at the interface. The concentration of lecithin is high enough to cover the 
surface of oil droplets, and its small molecules adsorb faster at the 
interface than rigid and large protein molecules. As a result, a large 
amount of unabsorbed protein remains in the dispersed phase (Xia et al., 
2024). Therefore, oil droplets act as inactive fillers in the EFG_Oil/Le
cithin, with limited interaction with the gel matrix, typically weakening 
the gel structure (Farjami & Madadlou, 2019). In the case of the EFG_Oil, 
proteins acted as the sole emulsifier and gelling agent. Oil behaves as an 
active filler due to the formation of a thick protein layer on the surface of 
oil droplets interacting with the networking proteins in the gel matrix 
and strengthening the gel structure (Z. Cai et al., 2023). Finally, oil 
droplets also act as active fillers in the EFG_Oil/MDG due to the possible 
interaction between proteins and MDGs at the interface (Loi et al., 
2019). For instance, after the absorption of low molecular weight MDGs 
at the interface of oil droplets, they interacted with proteins in the gel 
matrix, increasing the gel strength, which made the EFG_Oil flow more 
difficult under shearing forces. The observed impact of different stabi
lizers added to the embedded oil droplets on their behavior, as active or 
inactive fillers in the EFGs, still requires further research to explain the 
underlying mechanism. Additionally, Fig. 3 clearly shows that temper
ature had no significant effect on the yield stress value of the EFGs. 
Temperature sweep curves (Fig. 2) exhibited a drastic increase in G’ 
values during the decrease in temperature, indicating cold-set gel for
mation by the pea protein-collagen-carrageenan matrix in this range of 
temperatures. However, the behavior of the oil droplets added as active 
or inactive fillers in this matrix was more important for the flow 

properties of the EFGs under shear. It can be argued that the combined 
action of the pea protein-collagen-carrageenan network and the emul
sion droplet behavior in this network resulted from the yield stress of the 
EFGs.

3.1.4. Thixotropic recovery
Next, the thixotropic recovery of the EFGs was studied, which shows 

the ability of matrices to recover their structural organization and 
viscous properties after shearing and, therefore, plays a critical role in 
the accuracy and precision of 3D printing (H. Wang et al., 2022). Since 
the most pronounced increase in G’ was recorded in the temperature 
range from 45 ◦C to 30 ◦C, the thixotropic recovery of EFGs was deter
mined at these temperatures.

As seen in Fig. 4A–C, the EFGs’ viscosity increased gradually with the 
temperature decrease in the first low shear stage (1–180 s). Lowering the 
temperature favored intermolecular interactions between pea proteins, 
collagen, and carrageenan, reinforcing the interpenetrating network 
structure strength. This result was observed for all three EFG formula
tions. During the following high shear stage (180–300 s), the viscosity of 
all the samples decreased drastically due to the break of the ordered 
structure of the EFGs. The conditions of this phase of the experiment 
simulated the moment when the EFG passed through the narrow nozzles 
of the printer (Z. Liu et al., 2019). In the final recovery stage (900–1080 
s), when the shear rate was set back to low, the viscosity quickly 
recovered in all investigated EFGs but to a different extent. Since the 
viscosity of the EFGs in the third stage was significantly lower than in 
the first stage, irreversible structural damage in the emulsion gel can be 
concluded. However, all EFGs demonstrated a higher and insignificantly 
different viscosity recovery ability at higher temperatures. Additionally, 

Fig. 4. Thixotropic recovery of emulsion-filled conducted at different temperatures (30 ◦C (◆), 35 ◦C (Δ), 40 ◦C (■)and 45 ◦C(○)). A – C shows changes in viscosity 
during low (1/s)–high (100/s)–low (1/s) shear rates of EFG_Oil, EFG_Oil/Lecithin and EFG_Oil/MDG, respectively. D shows the percentage of the shear recovery. 
Different letters among columns indicate significant (P < 0.05) differences: lowercase – among different EFGs at similar temperatures; uppercase – among different 
temperatures of EFGs.
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the EFG_Oil/Lecithin showed the best recoverability of 37.5 % measured 
at 45 ◦C. The recovery of EFG_Oil and EFG_Oil/MDG at the same tem
perature was 19.1 % and 22.7 %, respectively (Fig. 4D). Consequently, 
the good printability of the EFG_Oil/Lecithin might be predicted due to 
the highest degree of recovery. Its structure was able to return to a 
relatively stable state after degradation during extrusion. However, 
these gels still had the lowest viscosity in the experiment’s first and final 

low-shear stages, which could have led to the collapse of their 
3D-printed structures (Qiu et al., 2023).

3.1.5. Microstructure analysis
Finally, we analyzed the EFGs’ microstructure to confirm our hy

potheses about the differences in the structures obtained by adding oil 
with different stabilizers. The SEM micrographs captured at 500x and 

Fig. 5. SEM micrographs and particle size distribution (D–F) of EFGs: EFG_Oil (A, D), EFG_Oil/Lecithin (B, E), and EFG_Oil/MDG (C, F). The top row displays SEM 
images at 500× magnification, while the bottom row presents images at 2000× magnification.

Table 1 
The visual appearance of emulsion-filled gels after each of the five freezing-thawing cycles.

Freezing-thawing cycle

1 2 3 4 5

EFG_Oil

EFG_Oil/Lecithin

EFG_Oil/MDG
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2,000× magnifications are shown in Fig. 5. At a lower magnification 
(Fig. 5A–C), pea protein aggregates of varying sizes formed a connective 
network together with collagen and κ-CAR. A highly porous structure 
was observed at a higher magnification (Fig. 5D–F). The circular-shaped 
pores were believed to have contained oil droplets before they were 
extracted for SEM analysis. Adding different additives, such as lecithin 
or MDG, to the oil phase resulted in EFGs with varying pore sizes. In the 
EFG_Oil sample, where oil without additives acted as an active filler, the 
pores were predominantly small and uniform (<5 μm), with occasional 
larger pores observed. In contrast, the pore size distribution in the 
EFG_Oil/MDG sample was more heterogeneous, ranging from less than 
5 μm to approximately 30 μm. In addition, the micrograph of the 
EFG_Oil/Lecithin revealed significantly larger pore sizes, likely due to 
the filler particles acting as inactive fillers. Without strong interactions 
with the gel matrix, these particles tend to coalesce, forming larger oil 
droplets (R. Li et al., 2023).

Further structural differences among the EFGs were evaluated by 
measuring their particle size distribution, as shown in Fig. 5(D–F). All 
EFG samples exhibited multimodal distributions. The EFG_Oil showed 
two distinct particle size peaks, with maximums of around 3 μm and 120 
μm. The particle size distribution curve and SEM micrographs revealed 
that the first peak corresponded to the oil droplets within the gel. In 
contrast, the second group represents pea protein aggregates, which also 
act as fillers within the gel network. The EFG_Oil/MDG sample exhibited 
similar peaks, although the oil droplet intensity peak was broader, 
indicating a less homogeneous distribution than that of the EFG_Oil 
sample. In contrast, the EFG_Oil/Lecithin sample exhibited a different 

oil droplet distribution, dominated by larger particle sizes, with two 
main peaks at 17 μm and 105 μm and a smaller peak at 2 μm. The size 
and distribution of oil droplets play a crucial role in determining the 
stability and strength of gels. Narrow size distribution and a smaller 
mean oil droplet diameter typically result in better mechanical strength 
and gel stability (Jost, 1993). Due to the dominance of larger oil droplets 
of varying sizes in the EFG_Oil/Lecithin sample, the gel strength was 
expected to be significantly lower than in the EFG_Oil and EFG_Oil/MDG 
samples. This is consistent with the frequency sweep results in Fig. 1, 
where the EFG_Oil/Lecithin exhibited the lowest G’ and G” values.

3.2. Printability of EFGs

Next, the performance of EFGs in the 3D printing of 15-layer cylin
ders was studied. As expected, after rheological and microstructural 
characterization of the different EFG formulations, notable differences 
in their 3D printability were observed (Table 2). Printing temperature 
also proved to be important. The EFG_Oil/Lecithin failed to print at all 
temperatures used in this experiment. Both the EFG_Oil and EFG_Oil/ 
MDG showed better 3D printing behavior with clear structures at 35 ◦C 
and 40 ◦C. The 3D-printed EFG_Oil/MDG exhibited the best printing 
accuracy (95.04 %) and printing stability (97.28 %) at 40 ◦C. The exact 
formulation 3D-printed at 35 ◦C revealed slightly decreased printing 
accuracy (85.02 %) and printing stability (96.79 %). Similar trends were 
observed for the 3D-printed EFG_Oil when printing accuracy and 
printing stability at 40 ◦C were 90.43 % and 95.04 %, respectively. 
However, at 30 ◦C, printed constructs collapsed upon printing, and 45 ◦C 

Table 2 
3D-printability of emulsion-filled gels at different printing temperatures (30 ◦C, 35 ◦C, 40 ◦C and 45 ◦C).

3D-printing temperature

30 ◦C 35 ◦C 40 ◦C 45 ◦C

EFG_Oil View after printing

Printing accuracy, % – 85.42 ± 1.71 90.43 ± 1.99 –
Printing stability, % – 91.52 ± 2.10 95.04 ± 2.00 –

EFG_Oil/Lecithin View after printing

Printing accuracy, % – – – –
Printing stability, % – – – –

EFG_Oil/MDG View after printing

Printing accuracy, % – 85.02 ± 1.79 86.45 ± 1.82 –
Printing stability, % – 96.79 ± 2.04 97.28 ± 2.04 –
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Fig. 6. Water-holding capacity (A) and oil-holding capacity (B) during five freezing-thawing cycles. Different letters among columns indicate significant (P < 0.05) 
differences: lowercase – among different EFGs after each freezing-thawing cycle; uppercase – among different freezing-thawing cycles of EFGs.

Fig. 7. Temperature dependence of storage modulus during heating and cooling cycles. Photos indicate the visual appearance of emulsion-filled gels at the end of 
each heating-cooling cycle.
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was not a suitable temperature for printing these EFGs.
Extrudability and self-supporting capacity are two main character

istics of 3D printing formulations (Cheng et al., 2024). In this study, EFG 
extrudability was evaluated as yield stress and thixotropic recovery, and 
the self-supporting capacity was related to the mechanical strength of 
the gels. Among the EFGs, the EFG_Oil/Lecithin showed the best 
recoverability and the lowest yield point, suggesting the best extrud
ability of these formulations. However, the low viscosity and mechanical 
strength of the EFG_Oil/Lecithin hindered the ability of the lower layers 
to support the upper layers during printing (Z. Liu et al., 2019). The 
EFG_Oil and EFG_Oil/MDG demonstrated good printing behavior 
attributed to the increased storage modulus G’ (Fig. 1) and higher vis
cosity after extrusion (Fig. 4), which ensured the structural integrity of 
these EFGs post-printing (Joshi et al., 2024). In summary, the results of 
the EFGs’ printability further corroborated the involvement of stabi
lizers added into the oil phase in the formation of high-protein EFGs. The 
oil functioning as an active filler in the EFGs might significantly improve 
their 3D printing performance.

3.3. Thermoreversibility and freezing-thawing stability

It is important to determine how 3D-printed EFGs respond to thermal 
and freezing-thawing processing to evaluate the possibilities of applying 
them to various technologies. EFG stability under five cycles of freezing- 
thawing (F-T) treatment was estimated by measuring the WHC and OHC 
after each cycle of F-T treatment. WHC indicates the interaction between 
biopolymers and water in the hydrogel network (M. Zhang et al., 2024), 
and OHC is used as an indicator of the interaction between oil droplets 
and the hydrogel network (Kang et al., 2024). The results are presented 
in Fig. 6 and Table 1. All investigated EFGs exhibited self-supporting 
structures, and differences in oil droplet stabilization did not affect the 
macromorphology of the EFGs. After the first F-T cycle, the appearance, 
WHC, and OHC of all EFGs did not change, indicating good stability of 
the gels. However, significant oil separation occurred in the EFGs after 
the second F-T cycle. There was a notable difference between the EFGs, 
demonstrating the lowest OHC for the EFG_Oil/Lecithin (80 %) and 
higher OHC for the EFG_Oil and EFG_Oil/MDG (89.7 % and 94.1 %, 
respectively). Further F-T cycles caused a consistent decline in the OHC 
of the EFGs, most notably in the EFG_Oil/Lecithin. This indicates that 
the response of gels to freezing and thawing depends on the oil droplet 
behavior in the EFG structures, whether they are active or inactive 
fillers. In the EFG_Oil/Lecithin, the oil droplets behaved as inactive 
fillers with no interactions with hydrogel; therefore, the increase in F-T 
cycles led to the more extensive accumulation of oil droplets with sub
sequent separation. Meanwhile, stronger incorporation of oil droplets 
into the hydrogel in the EFG_Oil and EFG_Oil/MDG better protected 
them from separation. Interestingly, the F-T treatment had no significant 
effect on the WHC of all investigated EFGs, demonstrating that the in
ternal bonding between hydrogel components and water was not 
destroyed during the five F-T cycles.

After being heated at 95 ◦C, all EFGs maintained their self-supporting 
structures (Fig. 7). No oil or water was separated from the gels. As shown 
in Fig. 7, all EFGs demonstrated defined thermoreversibility. Two 
cooling and heating cycles were performed, and the change in the elastic 
modulus G′ was recorded. During the first cooling cycle from 95 ◦C to 
25 ◦C, EFG experienced a sharp increase in G′, indicating the inter
penetrating hydrogel formation by the pea protein-collagen- 
carrageenan mixture. All three components of the mixture participated 
in the cold-set gel formation. Previous studies have demonstrated that 
hydrogen bonds and hydrophobic interactions are major contributors to 
gel formation (Bartkuvienė et al., 2024). There were no changes in the G′ 
value during the first holding cycle at 25 ◦C, showing that the gel 
network was mainly formed during the cooling. Afterward, when the 
temperature was elevated from 25 ◦C to 95 ◦C, a rapid decrease in G′ was 
detected, exhibiting that the hydrogen and hydrophobic interactions 
had been disrupted and that the gel had been converted back to a liquid 

state. During this heating process, hydrogen bonds are essential since 
hydrogen bonding is exothermic and formed at low temperatures but 
disrupted at high temperatures (Lu et al., 2022). However, considerably 
higher G′ values were recorded at 95 ◦C than at the same temperature 
during the first cycle. This was probably due to the disulfide bonds 
contributing to the formation of the pea protein network and making 
them irreversible (S. Zhang et al., 2025). The G′ of all EFGs increased 
during the second cooling cycle, indicating the formation of solid gel, 
and was consistent during the second holding cycle. Again, higher G′ 
values were determined during the second cooling cycle than during the 
first cooling cycle. Similar G′ changes were observed in thermally 
reversible pea protein gels studied by (Zhu et al., 2022). They explained 
this phenomenon by losing water during the reheating process, which 
increased the protein concentration. Adding different stabilizers to the 
oil droplets incorporated into the hydrogel network did not affect the 
structure’s thermoreversibility of the hydrogel made from a pea 
protein-collagen-carrageenan mixture.

4. Conclusions

This study developed three high-protein (20 wt%) EFGs formulated 
from a pea protein-collagen-carrageenan hydrogel and oil droplets sta
bilized by different emulsifiers: lecithin (EFG_Oil/Lecithin), mono-and 
diglycerides of fatty acids (EFG_Oil/MDG), and non-network proteins 
that were present in the hydrogel (EFG_Oil). The use of different emul
sifiers resulted in EFGs with different rheological, structural, and 3D 
printability characteristics. The differences were explained by oil 
droplets acting as active or inactive fillers, depending on the emulsifier 
used. Specifically, the EFG_Oil and EFG_Oil/MDG exhibited superior 
mechanical strength and 3D printability due to their active filler 
behavior, where oil droplets strongly interacted with the hydrogel ma
trix. In contrast, in the EFG_Oil/Lecithin, oil droplets acted as inactive 
fillers, as the lecithin-coated oil droplets weakened the gel structure. As 
a result, while the EFG_Oil/Lecithin demonstrated enhanced extrud
ability, its poor self-supporting capacity led to the collapse of the 3D 
printed structures.

All three EFGs exhibited good thermoreversibility during heating- 
cooling cycles, indicating their ability to transition between gel and 
sol states without phase separation. This property is crucial for 3D 
printing, as it ensures a consistent flow of heated EFG through the 
printer nozzle and rapid gelation upon cooling, enabling the creation of 
well-defined, self-supporting structures. In addition, all three EFGs 
remained stable during the first freezing-thawing cycle, demonstrating 
their potential to maintain structural integrity during storage.

These findings demonstrate that high-protein, stable, and thermor
eversible EFGs suitable for 3D printing can be achieved by using 
different emulsifiers to modulate key gel properties—such as extrud
ability and self-supporting capacity—which are crucial for successful 3D 
printing.
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I. Bartkuvienė et al.                                                                                                                                                                                                                            LWT 223 (2025) 117749 

11 

https://doi.org/10.1016/j.foodhyd.2024.110168
https://doi.org/10.1016/j.foodhyd.2024.110168
https://doi.org/10.1016/j.jfoodeng.2015.04.033
https://doi.org/10.1016/j.foodhyd.2023.109189
https://doi.org/10.1016/j.foodhyd.2023.109189
https://doi.org/10.1016/j.foodhyd.2022.108293
https://doi.org/10.1016/j.foodhyd.2022.108293
https://doi.org/10.1016/j.foodhyd.2022.107824
https://doi.org/10.1016/j.foodhyd.2022.107824
https://doi.org/10.1016/j.carbpol.2022.120038
https://doi.org/10.1016/j.carbpol.2022.120038
https://doi.org/10.1016/j.foodhyd.2024.110577
https://doi.org/10.1016/j.foodhyd.2024.110577
https://doi.org/10.3390/foods11060851
https://doi.org/10.3390/foods11060851
https://doi.org/10.1016/j.ijbiomac.2024.129716
https://doi.org/10.1016/j.ijbiomac.2024.129716
https://doi.org/10.1016/j.carbpol.2021.119061
https://doi.org/10.1016/j.carbpol.2021.119061
https://doi.org/10.1016/j.foodhyd.2024.110391
https://doi.org/10.1016/j.foodhyd.2024.110391
https://doi.org/10.1016/j.foodhyd.2021.107373
https://doi.org/10.1016/j.foodhyd.2021.107373

	Feasibility of emulsion-filled pea protein-collagen-carrageenan hydrogel for 3D printing
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Sample preparation
	2.3 Rheological analysis
	2.4 SEM
	2.5 Particle size distribution
	2.6 Heating-cooling and freezing-thawing stability
	2.7 Water- and oil-holding capacity
	2.8 3D printing
	2.9 Statistical analysis

	3 Results and discussion
	3.1 Rheological and microstructural characterization of EFGs obtained by the addition of oil with or without different stab ...
	3.1.1 Frequency sweep
	3.1.2 Temperature sweep
	3.1.3 Yield stress
	3.1.4 Thixotropic recovery
	3.1.5 Microstructure analysis

	3.2 Printability of EFGs
	3.3 Thermoreversibility and freezing-thawing stability

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Data availability
	References


