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Eutectogels as an emerging class of soft-ionic materials are gaining attention in bioelectronic appli-

cations. Nevertheless, the examples of sustainable eutectogels that can be processed by 3D printing have

been limited. Herein, we report the preparation of bio-based eutectogels based on casein and their pro-

cessing by 3D printing. The eutectogel formulations were based on modified casein (methacrylated

casein), poly(ethylene glycol) diacrylate (PEGDA), water, and two natural deep eutectic solvents (DESs)

composed of betaine with either glycerol or sucrose. Different PEGDA content and DES types were evalu-

ated to obtain bio-based eutectogels with excellent properties such as high ionic conductivity (up to 1.4

× 10−3 S cm−1) and tunable rheological or mechanical properties. The potential of these eutectogels for

bioelectronics applications was demonstrated through evaluating their performance as pressure sensors,

exhibiting a sensitivity of S = 0.7 kPa−1 and stable responses under repeated loading cycles. Finally, the 3D

printability of casein-based eutectogels was evaluated in tomographic volumetric additive manufacturing

(VAM) and digital light processing (DLP) printing technologies.

1. Introduction

Eutectogels, a type of soft ionic material composed of a poly-
meric matrix and a deep eutectic solvent (DES), have gained
attention due to their advantages over similar gels, such as
hydrogels or iongels. These benefits include long-term stability
compared to hydrogels, low cost, simple preparation, bio-
based character and high ionic conductivity. DESs are liquid
eutectic mixtures formed by a hydrogen bond donor (HBD)
and a hydrogen bond acceptor (HBA), which interact through
hydrogen bonding, resulting in a deviation from the thermo-
dynamic ideality.1 Over the last few years, eutectogels have
been used for different applications, such as battery techno-
logies, CO2 separation, biocatalysis, drug delivery systems,
food packaging, and bioelectronics.2,3 Especially in bioelectro-

nics, these soft ionic materials find applications as artificial
skin, flexible electrodes, wearable biosensors or human–
machine interfaces.

In this context, additive manufacturing, commonly known
as 3D printing, is a fabrication method that provides precise
control over the structure and size of the created object,
whereby it is particularly interesting in biomedical
applications.4–6 In recent years, an increasing number of eutec-
togels fabricated through these methods have been reported in
the literature. For example, de Lacalle et al. investigated the
development of hydrophobic eutectogels for underwater elec-
tromyography (EMG) recording using DLP 3D printing, obtain-
ing excellent printing resolution and demonstrating the fast
and cost-effective manufacturing.7 Another interesting optim-
ization involved both the formulation and the printing para-
meters in order to obtain high-resolution microstructures in
eutectogel-based electrodes.8 It was demonstrated that
different electrode patterns affect their performance in EMG
recordings, further highlighting the benefits of 3D printing in
the fabrication of eutectogels for bioelectronics applications.

In the last decade, there has been a megatrend in develop-
ing bio-based materials that can substitute oil-based ones. For
this reason, the use of biomaterials from natural resources as
the main components of eutectogels has increased, including
polysaccharides, proteins and other biopolymers.9–11 In order
to obtain light-based 3D-printable eutectogels, these biopoly-
mers are usually chemically modified, incorporating acrylate,
methacrylate, and vinyl functionalities.12,13 These functional-
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ities participate in a radical polymerization process, resulting
in the formation of a 3D crosslinked network. As an
example, Locatelli et al. recently reported the development of
fully bio-based photopolymerizable formulations based on
acrylated epoxidized soybean oil and a natural DES for produ-
cing hydrophobic eutectogels via LCD 3D printing.10

Interestingly, this work represents one of the first studies on
bio-based 3D-printed eutectogels, a topic that remains largely
unexplored.

On the other hand, there is a need to adapt eutectogels to
emerging 3D printing technologies. For example, tomographic
volumetric additive manufacturing (VAM) has emerged in the
last years as a new technology in which the viscosity limit-
ations typically encountered in VAT photopolymerization (VP)
processes are absent.14,15 To date, to the best of our knowl-
edge, this technique has not been explored for eutectogel
fabrication.

In this work, we report for the first time the development of
photocurable eutectogel formulations based on casein, a milk-
derived protein highly available at elevated purity. First, we
investigated the chemical modification of casein with acrylic
groups. Then, the incorporation of two different ionically con-
ductive DESs was explored, enabling the fabrication of eutecto-
gels via photopolymerization. Owing to their intrinsic ionic
conductivity, these eutectogels were evaluated as sensitive
pressure sensors. Finally, three-dimensional eutectogels were
successfully fabricated using two different additive manufac-
turing techniques: DLP and VAM 3D printing technologies.

2. Materials and methods
2.1. Materials

Technical grade casein from bovine milk (Sigma-Aldrich), gly-
cidyl methacrylate (GMA, 97%, Alfa Aesar), sodium carbonate
(Na2CO3, Sigma-Aldrich), poly(ethylene glycol) diacrylate
(PEGDA, Mn = 575 g mol−1, Sigma-Aldrich), riboflavin (RF,
Sigma-Aldrich) and triethanolamine (TEA, 98%, Sigma-
Aldrich). Lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP, ≥95% purity Sigma-Aldrich), glycerol (Cicarelli), sucrose
(Anedra), betaine (≥98%, Sigma-Aldrich) and pyridine (Sigma-
Aldrich) were used as received. Ultrapure water was employed
throughout the work.

2.2. Synthesis of methacrylated casein

Methacrylated casein (M-casein) was synthesized via an amine-
glycidyl ether reaction (Fig. S1A). Briefly, casein (25 g) was dis-
solved in an aqueous medium (208 g), adjusted to pH 10 using
0.4 wt% Na2CO3, and maintained at 50 °C. Upon complete dis-
solution of the protein, GMA (4.74 g) was introduced, and the
reaction was allowed to proceed at 50 °C for 4 h under continu-
ous stirring. The resulting solution was subsequently lyophi-
lized to obtain dry M-casein and to remove any residual
unreacted GMA.

2.3. Preparation of M-casein based photopolymerizable
formulations

Two different DESs were prepared using betaine (Bet) as the
HBA and two compounds as HBDs, namely glycerol (Gly) and
sucrose (Suc). The resulting DESs were Bet : Gly (1 : 2 molar
ratio) and Bet : Suc (1 : 1 molar ratio, 20% w/w water).16 For
DES preparation, the required amounts of each component
were mixed and heated at 90 °C with continuous stirring until
a homogeneous liquid was obtained.

In order to prepare the photopolymerizable formulations,
first the RF photoinitiator was dissolved in ultrapure water at
70 °C. Next, the RF solution was cooled down to 50 °C, and
M-casein and DES were added. Once the protein was comple-
tely dissolved, PEGDA was introduced, and the solution was
kept at 50 °C with agitation for 10 minutes. TEA was added to
the final solution when it was employed as a co-initiator. The
final proportion of DES/water (hydrated DESs) in the eutecto-
gel formulation was 50/50 wt%. Additional formulations
without DES were prepared for preliminary photo-
polymerization studies. For the 3D printable formulations, the
LAP photoinitiator was also used, instead of the RF/TEA
system. LAP was first dissolved in a small volume of water and
then added to the M-casein/hydrated DES solution under stir-
ring until complete dissolution.

2.4. Bulk photopolymerization of M-casein based
formulations

Photopolymerizable formulations were placed in a homemade
closed chamber. This chamber consisted of a 1 mm thick
silicone mold sealed with a fluorinated ethylene propylene
(FEP) film to prevent water evaporation during photo-cross-
linking. Subsequently, photopolymerization was conducted
using a custom-made portable irradiator equipped with four
LEDs (10 W, 365 nm) for 20 minutes (10 min on each side of
the gel).

2.5. 3D printing of casein-based eutectogels

The models designed for printing were sent to the commer-
cially available tomographic volumetric printer (Tomolite v2.0,
Readily3D SA), using a light source centered at 400 nm. CAD
files were transferred into the printer using the Apparite soft-
ware. The energy density used for the 3D printing was 1200 mJ
cm−3.

DLP printed 3D objects were processed on a commercial
Asiga Max-UV DLP 3D printer with a LED source centered at
385 nm. Computer-designed 3D objects were prepared for
printing in the Asiga Composer software. To minimize the use
of resin a home-built printing platform (aluminum, ∅ 3 cm)
was used. The optimized printing parameters were 10 s burn-
in layer, 7.5 s exposure time and 100 µm layer thickness at an
intensity of 20 mW cm−2.

2.6. NMR spectroscopy

The casein degree of methacrylation was quantified by 1H
NMR spectroscopy using a Bruker Avance II (300 MHz) instru-
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ment. Spectra were acquired from dissolved lyophilized
M-casein in deuterium oxide (D2O) with pyridine as an
internal standard. Pyridine presents three well-resolved signals
at 7.35, 7.75, and 8.40 ppm, which do not overlap with the
resonances of casein or GMA. The vinyl proton signals of
incorporated methacrylic groups at 6.05 and 5.65 ppm were
integrated and normalized against the integral of the pyridine
signal at 8.40 ppm, selected as the reference peak. A cali-
bration curve was established beforehand by correlating the
integrated peak area ratios with known concentration ratios of
GMA and pyridine.

2.7. Fourier transform infrared (FTIR) spectroscopy

Casein methacrylation was also confirmed by Attenuated Total
Reflection (ATR)-FTIR spectroscopy in a NICOLET 8700
Thermo Scientific spectrometer, utilizing a universal ATR
sampling accessory equipped with a ZnSe window. The spectra
were obtained by averaging 50 scans within the 4000–650 cm−1

range, with a resolution of 4 cm−1.
In addition, the photopolymerization kinetics of M-casein/

PEGDA formulations were assessed by in situ near-infrared
(NIR)-FTIR absorption spectroscopy, where the disappearance
of the 6182 cm−1 absorption peaks, corresponding to the con-
sumption of vinyl (CvC) groups, was monitored. Spectra were
recorded using the NICOLET 8700 spectrophotometer. Liquid
formulations were analyzed within a customized chamber,
which consisted of a silicone spacer with an optical path
length of 1 mm placed between two glass windows. For in situ
excitation, the previously described portable irradiator (10
watts at 365 nm) was utilized. The irradiator was positioned
inside the IR spectrometer to illuminate the sample during the
experiment, and it was then promptly removed just before
acquiring the spectra.

The fraction of polymerized vinyl groups (from M-casein
and PEGDA) expressed as a percent of conversion was calcu-
lated from the area of the absorption peak at 6182 cm−1, using
eqn (1), where A0 is the peak area before the photo-
polymerization and At the peak area at different photo-
polymerization times.

Conversion ð%Þ ¼ 100� At � A0
A0

ð1Þ

2.8. Insoluble fraction of crosslinked M-casein/PEGDA
formulations

The insoluble fraction of M-casein/PEGDA formulations was
determined as the portion that remains insoluble after being
extracted with a suitable solvent, and it provides an indication
of the degree of crosslinking.

To measure this, a specific amount of dried gel obtained
through lyophilization was subjected to extraction with water
at 37 °C for 24 hours to eliminate the non-crosslinked fraction.
Subsequently, the extracted gel was dried at 60 °C until a con-
stant weight was achieved. The insoluble fraction (%) was cal-
culated using eqn (2), where Wi and Wf are the initial and final
gel weights, respectively.

Insoluble fraction ð%Þ ¼ 100� Wf

Wi

� �
ð2Þ

2.9. Eutectogel water content

Water content of eutectogels was gravimetrically evaluated.
Circular samples (8 mm in diameter) were weighed immedi-
ately after polymerization and then maintained in a controlled
atmosphere of 25 °C and 75% relative humidity (RH) until
reaching a constant weight. The equilibrium water content (%)
of eutectogels at 25 °C and 75% RH was determined by using
the following equation,

Water content ð%Þ ¼ 100� 1�W0 �W1

Wwater
0

� �
ð3Þ

where W0 and W1 are the initial and final gel weights, respect-
ively, and Wwater

0 represented the initial weight of water in the
eutectogel, calculated from the formulation and the W0. Due
to the fact that the water content of the eutectogel could
depend on the environmental conditions, eutectogels were
exposed to the controlled humidity and temperature atmo-
sphere (75% RH at 25 °C) during 24 h prior to the other
characterizations described below.

2.10. UV-Vis transmittance measurements

UV-Vis transmittance measurements were performed to assess
the optical transparency of the precursor polymerization solu-
tions. Spectra were obtained using a Jasco V-730 UV-Vis
spectrophotometer, and the transmittance at 600 nm was
selected for comparison among formulations. Measurements
were carried out in 10 mm path-length cuvettes using de-
ionized water as the blank.

2.11. Thermogravimetric characterization

Thermogravimetric analysis (TGA) was performed using a
(TGA Q500 of TA instruments). Around 7 mg of sample was
placed in the sample holder and heated from 30 to 500 °C at a
heating rate of 10 °C min−1 under a nitrogen atmosphere. The
weight loss as a function of temperature was recorded to
assess the thermal stability of the eutectogels.

2.12. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) measurements
were performed using a PalmSens potentiostat–galvanostat.
Circular samples (8 mm in diameter) were mounted in a two-
electrode cell. Prior to each measurement, the system was
equilibrated at the target temperature (25 °C) for 20 minutes to
ensure thermal stability. The frequency sweep spanned from
105 Hz to 1 Hz, with an applied voltage amplitude of 10 mV.
AC voltage amplitudes between 5 and 20 mV were tested to
ensure operation within the linear response regime, and an
amplitude of 10 mV was selected. The Nyquist plot was
obtained by plotting the imaginary against the real part of the
impedance at each frequency. The Randles circuit was used as
the equivalent circuit, and the experimental data were fitted to
obtain the different circuit elements using PSTrace software.
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The ionic conductivity (σ) was determined by the following
equation:

σ ¼ l
RgelS

ð4Þ

where l is the gel thickness, S the contact area between the
sample and the electrode, and Rgel the resistance obtained
from the Nyquist plot. All measurements were performed in
triplicate.

2.13. (Photo)rheology

Viscosity measurements of photopolymerizable liquid formu-
lations were performed using an MCR302 Anton Paar rhe-
ometer. The formulations were placed on a 25 mm diameter
parallel plate with a 0.1 mm gap, and the viscosity was
recorded over a shear rate range of 0.1–1000 s−1 at 25 °C.

In addition, photo-rheometry experiments were conducted
in the same rheometer equipped with an OmniCure Series
1500 UV source (wavelength = 365 nm, light intensity =
17.75 mW cm−2). The photopolymerizable liquid formulations
were placed on a 25 mm diameter parallel plate with a 0.1 mm
gap and the evolution of the dynamic (storage and loss)
moduli were monitored over time at a frequency of 1 Hz, 0.1%
of strain, and 23 °C. The UV light was turned on 50 s after the
start of the measurement.

Moreover, rheological studies on circular samples of eutec-
togels (approximate thickness of 1 mm) were conducted using
a HAAKE MARS 40 rheometer, employing a 35 mm parallel
plate geometry. The measurement was conducted using a fre-
quency sweep from 0.1 to 10 Hz, with an applied strain of
0.5% at 25 °C.

2.14. Compression test

Loading–unloading compression tests of the eutectogels were
performed using an INSTRON 3344 universal testing machine
at 25 °C. Circular specimens with a diameter of 8 mm and a
thickness of 2 mm were compressed with a 10 mm flat-ended
probe at a constant rate of 1 mm min−1 until the samples
reached 35% strain (relative to their original thickness), fol-
lowed by unloading at the same rate. Four specimens per
sample were tested.

Different parameters were obtained from the compressive
curves: the compressive modulus was calculated as the slope
in the low-strain linear region; the residual deformation was
determined as the strain at which the stress returns to zero
during unloading; the hysteresis area was calculated as the
area between the loading and unloading curves; and finally,
the stress at 35% strain was also determined from the curves.

2.15. Pressure sensor test

As proof of concept and with the aim of evaluating the sensor
capabilities of the eutectogels, a pressure sensor was con-
structed. For this purpose, a disc of eutectogel was attached to
copper electrodes in both planar faces and connected to a mul-
timeter. The pressure sensitivity (S) was determined from the

slope of a ΔR/R0 vs. pressure curve obtained by compressing
the eutectogel at 0.5 mm min−1 using the universal testing
machine previously described. Moreover, the resistance was
recorded during the sequential application of different cali-
brated loads of 30 g and 50 g.

3. Results and discussion
3.1. Preparation of bio-based casein eutectogels

With the aim of preparing a bio-based eutectogel with a chemi-
cally crosslinked matrix, in a first step M-casein was synthesized.
M-casein synthesis involves the ring opening of the epoxide
group of GMA, with the ε-NH2 of lysine acting as a nucleophile,
generating an amine group with a methacrylic moiety (Fig. S1A).
The success of the casein modification was confirmed by
ATR-FTIR (Fig. S1B), where new bands can be detected at 1715
and 1165 cm−1 associated with the stretching vibration of CvO
and the asymmetric stretch of C–O–C, respectively, from the
attached methacrylic group. Furthermore, 1H NMR (Fig. S2) also
confirmed the appearance of the methacrylic characteristic
protons of methacrylic groups from GMA in M-casein. The
resulting incorporated methacrylic groups were determined to
be 26.7 mol of GMA per mol of casein, representing a reaction
efficiency of 67%, based on the 40 mol of GMA per mol casein
used in the methacrylation reaction.

Next, a preliminary screening was conducted to evaluate the
photopolymerization ability of M-casein/PEGDA formulations,
with the aim of determining the concentrations of both com-
ponents required to obtain a gel-like structure. In addition, the
use of riboflavin (RF) (5 × 10−4 M) as a photoinitiator was
initially explored. RF is a type II photoinitiator, forming a dual
component photoinitiation system with an electron donor
serving as a co-initiator. However, the photo-crosslinking of
proteins using RF without an additional co-initiator has been
reported, because tyrosine residues participate in the photoini-
tiation reaction, leading to the formation of tyrosyl
radicals.17,18

This first screening was performed with aqueous formu-
lations (i.e., without DES) varying the concentration of M-casein
and PEGDA. M-casein concentrations ranging from 15 to
25 wt% relative to water content were analyzed, gradually
increasing the PEGDA content (from 0 to 35%, relative to
M-casein). Fig. S3 shows the values of insoluble fraction deter-
mined for each photocrosslinked formulation, which are indica-
tive of the extent of polymerization (insoluble fraction obtained
from the dried crosslinked sample after extraction with water).
The formulations that did not result in a gel-like structure are
indicated in red. In these cases, radical polymerization occurred
as evidenced by the increase in the viscosity of the reaction
medium, but the total concentration of reactive molecules
(M-casein and PEGDA) was not enough to form a gel.

Using 25 wt% M-casein, it is possible to obtain a gel
without adding PEGDA and with a high insoluble fraction
(86.4%). However, the formulations with lower concentration
of M-casein can form a well-crosslinked network upon the
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addition of PEGDA as a secondary crosslinker, with the
required PEGDA concentration increasing as the M-casein
content decreases. For example, a formulation with 15 wt%
M-casein needs at least 30 wt% PEGDA to form a gel, with an
insoluble fraction of 67.5%.

The photo-crosslinking of native proteins (i.e., without poly-
merizable vinyl functionality) using RF as photoinitiator has
been reported, since two tyrosyl radicals are able to form a
dityrosine crosslink.19 When 25 wt% of native casein was
photopolymerized with RF, only an insoluble fraction of 2.3%
was determined and no gel formation was observed, indicating
that tyrosine-mediated crosslinking makes only a minor contri-
bution to network formation compared with crosslinking
through the methacrylic moieties of M-casein.

In addition to the photoinitiator system composed of RF,
the system RF/TEA was analyzed, with TEA acting as a co-
initiator.20 Fig. S3B compares the photopolymerization kine-
tics with both initiator systems, which was determined follow-
ing the consumption of CvC groups (corresponding to
M-casein and PEGDA) by NIR-FTIR spectroscopy.21,22 The
photoinitiator composed solely of RF produced a slow
polymerization with a lengthy inhibition period, even consid-
ering that the concentration of RF used here was significantly
high (5 × 10−4 M), and was at the limit of its water solubility.
The low efficiency of RF in the formation of free radicals could
be associated with the low efficiency of tyrosine residues of
casein in the photoinitiation reaction. Although the concen-
tration of tyrosine residues was relatively high in the formu-
lation (5 × 10−2 M, calculated considering a tyrosine concen-
tration of 5.3 g per 100 g of casein), its efficiency in the photoi-
nitiation reaction would be reduced by diffusive effects due to
the high molecular weight of casein.23 That is why the use of
low molecular weight TEA (1 × 10−2 M) as a co-initiator gener-
ates a more efficient photoinitiation system that significantly
increases the polymerization rate, even when using lower con-
centrations of RF (1 × 10−4 M).

For the eutectogel formation by photopolymerization, a
mixed solution of water and DES, defined as hydrated DES,
was used in a 1 : 1 weight ratio to make M-casein soluble (the

protein is not soluble in pure DESs or in a hydrated DES with
lower water contents). Considering the content of M-casein
and PEGDA required to form a stable crosslinked structure
(Fig. S3A), eutectogel formulations were prepared by dissolving
17.5 wt% of M-casein relative to the hydrated DES (which is
the solubility limit of M-casein in this solution) and three
different concentrations of PEGDA (30, 50 and 100 wt% relative
to M-casein). The photoinitiation system was composed of RF
(1 × 10−4 M) and TEA as a co-initiator (1 × 10−2 M). Fig. 1A
illustrates the preparation method. The eutectogels were coded
according to the PEGDA content and the DES used.
Specifically, “P(X)” indicates the PEGDA content where X rep-
resents the concentration relative to the M-casein, while “D1”

and “D2” refer to Bet/Gly and Bet/Suc DESs, respectively. For
example: P(30)-D1 refers to the eutectogel composed of 30% of
PEGDA using Bet/Gly as the DES.

After photopolymerization, translucent eutectogels were
obtained for formulation with low PEGDA content (30%),
whereas those with high PEGDA content (100%) were opaque
(Fig. 1B). Although the gels are of different sizes, because they
are produced with molds of different diameters, no reduction
in gel size was observed after photopolymerization. Gel opacity
at high PEGDA concentration could be a consequence of the
formation of PEGDA aggregates and/or casein micelles for-
mation in the solution prior to curing, leading to increased
light scattering and reduced transparency. To investigate this
behavior, the transmittance at 600 nm of precursor
solutions containing different PEGDA concentrations in the
polymerization medium (water/D1), in the absence and pres-
ence of M-casein, was evaluated (Fig. S4). In the absence of
M-casein, the transmittance progressively decreased
with increasing PEGDA content, which may be attributed to
the formation of self-assembled PEGDA structures. In
addition, precursor solutions containing M-casein in the
absence of PEGDA already exhibited low transmittance values,
suggesting the presence of casein micelles. These results
support the hypothesis that both PEGDA aggregation and
casein micelles contribute to the opacity observed in the
corresponding eutectogels.

Fig. 1 (A) Preparation method for the M-casein eutectogels. (B) Images of two different eutectogels with different PEGDA content.
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Due to the fact that water is incorporated in the formu-
lation, the equilibrium water content in the eutectogels was
evaluated, since their main properties, such as ionic conduc-
tivity and the mechanical performance, can be affected by this
variable.24 The gels were equilibrated under controlled humid-
ity and temperature conditions (75% RH at 25 °C), and their
weight was monitored after 24 and 48 h. No significant vari-
ation in water content was observed between these time inter-
vals, indicating that equilibrium was reached within the first
24 h (Fig. S5 of the SI). Fig. 2A and B show the water content in
the eutectogels containing D1 and D2, respectively, after
exposure to a controlled environment (75% RH at 25 °C)
during 24 h. Additionally, Table S1 in SI presents the equili-
brium concentration of each component in the gels compared
with the initial formulation (i.e. immediately after synthesis)
The results indicate that all synthesized eutectogels lost a frac-
tion of their initial weight of water. However, the equilibrium
content of water in eutectogels with Bet/Suc DES was signifi-
cantly lower (between 8 and 22 wt% relative to the DES
content) than that of the eutectogels with Bet/Gly DES
(between 73 and 78 wt%). This behavior can be attributed to
the higher affinity of the Bet/Gly DES for water compared to
Bet/Suc, resulting from stronger polar interactions between
water molecules and glycerol than with sucrose.16,25 To further
characterize the water content in the gels, TGA was performed
in two gel formulations, P(100)-D1 and P(100)-D2 (Fig. S6 of
SI). In the case of P(100)-D1, a 23.4% of weight loss was

detected around 100 °C related to water evaporation, and for
P(100)-D2 the weight loss in this range of temperature was 6%.
These results agree with the equilibrium water content deter-
mined gravimetrically (Table S1). Taking these results into
account, eutectogels were exposed to a controlled environment
(75% RH and 25 °C) during 24 h before characterizations, in
order to analyze the eutectogel properties without variation in
their content of water.

One of the parameters to be evaluated is photo-
polymerization kinetics. Therefore, M-casein/PEGDA systems
in both D1 and D2 hydrated DES were analyzed by photorheol-
ogy. Fig. 2C depicts the evolution of the storage shear modulus
(G′) and the loss shear modulus (G″) over time for the formu-
lations P(50)-D1 and P(50)-D2, with UV irradiation initiated 50
s after the start of the measurement. The results show a slow
increase in G′ in both formulations after UV irradiation, which
stabilizes after around 1600 s, achieving G′ values of 6.6 and
65 kPa for P(50)-D1 and P(50)-D2, respectively. These results are
consistent with the photopolymerization kinetics determined
by NIR-FTIR with the RF/TEA photoinitiator system (Fig. S3B).
Additionally, the higher values of G′ compared to G″ indicate
gel-like behavior, resulting from the formation of the cross-
linked structure as the reaction proceeds. Interestingly, gel-like
behavior is observed for both formulations before UV
irradiation; however, it is more pronounced in the P(50)-D2

one, probably arising from existing hydrogen bonds between
sucrose and casein molecules. To test this hypothesis, the

Fig. 2 Graph of equilibrium water content (wt% relative to the initial water content, eqn (3)) at 25 °C and 75% RH for each formulation: D1 (A) and
D2 (B) based eutectogels. (C) Photorheology measurements comparing formulations with both DES types (D1 in blue and D2 in green) and 50%
PEGDA content. (D) Shear strain sweep for P(50)-D2 before photopolymerization.
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shear strain sweep (Fig. 2D) on the uncured P(50)-D2

formulation was performed, which showed the typical behav-
ior of a supramolecular gel, with a pronounced decrease in G′
due to the progressive breaking of reversible interactions, and
a crossover of the moduli occurring at a strain of around
40%.26,27

3.2. Characterization of bio-based eutectogels based on
casein

Eutectogels, defined as soft materials, possess viscoelastic pro-
perties which are commonly analyzed using rheological
measurements.28 For this reason, and with the aim of
determining the viscoelastic behavior of the studied eutecto-
gels, G′ and G″ were obtained through a frequency sweep
during a rheological test. All the formulations exhibited predo-
minant elastic behavior with stable G′ values higher than G″
throughout the entire frequency range studied, indicating a
structurally stable crosslinked network (Fig. S7). Additionally,
eutectogels with higher PEGDA content show superior G′
values, with a difference of around 6 kPa between 100% and
30% of PEGDA in D1-based eutectogels, and around 40 kPa
between these two PEGDA contents in D2-based eutectogels.
This is a consequence of a more highly interconnected
network, which increases their strength.29 It is also worth
noting that a similar trend is observed between the eutectogels
with different DESs, where the eutectogels with D2 present a
higher G′ than those with D1 (around 40 kPa between formu-
lations with 100% PEGDA) (Fig. 3A). Two reasons could
explain this difference. On one hand, the additional physical
interactions in eutectogels containing D2 may enhance their
elastic behavior. On the other hand, this effect is most likely
attributed to the lower water content in these eutectogels,
which increases the solid content and, consequently, their
elastic response.

The increased crosslinking density in eutectogels with
greater PEGDA content is also evident in their mechanical
response during loading–unloading compression tests. Fig. 3B
and C show the stress–strain curves for eutectogels with
different PEGDA content and DES type. As expected, the com-
pression modulus (Fig. 3D) and stress at 35% of strain
(Fig. 3E) increase with PEGDA content, with a more notable
difference between the samples containing 100% of PEGDA
and those with 30 or 50% of PEGDA. Consistent with the rheo-
logical study, eutectogels with D2 exhibit higher values of
these parameters than those with D1. The stress at 35% of
strain for the 100% PEGDA formulation has values of 47 kPa
for D1 and 166 kPa for D2, whereas the lower values for 30%
PEGDA formulations are around 7.4 kPa for D1 and 56 kPa for
D2. The compression moduli, ranging from 150 to 253 kPa for
eutectogels with D2 and from 17 to 92 kPa for D1, are consist-
ent with those reported for soft materials employed in bioelec-
tronic applications, where low modulus is adequate for biome-
chanical interact with biological tissue (within the tens to hun-
dreds of kPa range).30–32 Furthermore, the loading–unloading
curves are also useful for studying viscoelastic properties
through the appearance of a hysteresis phenomenon which is

observed when the loading and unloading stress–strain curves
do not match, indicating an energy dissipation characteristic
of viscoelastic behavior. The hysteresis area and residual defor-
mation are parameters commonly used to quantify the viscoe-
lasticity of a material: values close to zero indicate purely
elastic behavior, whereas higher values reflect a departure
from ideal elasticity.33,34 In line with the previous compression
parameters, eutectogels containing D2 and higher PEGDA
content exhibit greater elasticity, as evidenced by lower hyster-
esis area (Fig. 3F) and reduced residual deformation (Fig. 3G).
Additionally, eutectogels show stable mechanical properties,
as consecutive stress–strain curves exhibit minimal changes
(i.e. approximately the same hysteresis area and maximum
compressive stress) and nearly overlap after 5 loading–unload-
ing cycles (Fig. S8). This behavior indicates that the gel micro-
structure was not significantly altered under the repeated com-
pression cycles.

One of the most interesting properties of these eutectogels
is the ionic conductivity, due to the incorporation of ionic
DES. This parameter was determined from impedance
measurements over a range of applied voltage frequencies
during EIS tests at room temperature. Fig. 4A depicts the
obtained Nyquist plots, which exhibit a semicircle in the
high-frequency region associated with kinetics phenomena,
and a straight line in the low-frequency region related to mass
transfer processes. These plots display the characteristic
shape of a Randles circuit (Fig. 4B), which is commonly used
to fit EIS spectra of gel electrolytes in contact with
electrodes.7,35 The corresponding theoretical Nyquist plots
for the Randles circuit in the high-frequency region are also
shown in Fig. 4A as continuous lines. The values of each
circuit element were obtained (Fig. S9), and the ionic conduc-
tivity of eutectogels was calculated from the fitted Ru values.
Fig. 4C and D show the ionic conductivity of each formulation
with values around 1 × 10−3 S cm−1 for D1-based eutectogels
and 6 × 10−5 S cm−1 for D2-based ones. The difference in
ionic conductivity between these systems is mainly attributed
to their different water contents. A higher water content
promotes ionic species mobility, and hence the eutectogels
containing D1 present higher conductivity than those contain-
ing D2, whose water content is considerably lower (Table S1 of
SI).24 This trend is also observed in D1-based gels with
different PEGDA content, where the slight difference in
ionic conductivity observed appears to be primarily related to
the water : DES weight ratio. P(50)-D1 exhibited the highest
ionic conductivity, corresponding to the highest water : DES
ratio (0.78 : 1), whereas P(30)-D1 and P(100)-D1 presented lower
ionic conductivity and water content (ratios 0.73 : 1). No sig-
nificant differences were observed when varying the PEGDA
content in both D1 and D2-based gels. In either case, the
ionic conductivity is suggested to be governed by the perco-
lated liquid rather than by the crosslink level of the matrix,
which could also affect the ion mobility within the eutectogel.
D1-based formulations exhibit conductivity values comparable
to those of other eutectogels used for bioelectronics
applications.36–38
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3.3. Application of bio-based eutectogels in pressure sensors

As proof of concept, a pressure sensor based on the P(100)-D1

formulation was fabricated and its performance was evaluated.
This gel was selected due to its high ionic conductivity and good
mechanical properties. The electrical resistance (R) was regis-
tered during a compressive test, and the relative resistance vari-
ation (ΔR/R0) was calculated and plotted as a function of the
applied pressure (Fig. 5A). From this relationship, the pressure
sensitivity (S) was determined, obtaining a value of 0.7 kPa−1,

which is consistent with previously reported values for
eutectogels.39,40 For example, Ma et al. developed a pressure
sensor based on a dual network eutectogel composed of a pre-
polymerized network of [2-(methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl) (DMAPS) and physically crosslinked acrylic acid-N-
(2-hydroxyethyl)acrylamide copolymers (p(AA-co-HEMAA)), with
a S value of 0.684 kPa−1 over a pressure range of 0–14 kPa.40 On
the other hand, Fig. 5B shows the evolution of the resistance (R)
over successive compression-release cycles, using 30 and 50 g
loads, highlighting the reproducibility of the sensor response. A

Fig. 3 (A) G’ as a function of frequency. Loading–unloading compression test of D1-based formulation (B) and D2-based formulation (C), and
mechanical properties such as (D) compression modulus, (E) stress at 35% strain, (F) hysteresis area, and (G) residual deformation for eutectogels
with different DES and PEGDA content.

Paper Polymer Chemistry

Polym. Chem. This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
7/

20
26

 1
:2

9:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6py00380j


clear difference between both conditions is observed, with
higher signal amplitudes obtained under the 50 g load.

3.4. Processability of bio-based casein eutectogels by 3D
printing

The photopolymerizable nature of this system makes it suit-
able for fabricating eutectogels with different predesigned

forms by light-based 3D printing technologies. Two different
3D printing techniques were explored with M-casein based for-
mulations, tomographic VAM and DLP 3D printing.
Particularly, VAM is a new technology with different benefits
compared to the traditional VP technologies, like rapid print-
ing, smooth finish without layers and the possibility of print-
ing without support.14

Fig. 4 (A) Nyquist plot for D1-based eutectogels with different PEGDA content and the theoretical fitting (black line). (B) Randles circuit with the
different elements: R: resistor, C: capacitor and W: Warburg element. Ionic conductivity for eutectogels (C) D1-based formulation and (D) D2-based
formulation.

Fig. 5 (A) Relative resistance as a function of pressure, along with linear regression used for calculating sensitivity. (B) Successive compression-
release cycles showing the resistance over time under applied loads of 30 g (left) and 50 g (right), together with a comparison of both signals
(below).
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The designed formulation containing 17.5 wt% M-casein,
D1 and the RF/TEA photoinitiator system was initially evalu-
ated for printing with both technologies. D1 formulation was
chosen for 3D printing due to the high conductivity values and
also because it is the formulation which loses less water, allow-
ing to obtain a final piece that maintains its shape after 3D
printing. However, several limitations were identified. During
DLP printing, significantly long curing times (180 s) were
required to form a cured layer. In addition, the high viscosity
of the formulation promoted the detachment of the cured
layers from the build platform, preventing successful printing.
On the other hand, for VAM, formulation transparency is a key
parameter for obtaining parts with good resolution. However,
the formulation containing 17.5% of M-casein exhibited
reduced transparency, as these molecules form micelles that
scatter light. This, combined with the slow reaction kinetics of
the RF/TEA system, was insufficient for a 3D printing process,
even under high light intensity conditions (50 mW cm−2 for
300 s). In this context, modifications to the M-casein based for-
mulation were necessary to enable successful printing.

First, the reduction of the M-casein concentration was con-
sidered to decrease the formulation viscosity and improve
transparency. Reducing viscosity can promote the interaction
of reactive functionalities, leading to faster cure rates and
shorter construction times. Fig. 6A compares the viscosity of
formulations containing 17.5 wt% and 12.5 wt% M-casein
(with D1), showing that reducing the M-casein content to
12.5 wt% resulted in a viscosity below 10 000 cP, which is more
suitable for DLP 3D printing.41,42 Moreover, this lower
M-casein concentration formulation exhibited improved
transparency.

On the other hand, the use of an alternative photoinitiation
system was considered. Lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP), a commonly used photoinitiator,
was selected due to its fast kinetics and biocompatibility.43,44

Photorheology confirmed faster photopolymerization kinetics
for the 12.5 wt% M-casein formulation containing 0.1 wt%
relative to M-casein of LAP (Fig. 6B), compared to the original
formulation with 17.5 wt% of M-casein with the RF/TEA photo-
initiation system (Fig. 6C). Furthermore, for formulations with
LAP, both containing 12.5 and 17.5 wt% of M-casein, the time
required to reach complete polymerization was similar, while
G′ was higher at a M-casein concentration of 17.5 wt%, due to
the formation of a highly crosslinked network (Fig. S10 in SI).
Whereas the formulation containing LAP reached the G′
plateau 30 s after irradiation was initiated, the RF/TEA formu-
lation did not reach this condition even after 1500 s, indicating
slower reaction kinetics compared to other liquid resin formu-
lations. These results support the use of this photoinitiator
system for VP, where relatively short curing times are sufficient
to form self-supporting gel layers during typical printing
processes.35

In order to evaluate the printability of this modified formu-
lation (M-casein 12.5 wt%, P(30)-D1-12.5), DLP 3D printing was
employed to fabricate eutectogels. A 3D model containing pyr-
amids of different sizes was employed, with heights and dia-

meters ranging from 1 mm to 5 mm, to assess the resolution
of the printed structures. Fig. 6D shows the 3D-printed eutec-
togel alongside the corresponding 3D model for comparison.
As observed, the larger pyramids (1.5–5 mm) were successfully
printed, exhibiting well-defined shapes and surface finishes.
However, the smallest pyramid (1 mm) could not be fully
resolved, indicating the resolution limit of this formulation.

In addition, using a similar formulation (P(40)-D1-12.5) the
3D printing parameters for the tomographic volumetric 3D
printing were optimized by irradiating the formation of eutec-
togel in different dot regions using exposure times from 50 to
300 s and light intensities between 17.32 and 50 mW cm−2

(Fig. 6E). After this optimization, an energy density of 1200 mJ
cm−3 was determined and employed for printing. Fig. 6F
shows a chess pawn shaped eutectogel obtained by VAM.
Compared with the CAD model, the overall geometry and
general shape of the chess pawn was reproduced, but with a
suboptimal resolution, as evidenced by the low definition of
finer features. This might be related to the absence of the total
optical transparency of the formulation required in this
technology, which can deeply affect accurate and high-resolu-
tion printing. Despite these limitations, these results demon-
strate the feasibility of processing this type of formulation by
volumetric 3D printing and highlight the potential for further
improvements through formulation optimization. We observed
that VAM and DLP printing approaches exhibit complementary
advantages. VAM enables the fabrication of designs with a
reduced working volume, resulting in lower overall resin con-
sumption for similar geometry. In contrast, DLP processing of
comparable formulations provides significantly higher resolu-
tion and improved feature definition, while maintaining pro-
cessing times comparable to those achieved with VAM. To the
best of our knowledge, this represents the first report of eutec-
togel printing using this technology.

The formulations evaluated for 3D printing with 12.5 wt%
of M-casein (P(30)-D1-12.5 and P(40)-D1-12.5) were further
characterized by EIS and compression tests.

The ionic conductivity of P(30)-D1-12.5 and P(40)-D1-
12.5 gels were 1.80 × 10−2 and 1.17 × 10−2 S cm−1, respectively
(Table S2). Furthermore, higher ionic conductivity was
observed in these gels containing 12.5 wt% M-casein com-
pared to the 17.5 wt% M-casein formulations (Fig. 4C). This
behavior may be attributed to a lower crosslinking density,
resulting in enhanced ionic mobility and, consequently,
increased ionic conductivity.

Regarding mechanical properties, P(30)-D1-12.5 and P(40)-
D1-12.5 formulations show no significant changes during
repeated loading and unloading compression cycles, indicat-
ing also good mechanical stability (Fig. S11A and B).
Furthermore, Fig. S11C to F shows the different mechanical
properties calculated for each formulation. Overall, P(40)-D1-
12.5 shows higher compression modulus and stress at 35% of
strain than the P(30)-D1-12.5 formulation, attributed to the
higher PEGDA content. The difference observed in hysteresis
area and residual deformation is negligible. Additionally,
when comparing the P(30)-D1 formulations containing 17.5

Paper Polymer Chemistry

Polym. Chem. This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
7/

20
26

 1
:2

9:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6py00380j


and 12.5 wt% M-casein, the first exhibited a higher com-
pression modulus (17 kPa) than the latter (10 kPa), which can
be attributed to its higher solid content.

4. Conclusion

In this work, eutectogels based on the protein casein were pre-
pared. For that, M-casein was synthesized to incorporate
methacrylic functional groups in the protein structure, there-
fore being capable of crosslinking during photo-
polymerization, while PEGDA acted as an additional cross-
linker. The eutectogel formulation also included two DESs and
a photoinitiation system composed of RF and TEA. By varying
the PEGDA content and DES type, eutectogels with different

crosslinking degrees and water contents were obtained, result-
ing in a library of eutectogel materials with tunable properties.

The viscoelastic properties of the eutectogels showed a pre-
dominant elastic behavior with compression moduli ranging
from 17 to 253 kPa, stress at 35% of strain from 7.4 to 166 kPa,
with a clear trend toward higher values in formulations with
Bet/Suc DES and high PEGDA contents. This was attributed to
the higher crosslinked matrix in eutectogels with more PEGDA
and to the lower water content in Bet/Suc-based formulations,
leading in a superior solid fraction.

The water content also affected the ionic conductivity with
a clear difference between Bet/Suc-based formulations (around
6 × 10−5 S cm−1) compared to Bet/Gly-based formulations
(around 1 × 10−3 S cm−1), where the latter exhibited higher
conductivity due to their superior moisture content, which
promotes ion transport. Based on the long-term elasticity and

Fig. 6 (A) Viscosity evolution through a range of shear rates of different formulations with different M-casein content (12.5 and 17.5 wt%).
Photorheology comparing the use of LAP as photoinitiator in formulation containing 12.5 wt% of M-casein (P(30)-D1-12.5), (B) and RF/TEA photoini-
tiation system in formulation containing 17.5 wt% of M-casein (P(50)-D1) (C). (D) Images of the 3D eutectogel pieces (P(30)-D1-12.5) printed using
the DLP vat 3D printer and their corresponding 3D models. (E) Picture of the gel dots obtained in the parameter optimization for the volumetric 3D
printing using P(40)-D1-12.5 formulation. (F) Images of the 3D eutectogel pieces (P(40)-D1-12.5) printed using the volumetric 3D printer and the
corresponding 3D models.

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2026 Polym. Chem.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
7/

20
26

 1
:2

9:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6py00380j


the ionic conductivity of casein based eutectogels, their poten-
tial for bioelectronics was evaluated by assembling a pressure
sensor, which exhibited a sensitivity of 0.7 kPa−1 and stable
responses under repeated loading cycles.

Finally, the formulations were adapted for the requirements
of tomographic volumetric and DLP 3D printing, enabling the
fabrication of eutectogels with predesigned architecture.
Overall, these results demonstrate that the developed bio-
based eutectogels combine tunable mechanical properties,
ionic conductivity, and printability, making them promising
candidates for sustainable soft bioelectronics applications.
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