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Mixed lonic and Electronic Conducting Eutectogels for
3D-Printable Wearable Sensors and Bioelectrodes
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Eutectogels are a new class of soft ion conductive materials that are attracting
attention as an alternative to conventional hydrogels and costly ionic liquid
gels to build wearable sensors and bioelectrodes. Herein, the first example
of mixed ionic and electronic conductive eutectogels showing high adhe-
sion, flexibility, nonvolatility, and reversible low-temperature gel transition for
3D printing manufacturing is reporting. The eutectogels consist of choline
chloride/glycerol deep eutectic solvent, poly(3,4-ethylenedioxythiophene):
lignin sulfonate, and gelatin as the biocompatible polymer matrix. These soft
materials are flexible and stretchable, show high ionic and electronic conduc-
tivities of 7.3 and 8.7 mS cm™, respectively, and have high adhesion energy.
Due to this unique combination of properties, they could be applied as strain
sensors to precisely detect physical movements. Furthermore, these soft
mixed ionic electronic conductors possess excellent capacity as conformal

like poly(3,4-ethylenedioxythiophene):poly(
styrene sulfonate) (PEDOT:PSS), stand out
for this application due to their enhanced
charge storage and coupled transport
properties.? These functional materials
are commonly used for recording physi-
ological signals, assessing biochemical
information, and electrical stimulation/
modulation. Ionic-electronic conductive
hydrogels are another important family
of soft conductors that have been broadly
explored in healthcare technologies due
to their similarities to biological tissues
and tunability in terms of electronic,
mechanical, and chemical properties.P!
In particular, natural biopolymers-based

electrodes to record epidermal physiological signals, such as electrocardio-

grams and electromyograms, over a long time.

1. Introduction

Soft and stretchable biocompatible conductors have attracted
extensive research attention because of their great potentiality
in the rapidly growing field of wearable digital devices.l For
instance, organic mixed ionic-electronic conductors (OMIECs),

hydrogels are attractive platforms for
wearable devices as they combine inherent
renewable, non-toxic features, biocompat-
ibility, and biodegradability.l®”] Several
examples of natural biopolymers have
been reported as promising building blocks in stretchable
devices, including cellulose,®1% chitosan,"! alginate,!1¢l
silk fibroin, 8l and gelatin.[1*-21

Unfortunately, these conductive hydrogels fail in long-lasting
signals recording due to the continuous water evaporation in
open-air sensors and bioelectrodes. At this point, ionic liquid
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Figure 1. Schematic illustration of the construction of the electroactive gelatin-based eutectogels.

gels or iongels with characteristic low vapor pressure and high
ionic conductivity have stepped into the spotlight in the last
five years.?272%] As a representative example, Luque et al. have
recently reported 3D-printable poly(vinyl alcohol)-based iongels
using cholinium-derived ionic liquids (ILs) and polyphenols as
dynamic crosslinkers for long-term cutaneous electrophysiolog-
ical recordings.”’) However, ILs are expensive, and their green
character has often been questioned due to their poor biocom-
patibility and biodegradability.?8!

Under this scenario, eutectogels, an emerging class of
ionic materials that have just been developed very recently,
offer unique opportunities for creating novel flexible bioel-
ectronics.?>3% In these soft conductors, the liquid phase is
a deep eutectic solvent (DES), sharing many of the features
of the ILs like high thermal stability and ionic conductivity,
but benefiting from easy preparation, low cost, and non-
cytotoxicity.3331 Up to now, only a few examples of purely
ionic conductive eutectogels for bioelectronics have been
reported.’*%"] Very recently, Ouyang et al. prepared water-
borne polyurethane-based eutectogels using choline chloride
(ChCl)/glycerol (Gly) DES and tannic acid as a crosslinker
for self-adhesive bioelectrodes. These soft ionic conductors
showed good extensibility of 178% and ionic conductivity of
0.22 mS cm™L.1%7]

In this work, we develop biocompatible soft conductors
composed of ChCl/Gly, PEDOT: lignin sulfonate, and gelatin
as the first example of mixed ionic and electronic eutectogels
for flexible electronics. These gels combine properties like high
adhesion, stretchability, good electronic and ionic conductivity,
and thermoreversible gel transition, endowing them with 3D
printing and remolding abilities. Altogether, these features
render the eutectogels promising platforms as conformal move-
ment sensors and electrodes for long-term monitoring of body
signals through electrocardiogram (ECG) and electromyogram
(EMG).

2. Results and Discussion

As schematized in Figure 1, the eutectogels were synthesized
via a three-step process, including i) the dispersion of PEDOT:
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lignin sulfonate (2% w/v) powder into the DES, ii) mixing gel-
atin (20% w/v) at 90 °C into the PEDOT: lignin sulfonate/DES
to obtain unentangled gelatin random coils, and iii) pouring
the warm precursor solution into a mold and cooling it over-
night at 4 °C to promote gelatin triple helix formation based
on hydrogen bonds.3¥l First, we screened different gelatin con-
centrations to prepare purely ionic eutectogels, 10, 20, and 30%
w/v. Then, a 20% w/v concentration was selected to meet an
optimal balance between solution viscosity and gel elasticity
(see viscoelastic properties in Figure S1A of the Supporting
Information). On the other hand, lignin sulfonate was chosen
for PEDOT stabilization as this plant-derived polyphenol has
good biocompatibility and may also contribute to gel adhe-
sion.’% Thus, we explored different PEDOT: lignin sulfonate
weight ratios (60:40, 70:30, 80:20, and 90:10) to modulate the
gels’ electronic conductivity and properties. According to the
PEDOT: lignin sulfonate ratio used, the obtained eutectogels
were coded as eGel-60, eGel-70, eGel-80, eGel-90, and eGel-0 for
the purely ionic eutectogel.

ATR-FTIR spectroscopy was employed to analyze the nature
of the interactions between the eutectogel components. As
shown in Figure 2A, the characteristic signals of gelatin and
the DES at 1627 cm™ (Amide I, C=0 V), 1522 cm™ (Amide 11,
N—H &) and 1035 cm™ (C—O ) showed a hypsochromic shift,
after gel formation, to 1649 cm™, 1552 cm™, and 1040 cm,
respectively. Besides, a band broadening was observed in the
region 3200-3500 cm™, corresponding to Amide A (N—H )
and O—H v. These results suggest the formation of strong
hydrogen bonds between the DES and the gelatin scaffold,
which are not affected by the PEDOT: lignin sulfonate addition
(2% w/v), as observed in FTIR spectra of Figure S1B of the Sup-
porting Information.

Indeed, these excellent interactions in the eutectogel matrix
provide the materials with high thermal stability. As shown
in the thermograms of Figure 2B, all the samples presented a
similar degradation profile with an initial weight loss of around
8% at 100 °C, probably associated with water evaporation as the
eutectogel components are highly hygroscopic. Regardless of
the PEDOT: lignin sulfonate ratio, the main decomposition pro-
cess starts at around 200 °C, demonstrating a wide window for
thermal processing.
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Figure 2. A) FTIR spectra of gelatin, ChCl/Gly DES, and eGel-0 eutectogel. B) Degradation profile of the as-prepared eutectogels. C) Images of the
tensile test of eGel-0 (i) and eGel-90 (ii). D) Stress versus strain curves for the electroactive materials.

Dynamic hydrogen bonding also endows eutectogels with
good stretchability and strength, as shown in Figure 2C,D and
Video S1 of the Supporting Information. We found that when
increasing the PEDOT: lignin sulfonate ratio, the eutectogels
breaking strength increased, but their extensibility decreased,
suggesting that the conducting polymer acts as a reinforcer of
the biopolymer matrix (Figure 2D). For instance, the fracture
strain varied from 165% to 130%, while the breaking strength
increased from 32 to 78 kPa for eGel-0 and eGel-90, respectively.
Interestingly, the eutectogels showed a linear elastic behavior
until the sample fracture, with Young’s moduli ranging
18-50 kPa and resilience values of around 50 k] m~3 (Figure S2
of the Supporting Information).

Next, we investigated the viscoelastic properties of the eutec-
togels by small-amplitude oscillatory shear (SAOS). As an
example, the amplitude and frequency sweeps of eGel-90 are
displayed in Figure 3A,B. The gels showed elastic moduli (G’)
in the order of 10 kPa and large linear viscoelastic ranges (LVR)
higher than 25% (see Figure S3 of the Supporting Informa-
tion), in good agreement with the extended proportional limit
observed in the tensile tests. In addition, frequency sweeps
revealed that these dynamic materials are stable gels in the
standard frequency range of 0.1-100 rad s, showing no cross-
over point between G’ and viscous modulus (G”) (Figure S4 of
the Supporting Information). At high frequency (>30 rad s7),
all the samples presented an increase in the dynamic moduli,
likely due to long entangled gelatin chains with long relaxation
times, acting as crosslinking points.*%

On the other hand, owing to the dynamic nature of the elec-
troactive eutectogels, they show thermoreversible gel-sol transi-
tion, which is a valuable feature for 3D printing applications.
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Therefore, we investigated the thermal behavior of these soft
conductors by differential scanning calorimetry (DSC) and
dynamic mechanical thermal analysis (DMTA).

From the DSC scannings of Figure 3C, it can be observed
that the gels presented a glass transition occurring almost
simultaneously with their gel-sol transition temperature at
around 55-60 °C. These results are supported by DMTA, where
all the gels showed a clear crossover point (G’ = G”) at around
55 °C, indicating this gel to liquid phase transition (Figure 3D
and Figure S5 of the Supporting Information). It is worth
mentioning that unlike previously reported PEDOT:PSS print-
able inks,*!l the eutectogels rheological behavior was not sig-
nificantly influenced by the conducting polymer concentration
mainly because the gelatin matrix dominated the viscoelastic
properties of these materials.

Moreover, although the eutectogels presented a predominant
solid-like behavior (G’ > G”) below =55 °C, they can be easily
extruded at mild temperatures and low pressures. We found
an optimal extrusion temperature close to the onset of the G’
decay. Otherwise, lower or higher temperatures led to mate-
rial clogging or lateral spreading upon extrusion, respectively.
Indeed, Figure 3E shows that eGel-90 could be perfectly shaped
at 42 °C with a 3D printer in different patterns.

At this point, we studied the electronic properties of these
materials: the electronic conductivity given by the semicon-
ducting polymer and the ionic conductivity given by the DES.
First, we evaluated their electronic conductivities (o,) by 4-point
probe measurements. The values of o, ranged between 2.2 and
8.7 mS cm™, and as expected, the higher the PEDOT:lignin
sulfonate ratio, the higher the eutectogels’ conductivity
(Figure 4A). Thus, eGel-90 was chosen to perform further cyclic
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Figure 3. Viscoelastic behavior of eGel-90 obtained by A) amplitude and B) frequency sweeps. C) DSC curves of electroactive eutectogels with different
PEDOT content. D) Evolution of G’, G" and Tan & versus temperature for eGel-90. E) 3D printing of eGel-90 in different patterns by hot extrusion at

mild temperature (42 °C). Extrusion was performed at a pressure of 2 bar and a speed of 10 mm s™'.

voltammetry experiments aiming to confirm its electroactivity.
The cyclic voltammograms at scan rates from 20 to 150 mV s
in 0.1 m HCIO, solution are shown in Figure 4B. We observed
broad anodic and cathodic peaks, typical of PEDOT and similar
to previous results.*»® In addition, the anodic and cathodic
peak currents were proportional to the scan rate (see Figure S6
of the Supporting Information), indicating that the redox pro-
cess is not controlled by diffusion and demonstrating the elec-
troactivity of the eutectogels.

Then, we analyzed the gels’ ionic conductivity (c;) by elec-
trochemical impedance spectroscopy from 30 to 90 °C, as
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—1

shown in Figure 4C. The results showed ionic conductivities
in the order of 1072 S cm™, and we observed the typical linear
dependence of o; versus temperature due to the increase in
carrier mobility. As expected, the immobilization of the DES
in the gelatin matrix decreased its conductivity, but curiously,
0; increased with the PEDOT:LS ratio, obtaining a maximum
value of 5.5 mS cm™ for eGel-90 at 30 °C. This fact shows the
positive contribution of oxidized PEDOT chains in the average
ionic conductivity.*!l Figure 4D shows a LED-light circuit in ON
state, built with eGel-90 as proof of the excellent conductivity of
this eutectogel.
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Figure 4. A) Electronic conductivity of the as-prepared eutectogels with varied PEDOT: LS ratio. B) Cyclic voltammetry of eGel-90 at scanning rates
of 20, 50, 100, and 150 mV s7'. C) lonic conductivity versus temperature for different eutectogels, and DES was included for comparison purposes.
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Finally, since the highest combined ionic and electronic
conductivity of eGel-90, we chose this material to evaluate its
potential use as a soft sensor and electrode for bioelectronics.
An exciting feature of these materials is their excellent adhe-
sion to the skin (see Video S2 in the Supporting Information),
which favors an intimate contact, essential for conformal wear-
able devices. For instance, according to probe tack measure-
ments, eGel-90 possesses an adhesion strength of 80 kPa and
adhesion energy (proportional to the area under stress vs strain
curve) of 33 ] m™? (Figure 5A), much higher than those for
recently reported hydrogels with similar properties.*%! Then,
eGel-90 was applied as a strain sensor to detect physical move-
ments. The sensor sensitivity is determined by the resistance
variation percentage, AR/R,, where R, and R are the resis-
tances of the eutectogel at rest and under strain. AR/R, shows
a linear relationship with the strain in the range of 0-60%, and
the gauge factor (GF) is 1.64 (Figure 5B). eGel-90 sensor stuck
on the surface of an index finger shows smooth signals with
low noise, and the signals are sensitive to the bending angle of
the finger (Figure 5C and Figure S7A and Video S3, Supporting
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Information), displaying good reproducibility during different
bending cycles. Since the excellent stretchability and large
elastic limit of the eutectogel, the sensor maintains a linear
dependency with the strain even after 30 or 20 stretching—
releasing cycles with a maximum strain of 20% or 30%, without
compromising its sensitivity (see Figure 5D and Figure S7B,
Supporting Information).

In addition, we also investigated the performance of eGel-90
as a cutaneous bioelectrode for ECG and EMG recording. The
adhesive eutectogel and an Ag/AgCl gel medical electrode
used as control were attached to the wrist of a female volun-
teer to register ECG signals (Figure 6A). In the ECG displayed
in Figure 6B, PQRST waveforms were well detected, and the
eutectogel presented comparable signals to the commercial
control. Physiological signals provide valuable information
for diagnosis and rehabilitation, and long-term biopotential
monitoring is often demanded. Overtime ECG recordings
using Ag/AgCl medical electrodes are impossible to obtain as
they dry in a few hours. However, because of its nonvolatile
nature, eGel-90 can reproduce high-quality ECG signals even
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C) 3000

Intensity (uV)

-3000 T T T T 1

Time (s)
D) 300

t= 2 weeks
150

-150

t= 1week

- b

a o

o o
T

Intensity (V)
g2 o

-300
=
150

-150

-300 1 1 1 1
0 3 6 9 12 15

Time (s)

Figure 6. A) Images of eGel-90 (left) and Ag/AgCl medical electrode (right) attached to the wrist of a female volunteer. B) Comparison of the ECG
signals using the adhesive eGel-90 electrode and a commercial medical electrode. C) EMG response of eGel-90 electrode after thigh stimulation of a
female volunteer. D) Evolution over time of the EMG signals generated by thigh contraction/relaxation.
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after two weeks, with stable outputs maintaining shape and
intensity (see Figure S8, Supporting Information). Besides,
this soft material can record EMG signals generated by thigh
electrostimulation (see Figure 6C) and monitor muscle contrac-
tion/relaxation, obtaining excellent signal quality for at least
2 weeks, as shown in Figure 6D. These results reveal the ability
of the eutectogel for long-lasting physiological recording.

3. Conclusions

This article presents a new type of eutectogel that combines
the properties of a flexible biopolymer (gelatin), a conducting
polymer (PEDOT:lignin sulfonate), and a deep eutectic solvent
(ChCl/Gly), which acted as a dynamic crosslinker by hydrogen
bonding interactions. These materials serve as a proof of
concept and the first example of mixed ionic-electronic
conducting eutectogels. The eutectogel formulation showing
the highest ionic conductivity was found to be the one con-
taining 90:10 PEDOT:lignin sulfonate weight ratio due to the
contribution of the conducting polymer chains in the overall
gel conductivity. Collectively, these soft conductors gather
adhesion properties, elasticity, electroactivity, 3D-printing
ability, and the ionic conductivity of the deep eutectic sol-
vent together with their biocompatibility and negligible vapor
pressure. This unique combination of properties turns these
eutectogels into excellent platforms for wearable devices as
soft sensors and conformal bioelectrodes. It is anticipated that
a similar synthetic approach could be applied to other con-
ducting polymers and deep eutectic solvents combinations,
opening new directions for designing innovative low-cost soft
bioelectronics.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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