Open Access Article. Published on 10 April 2023. Downloaded on 3/13/2026 3:17:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2023,
10, 2516

Received 1st March 2023,

Accepted 9th April 2023 Ana Aguzin,

Santiago Velasco-Bosom,” Matias L. Picchio,
Eleni Mitoudi-Vagourdi,“ Roque J. Minari,

DOI: 10.1039/d3mh00310h

*bd

rsc.li/materials-horizons David Mecerreyes

Deep Eutectic Solvents (DES) are a new class of ionic conductive
compounds attracting significant attention as greener alterna-
tives to costly ionic liquids. Herein, we developed novel mixed
ionic-electronic conducting materials by simple mixing of
poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) (PED-
OT:PSS) and various DES as additives. The DES addition induces
the supramolecular assembly and gelification of PEDOT:PSS
forming eutectogels triggered by extensive hydrogen bonding
and charge stabilization. The eutectogels feature boosts
the mixed ionic—electronic conductivity of PEDOT:PSS up to
368 S cm™, unveiling great potential as flexible bioelectronics.
All the PEDOT:PSS/DES gels showed shear-thinning behavior and
viscosity values ranging from 100 to 1000 Pa s. The eutectogels
show good injectability with almost instantaneous elastic recov-
ery, making them ideal materials for direct ink writing (DIW). As
proof of that, PEDOT:PSS/DES (choline chloride:lactic acid) was
3D printed in different patterns, annealed at high temperature,
and assembled into adhesive electrodes. This way tattoos-like
electrodes, denoted as Eutecta2 were fabricated and placed
in vivo on the forearm and the thumb of human volunteers
for electromyography measurements. Eutecta2 hexagonal patterns
showed excellent conformability, and their signal-to-noise ratio
(SNR) was higher than Ag/AgCl commercial electrodes for thumb
motion measurements. Furthermore, forearm motion was measured
after 14 days with similar values of SNR, demonstrating long-term
stability and reusability. All in all, our findings revealed that DES
could be used as inexpensive and safe additives to direct the self-
assembly of PEDOT:PSS into supramolecular eutectogels inks for
flexible bioelectronics.
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New concepts

In this work, we demonstrate the concept of mixed ionic electronic
conductive materials by the combination of PEDOT:PSS and deep eutectic
solvents (DESs). The extensive hydrogen bonding and charge stabilization
of the DESs greatly enhances the PEDOT:PSS electrical and ionic con-
ductivity up to 450 S cm ™" and 0.16 S cm ™, respectively. Unlike previous
systems based on PEDOT:PSS/ionic-liquids, PEDOT:PSS/DESs are cost-
effective, easy to make, have similar conductivity values and are more
biocompatible. Furthermore, the PEDOT:PSS DES show shear-thinning
properties which allows the direct printing of electrodes for
electrophysiology, (Eutecta2). The obtained
Eutecta2 electrodes are self-standing, stable after drying, and reusable,

called eutectic-tattoos

as well as 3D printable in custom shapes. They were placed in vivo on the
forearm and thumb of human volunteers for electromyography
measurements, demonstrating conformability-dependent to shape and
a better signal-to-noise ratio (SNR) than commercial electrodes. In
conclusion, PEDOT:PSS/DESs are a new class of mixed ionic-electronic
materials that could play a crucial role in the field of flexible bioelec-
tronics, offering unique advantages over traditional materials reported in
the literature.

Introduction

Wearable health monitoring devices have become increasingly
prevalent among consumers and healthcare diagnoses in the last
few years, becoming a powerful tool in preventing and detecting
diseases at early stages." Among various bio-signals, electrical
recordings of bio-potentials such as electrocardiography (ECG),
electromyography (EMG), and electroencephalography (EEG) are
key in the monitoring and diagnosis process.

Up to now, wet Ag/AgCl gel electrodes have been the most
employed in real scenarios due to their relatively low cost and
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high sensitivity. Regrettably, these electrodes may cause skin
irritation and deteriorate after volatilization of the liquid inside
the gel electrolyte, rendering them inappropriate for long-term
and wearable monitoring. In contrast, dry electrodes are a
promising alternative to overcome stability and contact issues.
In particular, dry tattoos made of conducting materials (e-tattoos)
that are biocompatible, conformable, and self-adhesive to the
skin represent a potential solution. In this vein, poly(3,4-ethylene-
dioxitiophene) doped with polystyrene sulfonate (PEDOT:PSS)
is the gold standard material for electrical bio-recording.®*
The strength of this organic conductor resides in its mixed
conductivity, being able to conduct electrons and ionic charges,
enhancing conversion of ionic signals into electronic ones.
Nevertheless, PEDOT:PSS is neither stretchable nor adhesive
to the skin and possesses a bulk electrical conductivity that
is not wholly satisfactory when micrometer-size materials are
required. Moreover, PEDOT:PSS is only processable by spin-coating
methods, limiting electrode geometry and self-portability. In this
regard, inkjet printing that processes the material in 2D is the only
alternative that has been used to manufacture e-tattoos.>®
Poly(vinyl alcohol) and dimethyl sulfoxide have been applied as
dopants to improve the conductivity and flexibility of PEDOT:PSS,
reporting similar interface impedance to Ag/AgCl electrodes when
the electrode was wet.” In recent works, PEDOT:PSS without any
other additive was inkjet printed on tattoo paper and skin-
transferred, measuring ECG and EMG with nanometer-thick elec-
trodes but exhibiting impedance values a few orders of magnitude
higher than commercial ones. Despite the delicate material and
easy transfer method, impedance in dried state is detrimental to
addressing long-term recording and mechanical or time stability
challenges.*"°

One of the solutions to render PEDOT:PSS more suitable for
these applications is the incorporation of ionically conductive
additives,"" such as ionic liquids (ILs). When mixed with
PEDOT:PSS, ILs act as effective secondary dopants, enhancing
the global conductivity by more than 1000-fold. Besides the
conductivity enhancement, ILs act as plasticizers and make
PEDOT:PSS incredibly stretchable, with deformations surpassing
100%."* Unfortunately, the ILs that show higher conductivity
enhancement possess high toxicity and poor biodegradability,
which is prohibitive for applications where intimate contact
with the skin is required.'®'* In this regard, some of us recently
described some skin-friendly ILs composed of cholinium-
carboxylate for bioelectronics.™

In the next generation of additives, deep eutectic solvents
(DES) have started to unseat the role of ILs. DES are mixtures of
pure compounds, commonly called hydrogen bond acceptors
(HBA) and hydrogen bond donors (HBD), for which the eutectic
point temperature is significantly lower than that of an ideal
liquid mixture."®® DES benefit from a broad liquid range, easy
and green synthesis, which avoids solvent and purification
steps, and possess low toxicity and cost because their compo-
nents are often renewable resources.'®*° DES have been mostly
combined with PEDOT:PSS electrochemically, acting as a sup-
porting electrolyte during the polymerization and therefore
doping PEDOT,*" and only a few works have explored DES for
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PEDOT post-treatment.>*>* Very recently, DES have been used
to develop the first mixed ionic-electronic eutectogel for electro-
cardiogram (ECG) and electromyogram (EMG) recordings. The
material was composed of glyceline (choline chloride: glycerol,
ChCl:Gly 1:2 mol ratio), PEDOT: lignin sulfonate, and gelatin.
The eutectogel improved the processability of PEDOT material,
rendering it excellent for 3D printing by direct ink-writing.>>
In this work, we described innovative supramolecular eutec-
togels based on the combination of PEDOT:PSS with a series of
DES composed of ChCl as a typical HBA and various HBD from
aliphatic polyols, organic acids to aromatic compounds i.e.
ChCl:Gly (1:2), ChCl: 1,3-propanediol (PDO) (1:2), ChCl: lactic
acid (LAC) (1:2), ChCl:pyrogallol (PY) (1:1) and ChCl:
p-toluenesulfonic acid (PTSA) (1:1). Supramolecular eutectogels
were only obtained at PEDOT:PSS/DES ratios higher than 30 wt%
due to charges equilibrium. We studied the impact of the
chemical structure of the HBD on the conductive properties,
morphological characteristics, and viscoelastic behavior of these
mixed conducting eutectogels. Furthermore, we explored the
suitability of the eutectogels for direct ink writing, creating
different patterns. The printing geometry was correlated with
the eutectogels impedances, obtaining good conformability for
all the samples. Finally, the materials were placed on the skin,
and the signal-to-noise ratio (SNR) was compared for the different
geometries.

Results and discussion

To examine the effect of the DES chemical composition on the
eutectogels properties, different HBD, such as -OH containing
molecules glycerol and pyrogallol (GLY) and (PDO), natural
organic acids such as lactic acid (LAC), and aromatic acids
(PY and PTSA), were considered. The chemical structures of the
eutectic mixture components are illustrated in Fig. 1(A). After
the DES addition the PEDOT/PSS solution gelified and a
supramolecular eutectogel consisted of the mixture of a DES
with PEDOT:PSS in a specific ratio was formed Fig. 1(B). For
explaining this, Muthukumar et al found that PEDOT:PSS
solutions are a dispersion of charged microgels that can con-
nect by electrostatic interactions into a macroscopic network at
moderate ionic strength in sufficiently high concentration.>®
Hence, if the concentration of PEDOT:PSS is lower than 30 wt%,
the dilution effect and high ionic strength provided by the DES
hamper the microgels crosslink. Conversely, if the PEDOT:PSS
concentration exceeds 30 wt%, interactions achieve an equilibrium,
forming a supramolecular eutectogel network (see Fig. 1(B)). We
also observed phase segregation of the colloids if PEDOT:PSS
concentration is over 60 wt%, probably due to ion-exchange
processes. HBD may displace the PSS anion, unbalancing the
charges of the supramolecular gel. FTIR analysis (Fig. S1A, ESIT)
confirmed the characteristic signals of PEDOT:PSS at 1535 cm ™
(skeletal vibrations), 1254 cm™ ' (RO-SO;~ v as), 1099 cm™ ' (RO-
SO;~ v sy), 1053 cm™ ' (C-O-C v), 950 cm™ ' (C-H v oop), and
660 cm~ ' (C-S v). After DES addition, signals attributed to the
stretching vibrations of the sulfonic groups (SO;H) in PSS*
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Fig. 1 (A) Chemical structures of PEDOT:PSS and DES used. (B) General
pathway for preparing PEDOT:PSS/DES supramolecular eutectogels
(left) and scheme of the interactions between the DES (HBA:HBD) and
PEDOT:PSS when are mixed between 30 and 60 wt% (right).

displayed significant changes. For instance, Fig. S1B (ESIt) shows
a red shift of the symmetric stretching vibration of SO;~ from
1099 cm™ " to 1014 cm ™ for PEDOT:PSS/ChCLLAC. Compared with
the rest of the eutectogels, the electrostatic interaction of PSS with
LAC indicates that the anion is effectively coupled to PEDOT
displacing PSS. This effect has also been observed in PEDOT:PSS
mixtures with cholinium lactate and imidazonium-based ILs."*?
The intermolecular interactions of the supramolecular
eutectogels could be decoded throughout their viscoelastic
behavior monitoring the storage (G’) and loss modulus (G")
at various strains.”® Attractive electrostatic forces have the
largest influence on stress-dependence properties as they
require the most energy to disrupt, providing the greatest shear
resistance.* Fig. S2A (ESIt) displays strain curves of all eutec-
togels i.e. 50/50 wt% PEDOT:PSS/DES. They all presented linear
viscoelastic regime with constant values of G’ and G” up to 10%
strain, followed by a sudden decay at 60% strain that point out
the gel breakdown. This point indicates the disentanglement
and rupture of the dynamic bonds, decreasing its forces and
performing as fluid. In accordance, electron-rich DES i.e.
ChCL:PTSA and ChCIL:PY, present the largest storage modulus
with 160 and 120 Pa, respectively. Therefore, we could assume
n-m interactions between the styrene sulfonate of the PSS, the
thiophene of PEDOT, and the benzyl moiety of the phenolic and
tosylate DES. PEDOT:PSS composites with polyols ChCl:GLY
and ChCIL:PDO only possess the hydrogen bonding interactions,
independently of the acceptor units (2 or 3 respectively),
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rendering an equal storage modulus of ~70 Pa. Organic acid
homologous, ChCI:LAC, does not present any additional impact
on the intramolecular forces, decreasing to 40 Pa. In accor-
dance, Fig. S2B (ESIT) shows the viscosity values of the eutecto-
gels vs. frequency. The most viscous eutectogel is PEDOT:PSS/
ChCI:PY with 1000 Pa s, being almost 10 times greater than the
other mixtures, including the electron-riched PEDOT:PSS/
ChCL:PTSA. Therefore, we could hypothesize that the combination
of m-r interactions with hydrogen bonding of polyphenols plays a
more remarkable role in the intermolecular forces than the
combination of n-conjugated structures with sulfonated charges.

Besides the eutectogel formation, DES additives act as con-
ductivity enhancements for PEDOT:PSS. Indeed, PEDOT:PSS/
DES conductivity increased above two-three orders of magnitude
compared with untreated PEDOT:PSS dispersion (~0.2 S cm™ ).
The material conductivities were evaluated on a drop-casted
deposition, measured in a semi-dry and dry state. We know
from previous work performed with ionic liquids that the water
content could enhance the conductivity of this mixed conducting
material.'® Firstly, the impact of the eutectogel composition was
evaluated by a four-point probe on semi-wet films (see Fig. 2(A)).
As expected, the conductivity is enhanced proportionally to the
amount of DES added, reaching the maximum at 50/50 wt%
(PEDOT:PSS/DES). After this composition, the conductivity drops
consistently for all PEDOT:PSS/DES types, certainly due to the
phase segregation effect. PEDOT:PSS/ChCL:PTSA displayed the
highest conductivity for all compositions, 450 S cm™". It could
be attributed to smoother inter-PEDOT-chain packing, also
observed in vapor phase polymerization methods.*' After PTSA,
LAC is the most valuable HBD additive, improving conductivity
up to 350 S cm ™, especially for 50/50 wt% composition. Struc-
turally comparative, lineal PDO enhanced 2.5-fold the conduc-
tivity than trifunctional GLY.

Fig. 2(B) and (C) shows the role of DES on the electronic
and ionic conductivity deeply, the gel composition was fixed at
50/50 wt%, and both conductivities were evaluated in a dry state.
It is known that high temperatures dry the film by lacking liquid
solvent molecules and simplifying the system to a mixture of
conducting polymer and dissolved ions.**> Alcohols have been
studied in detail in the literature as excellent solid polymer
electrolytes leverage periodically repeating ether oxygen groups
to coordinate and solvate cations. Therefore, PEDOT composites
of ChCL:PDO and ChCL:PY are the ones that show the highest
ionic conductivity values with 0.16 and 0.04 S cm ' at 85 °C.
(Fig. 2(C)) Also, these composites showed changes by a factor of
two depending on temperature, demonstrating ionic-charges
motion. On the opposite, composites with high electron-rich
DES architectures presented lower values of ionic conductivities
with 0.03 and 0.01 S em™* for ChCL:PY and ChCI:PTSA. Nyquist
plots were evaluated to compare the ionic over the electronic
contribution for each composition (see Fig. S3A-C, ESIt). These
eutectogels present the more remarkable ionic conduction,
independently of the temperature, characterized by a diffusive
straight line. In contrast, composites with LAC and PTSA HBD
presented mixed conduction at room temperature, besides the
exclusive electronic-dominated mechanism observed by a semi-

This journal is © The Royal Society of Chemistry 2023
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(A) Electrical conductivities of PEDOT:PSS/DES composites with different DES amounts 20, 40, 50, and 60 wt%, (B) Electrical conductivities of 50/

50 wt% PEDOT:PSS/DES composites measured by 4PP on dried films, (C) lonic conductivities of 50:50 wt% PEDOT:PSS/DES calculated throughout
fitting at different temperatures and (D) AFM height images of PEDOT:PSS/ChCL:LAC composite films annealed at 120 °C.

circle at high temperatures. This observation reveals that PEDOT:
PSS/ChCL:PTSA, PEDOT:PSS/ChCL:PY, and PEDOT:PSS/ChCL:LAC
composites are dominated by electronic conductivity mechanism
while PEDOT:PSS/ChCL:PDO and PEDOT:PSS/ChCL:GLY eutecto-
gels are dominated by ionic mechanisms.

Higher temperatures of annealing change structurally organic
semiconductors, specially PEDOT:PSS.** In this regard, the electro-
nic conductivity was evaluated at different annealing temperatures
(Fig. 2(B)). The electronic conductivity revealed an enhancement by
a factor of two for all the PEDOT:PSS/DES composites except for
ChCI:PY films, which kept the conductivity constant at 50 S em™".
Fig. 2(D) shows the morphology of PEDOT:PSS/ChCLLAC after
120 °C annealing. Dry eutectogels exhibited very uniform surfaces,
indicating continuity throughout the film. The interconnection of
the PEDOT-riched aggregates was originated from the significant
phase separation between the PSS-rich shells and the PEDOT-rich
cores. A high-performance DES should induce not only an efficient
ion exchange with PEDOT:PSS to increase mobility but also a
uniform high-level p-doping of PEDOT that increases its intrinsic
conductivity.>*

Supramolecular interactions in the PEDOT:PSS/DES eutecto-
gels could be engineered to provoke reversible gel-sol transition,
rendering them ideal materials for direct ink writing (DIW).

This journal is © The Royal Society of Chemistry 2023

Fig. 3(A) shows dynamic strain tests. At low strains (1%), the
conducting composite behaves as a solid gel (G’ > G"). After
applying a high strain (1000%), G’ drastically decreased, and the
liquid-like state was reached (G” > G’). Reversibly, when 1%
strain is returned, the material recovers its initial moduli values
without delay. DIW 3D printing was carried out using an
extrusion-based printed commanded by aire pressure. The eutec-
togel was placed inside a plastic cartridge and extruded by 1-5 Pa
compressed air. The action of pressure breaks the intra-
molecular interactions and confers its fluid-like state on the
eutectogel. Subsequently, the material is printed in a desired
shape and instantaneously recovered the gel-like consistency at
room temperature (see Fig. 3(B)). In accordance with the viscosity
test, electron-rich eutectogels present higher forces to perform
the sol-gel transitions, which could cause clogging and impede
its flow after the air-flow application. Meanwhile, the polyols
and LAC present lower forces, being more friendly with this
nozzle-dependent technique. Among the different eutectogels,
PEDOT:PSS/ChCLLAC was selected for further use due to its
biocompatibility for skin contact and its suitable combination
between mixed conductivity and rheological behavior. Moreover,
PEDOT:PSS/ChCLLAC eutectogels demonstrated retaining the
electroactive behavior of the polymer after printing. Fig. S4 (ESIY)

Mater. Horiz., 2023,10, 2516-2524 | 2519
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(A) Dynamic strain tests alternating 1% and 1000% strain at short times of 500 s. (B) Scheme of the DIW method and changes in the interaction of

the eutectogel strain function. (C) 3D printed hexagonal patterned PEDOT:PSS/ChCL:LAC eutectogel before and after the annealing process at 50 °C

(scale bar = 1 cm).

shows the cyclic voltammetries (CVs) at different scan rates. The
material showed a capacitive behavior with broad anodic and
cathodic peaks at 0.4 V and 0.2 V vs. Ag/AgCl, typical of PEDOT-
electroactive materials. Besides, the anodic and cathodic current
increased proportionally with the scan rate, indicating that the
redox process was not limited by diffusion and demonstrating
that the whole eutectogel was involved in the electrochemical
reaction. Fig. 3(C) shows the eutectogel DIW printed and its
appearance when the material was annealed at 50 °C for 16 h
until the water was removed. The final material is a ~20 pym
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ADHESIVE PAPER
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ADHESIVE SIDE

EUTECTA2

EPIDERMIS

Fig. 4

thickness with self-portable capability and enough robustness to
be peeled off and physically handled. Three different square
shapes were printed with solid, hexagonal, and stripe patterns
(see Fig. S5, ESIt). Squares areas were calculated using Image]
processing (see Fig. S6, ESIT). DIW printed eutectogels presented
areas of 2.0-2.3 cm? for the striped patterns, 2.3-2.5 cm? for the
hexagonal patterns, and almost the double 3.9-4 cm? for the
solid shapes. After printing, the dried pattern was connected
with silver paste to a flexible cable and then adhered on top of a
double-side adhesive-transfer paper.

EUTECTA2 ON SKIN

PEELING-OFF

SOLID

Contact Area (cm?)

0
80000

800000
Impedance at 50 Hz (Q)

(A) Schematic description of the sticker process, (i) Eutecta2 stuck on top of the skin, (ii) wetting step on the transfer paper side and (iii) peeled-off

the transfer paper leaving the Eutecta2 in contact with the skin, (B) scheme of the Eutecta2 stuck on the skin for epidermal biopotential detections
of electromyography (EMG) and (C) values of impedance at 50 Hz of the solid, hexagonal, stripped, and Ag/AgCl electrode vs. the contact area (Ag/AgCl
contact area is 3.14 cm?).*°
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Fig. S7 (ESIt) shows the final scheme of the geometry
assembled, dubbed the Eutecta2. Fig. 4(A) shows the easily
transferable mechanism on the skin, which consisted of three
simple steps: (i) the Eutecta2 was placed on the skin with the
help of the adhesive side paper and gentle pressure, (ii) a great
amount of water was added to the surface, wetting the transfer
paper and (iii) the transfer paper was peeled-off leaving the
Eutecta2 in contact with the skin surface. Hereby, the Eutecta2
is stable, highly conductive, and conformable on the skin.
Fig. 4(B) depicts the situation and conformability of the tattoo
on the skin. The sticky side of the paper made it adhesive on
the skin, enhancing the biopotential signal recording of muscle
groups, ie., electromyography (EMG). EMG is a technique that
records muscle activation and relaxation vs. signal amplitude
depending on motion. It has been used to monitoring motion
of vital sign, flexible wearables or glucose sensor, among other
applications.*~*” The most useful and important EMG frequen-
cies range from 10 to 150 Hz.*® EIS was investigated on the skin
using two-electrode configuration. All the samples displayed a
frequency-dependent response, showing high impedance values
at lower frequencies. In addition, the range of impedances
presented comparable order of magnitude to a commercial Ag/
AgCl electrode (see Fig. S8, ESIT). For an equivalent comparison,
the area influence of the Eutecta2 at 50 Hz was investigated.
As expected, impedance values at 50 Hz were dependent on the
total surface of the electrodes for the dry Eutecta2 (see Fig. 4(C)).
The solid pattern showed the lower values of impedances (258 £
56 kQ), followed by the hexagonal pattern (364 + 59 kQ2) and the
stripped pattern (617 £ 120 kQ). In comparison, wet Ag/AgCl
electrodes show impedance values of 80 £+ 32 kQ. Impedance
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values of the Eutecta2 were in accordance with the areas of
the electrodes measured, being the solid electrode the lowest,
hexagonal the second and finally the striped pattern. Moreover,
the surface morphology of the Eutecta2 was observed under
scanning electron microscopy (SEM), pre- and after used onto
the skin (Fig. S9, ESIt). After contact with the skin, a wrinkle-like
surface could be observed on the Eutecta2 surface, showing
similarities to epithelial-skin morphology. This effect remarks
the highly intimate conformability of the tattoo on the skin if
compared with the smoothness of the pristine material.

The EMG recordings were conducted by placing the electro-
des as indicated in Fig. 5(A). For EMG, two motions were
recorded: (i) forearm and (ii) thumb motion. All movements
started from a resting position with the palm facing downward,
and the forearm or thumb muscles were contracted four-five
times, each over five seconds (Fig. 5(A)). The EMG recorded
during both motions showed a distinctive signal response for
all the geometries, as well as the commercial electrodes. The
signal-to-noise (SNR) ratio was calculated by evaluating the
ratio between the signal and the base voltages. In Fig. 5(B),
forearm EMG motion is displayed. All the Eutecta2 showed
lower values of SNR than commercial Ag/AgCl electrodes, being
SNR equal to 1.8 £ 0.2 for stripped shapes, 2.0 + 0.4 for solid
shapes, 2.6 = 0.8 for hexagonal shapes and 3.2 + 1.5 for
commercial Ag/AgCl. Surprisingly, the variable area of the
electrode is not directly correlated with the EMG recording of
the electrodes, indicating a conformability-dependent factor.
The result indicates a compromise between contact area and
impedance values to obtain ideal recordings. In order to
corroborate our hypothesis, the EMG on thumb motion was
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= @
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(A) Schematic representation of the position of each electrode placed on the skin, indicating muscles involved in the movement (top), forearm

(middle) and thumb motions (bottom). On the right, photos of the Eutecta2 placed on the skin are shown. EMG recordings on the forearm (B) and thumb
(C) of hexagonal, striped, and solid Eutecta2, compared with Ag/AgCl electrodes. Signal-to-noise ratio (SNR) of each measurement is also shown.
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recorded and displayed in Fig. 5(C). The location of the
Eutecta2 on the thumb requires more adaptability of the
electrode to the skin. In this case, hexagonal Eutecta2 showed
the best performance with 4.7 + 0.8 SNR values, followed by the
commercial Ag/AgCl electrode with 3.3 + 1.4, the stripped with
2.4 £+ 0.1 and the solid electrode with 1.8 + 0.4. All in all, we
concluded that the Eutecta2 are conformable to muscles,
allowing measurements in complex areas and therefore improving
recording than commercially available electrodes.

Finally, the solid-shaped Eutecta2 was removed carefully, re-
placed 14 days later, and measured on the forearm, and its
performance was compared with day 0. In contrast with many of
the examples shown in the literature, the plasticity and self-
portability of the electrodes and their high ionic-electronic con-
ductivity allow for reusability after post-used. Fig. S10A (ESIT) shows
the solid-shaped electrode after removal during day 0, demonstrat-
ing enough robustness. EMG recording after 14 days confirmed its
reusability, displaying non-significant SNR values with 2.0 £ 0.4 for
day 0 and 2.2 + 0.2 for day 14 (see Fig. S10B, ESI}).

Experimental
Materials

All chemicals were used without any further purification. Choline
chloride (ChCl, >98%, Sigma-Aldrich), 1,3 propanediol (PDO, 99%,
Thermo Scientific™), glycerol (Gly, ReagentPlus®, >99.0%, Sigma-
Aldrich), p-toluenesulfonic acid monohydrate (PTSA, ReagentPluss,
~98%, Sigma-Aldrich), pi-lactic acid (LAC, ~90%, Thermo Scien-
tific™) and pyrogallol (PY, >98.0% HPLC, Sigma-Aldrich). Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PH1000, Heraeus
Clevios™).

Methods

DES synthesis. The DES were synthesized by the heating
method, mixing ChCl and various HBD at 95 °C until a clear
homogeneous liquid was obtained (except ChCl: lactic acid,
where the temperature was set at 60 °C). The final obtained DES
and their molar ratios were ChCl:LAC 1:2, ChCl:GLY 1:2,
ChCl:PDO 1:2, ChCl:PTSA 1:1, and ChCl:PY 1:1.

Synthesis of the PEDOT:PSS/DES eutectogels. The corresponding
amounts of Clevios™ and DES were mixed at room temperature
with PEDOT:PSS/DES weight ratios of 80/20, 60/40, 50/50, and 40/60
(being the PEDOT:PSS amount calculated as 1.3% of the Clevios™
weight). Right after mixing, the PEDOT:PSS/DES composite was
vortexed during ~30 seconds. When PEDOT:PSS/DES was mixed
completely the viscosity of the composite was clearly increased with
gel-like consistency. The gel-like material was poured on a silicon
mould and then dried at 60 °C for 24 h, employing no vacuum. For
further thermal treatments, gel-like composites were performed at
60, 80, 100, and 120 °C under vacuum for 1 h.

Electronic conductivity. The electronic conductivity of the
dried samples was measured with a four-point probe Ossila
system at room temperature. Three measurements were
obtained; the average value among them is reported, with its
corresponding deviation standard error.
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Ionic conductivity. The ionic conductivity was measured by
electrochemical impedance spectroscopy (EIS), employing
an Autolab 302N potentiostat-galvanostat, coupled with a
Microcell HC station, which provided temperature control.
Both the DES and the dried composites were measured. DES
were measured by being deposited inside a silicon mold of
8 mm intern diameter and approximately 1.245 mm thickness.
The dried composite samples were 10 mm in diameter, pre-
viously vacuumed dried, and subjected to 1 h/120 °C thermal
treatment. EIS measurements were carried out from 85 to 25 °C,
with a step of 10 °C each, holding the temperature for 10 min
and 20 min before each temperature change to allow tempera-
ture equilibrium in the whole sample. The frequency range was
varied from 10° to 1 Hz, with 10 mV amplitude.

Cyclic voltammetry. Cyclic voltammetry measurements were
performed in a three-electrode cell, employing a glassy carbon
electrode (1 cm diameter) as the working electrode, an Ag/AgCl
as the reference electrode, and a platinum as the counter
electrode, in an aqueous NaCl 0.1 M solution as the electrolyte,
and using a VMP3 potentiostat (Biological Science Instru-
ments). The PEDOT:PSS/ChCL:LAC 50/50 liquid gel solution
(5 pL) was drop-casted on the working electrode surface, dried
at 60 °C under vacuum for 24 h, and then at 120 °C for 1 h. The
system was purged with nitrogen for 10 min before measuring.
The experiments were carried out at a potential range from
—0.2 to 0.8 V (referenced to Ag/AgCl) at different scan rates
(20, 50, 100, and 150 mV s~ ).

Fourier transform infrared spectroscopy (FTIR). FTIR was
employed to characterize the structure of the dried composites,
the DES, and the PEDOT:PSS. A Nicolet Magna 6700 spectro-
meter was used to acquire the spectra in the range of 400 to
4000 cm ™' with a 4 cm ™! resolution and averaged over 24 scans.

Rheological properties. The rheological behavior of the gels
was analyzed with an AR-G2 rheometer (TA instruments)
employing a cone-plate geometry. Storage and loss moduli were
studied in dependence on three different variables: (i) strain
oscillation (from 0.1 to 100% strain, at 1 Hz and 25 °C),
temperature (from 0 to 90 °C, at 3% strain and 1 Hz), and
angular frequency (from 0.1 to 100 rad s ', at 3% strain and
25 °C). Viscosity was studied as a function of temperature
and shear rate. Shear rate measurements employed a rotational
strain from 0.1 to 1000 s~ " at 25 °C, while temperature sweeps
went from 25 to 90 °C at a rotation strain of 50 s™'. Finally,
injectability tests were implemented in time by performing a
series of three steps of 150 s each, at 1 Hz: (i) at first, a strain of
1% was fixed; (ii) strain was raised to 1000%; (iii) finally, strain
returned to its initial value of 1%.

3D direct ink writing (DIW) of Eutecta2. Printing tests were
performed with a 3D-Bioplotter (Developer Series, Envision-
TEC, Gladbeck, Germany). The printed patterns were designed
with the software Autodesk Inventor 2019. The printing process
was performed at 25 °C, maximum pressure of 0.1 bar,
10 mm s ' speed, and 0.001 mm of the maximum resolution.
Needles with an inner diameter of 0.6 mm were used.

Eutecta2 preparation. For connection to the electronics, the
Eutecta2 was first bonded to a cable using either silver paste or
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medical tape. The silver paste was left to dry (40 °C after
application) before undergoing thermal sintering (120 °C,
60 min) in a conventional oven, according to the manufacturer’s
specifications. Before placement on the skin, the tattoo was
attached to a commercially available temporary tattoo sheet
(TransOurDream, Glitter paper). The electrode was placed on the
skin, applying hand pressure to ensure adhesion. The transfer
paper was wetted using a DIW-soaked cloth that allows its removal,
leaving the transparent one-side adhesive holding the electrode in
intimate contact with the skin and protecting the Eutecta2.

In vivo recording. All experimental EMG recording experi-
ments were performed after approval of the Ethics Committee
of the Department of Engineering at the University of Cambridge
(6/9/2018, IONBIKE) and after obtaining informed consent from
participants. The measurements were recorded using an RHS
stimulation and recording system (Intan Technologies) at a
30 kHz sampling rate. Testing areas were gently wiped with a
tissue wet in ethanol for skin preparation. Two different recording
locations were selected for this paper, ie. the inner forearm and
hand thumb region. A commercial Ag/AgCl electrode (MLA 1010B,
ADInstruments) was placed on the elbow for voltage reference.
Recorded EMG signals were filtered using a 50 Hz band-stop filter
and a band-pass filter with 10 Hz and 150 Hz cut-off frequencies.
The signal-to-noise (SNR) ratio was calculated as the root mean
squared (RMS) ratio of the measured voltage during muscular
activation normalized by the number of samples, divided by the
RMS of the signal measured when the forearm or the tumb was at
rest, normalized as well by number of samples.

Conclusions

Overall, we have demonstrated the formation of supramolecular
eutectogels combining PEDOT:PSS and several easy to prepare
Deep Eutetic Solvents DES additives. The use of DES additives
induces the gelification leading to the formation of conducting
eutectogels. The resulting materials presented outstanding mixed
ionic and electronic conductivity, time and air stability, as well
as sol-gel reversibility. This property allowed direct ink writing
in different designed shapes and patterns. After thermal anneal-
ing, flexible and skin-conformal dry mixed conductors could be
obtained. In addition, we also showed a successful way to
immobilize these novel Eutecta2 organic conductors on the skin
to be used as e-tattoos. Finally, the e-tattoos were employed for
EMG recording on non-conformable and conformable areas. The
engineering of the material, combined with 3D printing and the
e-tattoo transfer method, clearly offers super potential for future
larger-area wearables, prosthetics, or implantable applications.
Overall, these innovative mixed-conducting eutectogels could be
promising alternatives to be implemented as conformable elec-
trodes in bioelectronic devices for long-term health monitoring
with high sensitivity.
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