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/X0 X The development of stretchable electrodes is crucial for advancing soft electronics, including bio-integrated health

systems and wearable devices. In this work, we present a biocompatible and highly conductive stretchable hydrogel
electrode, by combining a conductive polymer (PEDOT:PSS) and a thin platinum layer (=150 nm) deposited on top via radio
frequency (RF) sputtering. The 2-hydroxyethyl acrylate (2-HEA) hydrogel provides a flexible matrix into which the PEDOT:PSS
polymer is incorporated, along with -OH groups that ensure strong adhesion of the metal layer to the hydrogel. The resulting
electrode achieves a surface resistivity of 0.8 Q sq* (=8x10¢ S m) and maintains conductivity even after 500 stretch-relax
cycles at 70% strain. Unlike conventional electrodes, it exhibits minimal resistance variation (R/R¢=2) under strain due to a
combined “island-bridge” conduction mechanism. Importantly, the electrode preserves its conductivity even after a year of
storage under ambient conditions. Additionally, under 40°C and 70%RH for 48h, the resistivity only shows a slight increase,
which is recovered once returned to standard conditions. Furthermore, biocompatibility tests confirm the electrode’s
suitability for skin-contact applications. This novel approach provides a promising solution for next-generation wearable and
implantable bioelectronics, offering an optimal balance between high conductivity, mechanical durability, stretchability and
biocompatibility.

electrodes in contact with living beings, possess the additional
1. Introduction requirement of biocompatibility.1416 While flexibility can be
easily achieved by making the material thinner, obtaining
materials with a stretchability superior to 1-2% whereas
keeping low electrical resistances is much harder. Broadly, three
different approaches have been developed to prepare
conductors stretchable above 20% of their initial length:
Structure-enabled (Figure 1a), thin films (Figure 1b) and
composite-based (Figure 1c), as well as many combination of
these three.’’

The advancement of soft electronics, which includes
applications such as soft robotics,* wearable optical sensors,*
6 and bio-integrated health systems,’ is often hindered by the
challenge of creating electrodes that can seamlessly conform to
complex and dynamic surfaces without compromising electrical
performance.'® 1 The lack of electrodes that can endure
substantial mechanical deformations while maintaining
consistent functionality remains a critical bottleneck in the field.
As a result, research efforts are increasingly focused on
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maximum strain defined by the geometrical design, further
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stretch of the material might lead to irreversible damage and a
permanent loss of their conduction.

On the other hand, thin films of metallic material can be
deposited over an elastomeric substrate. This approach
typically presents a strain-dependent conductivity. Different
techniques have been applied to generate those thin films, such
as sputtering,'® screen printing?® or spin coating.?! When the
elastomer substrate is elongated, the conductor film is
stretched and its resistance increases. However, thin-films
conductors prepared over elastomers usually degrade with
subsequent uniaxial elongations. For example, after several
stretch cycles up to 20% of strain, the conductivity of a thin layer
of gold deposited on polydimethylsiloxane (PDMS) decreased
from 2.8:10° S m™ to =10* S m1.22

Finally composite-based electrodes are prepared by introducing
a conductive filler such as metal nanoparticles, carbon
nanotubes or conductive polymers inside an elastomeric
structure. This produces intrinsically conductive and stretchable
material. As in thin films, the conductivity of the material
depends on the elongation. With this method, it is possible to
obtain highly elongable conductors (>50%) while maintaining its
conductivity.?> The concentration of the filler is crucial, since
filled composites become more brittle and fracture at a lower
strain when compared with the unloaded one. Most used
conductive fillers include metallic nanowires,?* nano-carbon
materials 2> 26 and conductive polymers (CPs).?7: 28

Among these fillers, metallic nanowires are known for their high
conductivity, however they suffer from inherent stability issues
and a propensity to oxidize,?? unless noble expensive metals like
Au or Pt are used.30 Alternatively, carbon nanostructures have
been identified for their enhanced stability and impressive
carrier mobilities, though they exhibit a high contact
resistance.3! Both of these materials, carbon nanostructures,
and metallic nanowires, face shared challenges, such as the
tendency to aggregate and poor adhesion to polymer
substrates.3? CPs, on the other hand, exhibit a different set of
characteristics. Their conductivity is derived from a mn-
conjugated system that combines the conductivity of metals
and semiconductors enabling higher tuneability. They also allow
a more effective interface with soft polymers, coupled with a
generally higher level of biocompatibility.33 This makes them
popular materials for stretchable electronics yet they usually
present higher resistivities than other fillers. 3% Among CPs,
poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate)
(PEDOT:PSS) stands out among the others. A deep review about
this material was conducted by Chen et al.3> It can be tuned to
obtain different charge transport abilities, with excellent optical
transparency, good electrochemical stability and a long lifetime.
The highest conductivity ever reported in PEDOT:PSS based
stretchable materials is 3.1-:10° S m™1.36

In this work, we present a biocompatible stretchable hydrogel-
based electrode prepared by a combination of two of the
previously described methodologies, with the aim of obtaining
the intrinsic stretchability of polymeric materials with the
conductivity of a thin metal film. We have used a 2-
Hydroxyethyl acrylate (2-HEA) based hydrogel whose hydroxyl
groups help to integrate both the CP and the thin metal layer.

2| J. Name., 2012, 00, 1-3

PEDOT:PSS was selected as the conductive polymer, due.te,its
superior conductivity, the highest recorded 1aHEAEECPY IS
At the surface of this hydrogel, a thin film (=150 nm) of metallic
platinum is deposited via RF sputtering magnetron. The
resulting nanocomposite hydrogel exhibits a surface resistivity
of 0.8 Q sq? (=8:10% Sm™) and a maximum elongation of 90%,
with the REDOX stability of the platinum metal. This
combination of high conductivity and elongation is among the
highest reported to date (see section 2.7). These results are
explained with an “island-bridge” mechanism, in which, when
platinum is stretched, it breaks forming isolated Pt-islands.
PEDQOT:PSS chains connect these islands, providing alternative
pathways for the electric current. Previous examples of this
mechanism include the use of carbon nanotubes 37 or Ga
eutectics with Ag flakes3® as bridging particles which, as
depicted previously, can present aggregation problems, and in
case of Ga eutectics and Ag, also oxidation issues. In contrast,
PEDOT:PSS offers excellent electrochemical stability, intrinsic
deformability and easier integration with the hydrogel matrix,
rendering excellent performance in fulfilling the bridging role.
Furthermore, all the elements used in this study, 2-HEA,3° 40
PEDOT:PSS*Y 42 and Pt** 44 have been previously used in
bioapplications. Therefore, the developed electrode may pave
the way for the advancement of next-generation electrodes
that are both highly conductive and deformable, with potential
applications in biocompatible and wearable systems.

2. Results and discussion
2.1 Hydrogel support

As mentioned previously, the electrode was prepared by the
combination of three elements, each one having an important
role in the overall material. The 2-HEA monomer is an excellent
building block in the preparation of hydrogels and other flexible
and hydrophilic materials.*> 46 In this way, the 2-HEA based
hydrogel contributes to the flexibility of the system and gives
the necessary scaffolding and softness. Additionally, it is known
from catalysis studies that hydroxyl groups can be adsorbed
over platinum nanoparticles with an energy around 30 kJ mol-
1,47 This adsorption in our case can improve the adhesion of the
platinum layer to the substrate hydrogel. This is a key point of
this material, as correct interactions between the conductive

Figure 2: a) Delamination of a platinum thin layer sputtered over an [2-
(Acryloyloxy)ethyl]trimethylammonium chloride based hydrogel. b)
Conductive silver ink over 2-HEA hydrogels. Both images depict previous
unsuccessful attempts to create stretchable electrodes in our group.
These failed efforts were part of the iterative process of refining
electrode designs to achieve the desired balance of adhesion,
conductivity and flexibility

This journal is © The Royal Society of Chemistry 20xx
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layer and the support play a critical role in the stretchability.
Low adhesion forces can cause the delamination of the
conductive layer, and the propagation of breaks (Figure 2a). On
the other hand, when the adhesion force is too strong, the
conductive layer can separate into isolated islands, losing the
conductivity(Figure 2b).48

The resulting 2-HEA hydrogel itself is an insulating material,
whose conductivity was determined to be 7.00 £ 0.02:108 S m-
1. Efforts were made to prepare an electrode using a Pt-
modified 2-HEA hydrogel. After Pt deposition, the surface
resistance was measured to be 52 Q sql. However, after a
single stretch-relaxation cycle, the surface resistance increased,
falling outside the specified range.

Therefore PEDOT:PSS is added as a conductive filler,*® 50
significantly reducing the resistance of the support, reaching
conductivities of 7£1:101 S m! (check experimental section for
measurement details). PEDOT:PSS chains are homogeneously
distributed through the 3D hydrogel network and fulfill the role
of providing alternative pathways for electrons, connecting the
metal in case of formation of isolated islands. Although these
islands have not been observed at the macroscale in our
material, their presence can not be dismissed at the microscale.

2.2 Sputtered Pt layer

The last component, the platinum layer, provides the highest
conductivity element. This layer was prepared by RF sputtering
magnetron process, as this technique allows fine control of the
layer thickness along with good homogeneity and without
degradation of the hydrogel support. Furthermore, the
resistance of the platinum metal to corrosion and oxidation
ensures long-term stability of the electrode.®

Sputtering requires vacuum conditions, which poses significant
challenges when working with highly hydrated hydrogels.
Water within the hydrogel tends to evaporate, complicating
pressure reduction, and may freeze, potentially damaging the
material due to ice formation. A common approach involves
sputtering onto another material before depositing it onto the
hydrogel,! or conducting the sputtering process in a dry state,
followed by rehydration.5? These methods can lead to issues
such as poor adhesion or rupture of the metallic layer, either

Materials Chemistry: Frontiers

during transfer to the hydrogel or during its sweling. olhe
mismatch between the mechanical propeftidé s IHe rhMAN SRy
the hydrogel, particularly when the material expands upon
hydration, increases the risk of delamination or cracking,
compromising the electrode's functionality and durability in
practical applications. In our case, the 2-HEA hydrogel contains
only 5 wt% water, which, even when removed, is regained upon
exposure to ambient humidity. This suggests that water
interacts sufficiently with the hydrogel to remain inside during
sputtering, thereby preventing the previously mentioned issues
of evaporation, freezing, and material damage.

Given the challenges previously described and associated with
sputtering on water-containing samples, there is limited
research on optimal deposition conditions. To address this,
different source powers and durations were applied to the 2-
HEA/PEDOT support during RF sputtering magnetron, followed
by a measurement in the surface resistivity (see section 2.5 for
electrical evaluation) to find the optimal conditions. In all cases,
the argon pressure was maintained at 1-102 torr, and the pre-
vacuum was set at 1-:10*torr. These parameters were crucial for
achieving efficient metal deposition without damaging the
hydrogel substrate.

First, different power levels (25-250W) were tested while
keeping the deposition time constant at 5 minutes. The results
(Figure 3a) show that the lowest resistance values were
obtained using 100W. For high sputtering powers, the energy of
the Pt clusters can damage the substrate.”® For our 2-
HEA/PEDOT:PSS hydrogel, this translated to mass losses of up
to 15%, 45%, and 98% observed at 150W, 200W, and 250W,
respectively. Consequently, higher power leads to excessive
damage to the 2-HEA/PEDOT:PSS support. At lower powers, the
substrate remained unaltered, making 100W the optimal
setting for deposition.

Next, the deposition time was varied while keeping the power
constant at 100W (Figure 3b). Initially, surface resistance
decreases with time. However, after 5 minutes it increases
again. This most likely happens because of overgrowth of the
platinum layer, which led to delamination and lower adhesion
to the support. Furthermore, longer sputtering times resulted
in reduced material stretchability, ultimately leading to the
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Figure 3: Surface resistivity at a) different powers and b) different time depositions
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sample sputtered for 30 minutes becoming completely rigid (
see video SM1 in the supporting information). Therefore, the
optimal conditions for platinum deposition were established at
100W power, with an argon pressure of 1-:102 torr and a pre-
vacuum of 1-10 torr for 5 minutes. These parameters provided
the best results for achieving a conductive platinum layer
without delamination.

Concerns on the economic viability of the material might arise
due to the use of Pt. While Pt is clearly expensive, the quantity
used to prepare our material is minimal. Considering our 150
nm thick layer (see section 2.4), preparing 1 m? of electrode
requires just 3.2 grams of the metal.

2.3 Mechanical properties

Tensile tests were performed to evaluate the mechanical
properties of the material before and after platinum deposition.
Representative stress-strain curves (Figure 4) show ultimate
tensile strength (UTS) values of 610+90 kPa without platinum
and 16001100 kPa with platinum. The strain to failure (STF)
decreased from 260 + 30% to 90 + 20%, and fracture toughness
changed from 900 * 200 kJ m3 to 700+100 kJ m-3. These results
demonstrate that the sputtering process
material's stiffness, though it still retains characteristics of a
soft, deformable material. Regarding stretchability, the strain
values are similar to other stretchable electrodes presented
recently in the literature, which usually present stretchability
values between 20-150%.20, 54-58

increased the

2.4 Surface Analysis

Representative SEM images of a hydrogel containing only 2-HEA
(Figure 5a), 2-HEA/PEDOT:PSS hydrogel (Figure 5b) and 2-
HEA/PEDOT:PSS/Pt hydrogel (Figure 5c and 5d) were taken. In
these images the 2-HEA hydrogels exhibit a smooth surface with
some dust particles also visible. Once the PEDOT:PSS is
into the polymeric network, some roughness
appears. The emergence of clear dots can be observed in the

introduced
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Figure 4: Tensile performance of the stretchable materials before and
after platinum deposition.

image, which might correspond to the PEDOT:PSS polymer.
When the hydrogel is platinum coated, a continuous layer can
be observed, perfectly covering the hydrogel surface. The
thickness of this layer can be measured in some fractures
present in the material, showing that this layer exhibits 150+30
nm of thickness.

To confirm the uniformity of the platinum deposition, X-ray
photoelectron spectroscopy (XPS) analysis was conducted.
Samples of 2-HEA/PEDOT:PSS and 2-HEA/PEDOT:PSS/Pt were
examined. As shown in Figure 5e, in the absence of platinum,
distinct signals corresponding to carbon and oxygen from the
hydrogel are observed, along with sulphur signals attributed to
the PEDOT:PSS chains. In contrast, upon platinum deposition,
these signals are nearly gone, and all Pt signals are visible,
masking the underlying elements. This result confirms the
homogeneity of the deposition, demonstrating that platinum
uniformly covers the hydrogel surface without leaving exposed
areas. The XPS signals for 01S, S2S and Pt4f have also been
studied. Unfortunately, once the hydrogel is covered, the
signals from the sulphur atom disappear completely, and the
01S (=532 eV) is partially overlap by Pt 4p 3/2 (=520 eV).
Although this analysis is not clear, the O1S signal seems to be in
the same position after the sputtering process (Figure S1),
suggesting no clear interaction between Pt and oxygen.

o
e) SE
——2-HEA/PEDOT:PSS |« ‘§ B
_ 2-HEA/PEDOT:PSS/Pt |
5 o o2
. on o
© =} o
— o < _c:i
£ = & 7
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Figure 5: Representative SEM images. a) 2-HEA hydrogel. b) 2-HEA/PEDOT:PSS hydrogel. c) 2-HEA/PEDOT:PSS/Pt sputtered. d) Fracture of a 2-HEA/PEDOT:PSS/Pt
sputtered electrode which allows to observe the thickness of the platinum layer. e) XPS spectra of 2-HEA-PEDOT:PSS and 2-HEA-PEDOT:PSS-Pt. The signal without Pt

has been amplified (x10) to be comparable with the signal of Pt.
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Regarding the Pt4f, the peak was analysed and its signal
deconvoluted (Figure S2). Three chemically distinct Pt species
were identified:5%-62

e The first doublet, centred at 71.30 eV (4f 7/2) and 74.63 eV
(4f 5/2), is assigned to metallic platinum (Pt°). These binding
energies are in excellent agreement with values for metallic Pt
(71.0-71.3 eV for Pt 4f 7/2).

e A second doublet at 72.11 eV and 75.35 eV is shifted by
approximately +0.8 eV relative to Pt°. This shift is characteristic
of Pt2+ species, commonly attributed to PtO or partially
oxidized Pt at the surface. Such oxidation is expected for
sputtered Pt films after exposure to air, particularly in contact
with oxygen-containing substrates.

e The third component, located at 75.27 eV (with the
corresponding 4f 5/2 contribution at 79.35 eV), appears at
significantly higher binding energy and is consistent with Pt**
species, typically assigned to PtO;. The presence of this higher
oxidation state is reasonable considering that thin Pt films can
undergo surface oxidation under ambient conditions, especially
in humid and oxygen-rich environments such as a hydrogel-
based substrate.

Importantly, the observed chemical shifts are fully consistent
with well-known platinum oxidation states (Pt%, Pt?*, and Pt**).
The binding energy positions do not suggest the formation of
specific organometallic Pt—polymer bonds, which would
typically produce smaller interfacial shifts rather than the larger
displacement observed for the highest binding energy
component.

It should be noted that the apparent discrepancy between the
O1s and Pt 4f regions is not contradictory. The O1s signal is
dominated by the bulk polymer contribution and partially
overlaps with the Pt 4p 3/2 level, which limits its sensitivity to
subtle interfacial interactions. In contrast, the Pt 4f core level is
highly sensitive to the chemical state of platinum and readily
reflects surface oxidation.

Additionally, X-Ray Diffraction (XRD) measurements were taken
to confirm the crystal structure of the prepared layer. XRD
shows peaks at 40.00, 46.45, 67.65, 81.31 and 85.80,
corresponding to the reflections (111), (200), (220), (311) and
(222), respectively (Figure S3). These peaks are consistent with
the face centred cubic (fcc) structure of metallic platinum.®3
Furthermore, Attenuated Total Reflectance Fourier Transform
Infrared (ATR-FTIR) spectroscopy was used to study the
differences before and after the sputtering. Figure S4 shows no
significant differences between both materials. Minor
differences observed after Pt deposition include a general
attenuation of band intensities and slight variations in the
2950-2850 cm™ (C—H stretching) and 3600-3000 cm™ (O-H
stretching) regions. These changes are attributed to the
presence of the continuous metallic Pt layer, which reduces the
effective IR penetration depth, and to partial surface
dehydration or rearrangement of hydrogen bonding induced by
vacuum and plasma exposure during sputtering.

Overall, the XPS, XRD and ATR-FTIR results indicate that Pt
deposition does not induce detectable chemical modification of
either the hydrogel network or PEDOT:PSS, and that the

This journal is © The Royal Society of Chemistry 20xx
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interaction between Pt and the polymeric,.systen.iis
predominantly physical and interfacial iPR4ti&039/D6QMO0189K

2.5 Electrical properties

The sheet resistance of our 150 nm platinum layer was
measured with the four-probe test.5* Using this method, it was
determined that the pristine material (the never stretched
electrode) presents a sheet resistance of 0.8£0.2 Q sq.
Following Equation 1 that correlates the sheet resistance (R;s)
with the resistivity (p):%°

p@m) = Rs(*Ysq) - t(m)

Where tis the thickness of the conductive material, in our case

Equation 1.

150 nm. Therefore, our platinum layer presents a resistivity
value of 1.32:107 Q m. Thus, the conductivity (o), the inverse of
resistivity, for the platinum layer in our material is 8+3:10°S m-
1, while the conductivity of bulk platinum found in the literature
is 9.43-106 S m.%¢
continuous platinum layer has been successfully deposited with

This means that an almost perfect

practically no defects.

However, the pristine conductivity of the material is not
particularly useful for the practical application of a stretchable
electrode. Instead, it is more relevant to examine how the
material's conductivity evolves during repeated stretch-relax
cycles. For this reason, several electrodes were subjected to
70% strain in 500 of these cycles, with surface resistance
measured periodically throughout the process (Figure 6). The
results demonstrate that after the first cycle, the surface
resistance increases substantially, reaching (6+3) Qsq? (=1-10°
S m1). Following this initial rise, the resistance is maintained
approximately constant for up to 500 cycles. The evolution of
the tensile curve has been also monitored, showing no
considerable fatigue until approaching 500 cycles (Figure S5)
To understand these differences, SEM images of pristine and
stretched samples were taken. In the pristine image, it can be
observed a uniform, wavy, platinum layer (Figure 7a). However,
when looking at the image of the stretched hydrogel, the
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Figure 6: Evolution in surface resistance with several cycles of stretching
to 70% strain
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Figure 7: SEM images of a) Pristine electrode and b) stretched electrode.

waviness of the electrode is substantially reduced (Figure 7b). It
is possible that this wavy structure formed at the microscale
assists our electrode to withstand deformations as it has been
previously described in other studies.®” During stretching, the
polymer chains reorganize and align, reducing the material’s
waviness. This structural rearrangement may alter the
connectivity between PEDOT and Pt, leading to a slight decrease
in conductivity. However, once the chains have settled into
position, subsequent stretching does not significantly affect the
conductivity.

Even after stretching, the conductivity value around 1:106 S m!
is one of the highest reported in the literature for this type of
electrodes. >4 68

2.5.1 Island-bridge effect

An important parameter for a stretchable electrode is the
change in resistance while being stretched. This is precisely

Pt layer

a)
.

2-HEA hydrogel

where the island-bridge effect becomes relevant. When the
hydrogel is relaxed, the Pt layer remains continuous and in
contact throughout, resulting in low resistance. However, upon
stretching the electrode, the non-flexible Pt layer fractures and
forms small islands. The loss of continuity in the Pt layer is
expected to lead to a sharp increase in resistance. Nevertheless,
PEDOT:PSS should be able to connect the different islands,
limiting the overall rise in resistance (Figure 8a).

In this scenario, PEDOT could act as an alternative pathway
for electrons. Although the conductivity of PEDOT:PSS materials
typically range between 10 to 103 S m,%° recent advancements
using laser treatments report conductivities up to 9-10* S m,7%
71 and crystalline PEDOT has been found to obtain conductivities
higher than 10> S m%,72 which would allow an effective island-
bridge effect.

To evaluate this behaviour, non-pristine samples
(electrodes stretched at least once) were uniaxially stretched,

Pt island

Conductive pathway

?ﬁ@?@w

PEDOT:PSS

10 20 30 40 50 60 70
Strain (%)

Figure 8: a) Conductivity pathways inside the electrode with and without PEDOT:PSS. b) Picture of the measurement set-up.
c) Resistance variations with strain.
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and the resistance was recorded using four electrodes (Figure
8b). Importantly, the four-points probes were not attached to
the sample during stretching. After each measurement, the
probes were removed and then repositioned for the next
measurement. This ensures that the distance between the four
electrodes remained constant, and that only the deformation of
the sample contributed to the resistance change. In Figure 8c, it
can be observed that when stretching begins, the resistance
doubles but afterwards it remains almost constant for the rest
of the actuation.

Typically, resistance progressively increases as the material

is stretched, often reaching values several orders of magnitude
higher than the initial resistance,'> 7376 entirely different from
the stable behaviour observed in this material. This behaviour
aligns perfectly with the island-bridge mechanism previously
mentioned. Initially, the platinum layer is well-connected,
showing lower resistance. When the electrode begins to
stretch, the metal layer is broken at the nanoscale, but PEDOT
chains are able to keep the connection between them, although
at the cost of a slightly higher resistance. Once these bridges
are formed, the resistance does not increase further, as PEDOT
itself is able to stretch while keeping the platinum islands
connected.
In order to follow the formation of those islands, SEM images of the
electrode stretched at 20% (Figure 9a) and at 60% (Figure 9b) were
taken. These images reveal the formation of cracks in the platinum
layer, confirming the formation of the platinum islands described
earlier. Cracks form predominantly perpendicular to the direction of
the applied tensile strain. At 20% strain, the crack widths are typically
in the range of 20 to 30 nm, whereas at 60% strain the number of
cracks increases and they become wider, reaching approximately 35
to 60 nm.

This journal is © The Royal Society of Chemistry 20xx
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2.5.2 Stretchable electrode proof of concept. View Article Online
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To illustrate the capabilities of this eqectro e, |/n ?gure 10,

its application for diode illumination is shown. In this
configuration, the electrical contacts are fixed at the two ends
of the electrode. The hydrogel underwent stretching, twisting,
and concurrent deformation, with the light emission
consistently sustained. It is worth highlighting that under tensile
strain, a discernible reduction in light intensity was observed.
Although this may appear to contradict the results shown in
Figure 8c, this behaviour is expected because stretching
increases the distance between the fixed electric contacts,
thereby increasing the overall resistance of the electrode. The
electric potential across the circuit was rigorously upheld at
2.5V DC throughout the entirety of the experimentation (see
video SM2 in supporting information).

In order to highlight the important role played by PEDOT:PSS
in the matrix, a 2-HEA hydrogel without PEDOT:PSS was
prepared, and Pt was sputtered on top. The same experiment
was performed, but this time when stretched, the LED went out.
More importantly, after a few stretching cycles, the LED failed
to light even when relaxed (SM3 see video in supporting
information).

Q

Figure 10: a) Initial state. b) Stretching. c) Twisting. d) Twisting and
stretching.

2.5.3 Long term and ambient conditions stability

Another key aspect for stretchable electrodes is their long-
term stability under varying ambient conditions. To evaluate
this, we analysed the stability of our electrodes in three
scenarios: ambient  aging,  high-humidity/temperature
exposure, and water immersion.

First, the long-term stability was assessed by re-measuring non-
pristine electrodes prepared over one year ago. These samples
were stored in a standard laboratory cabinet, exposed to
ambient air (not hermetically sealed). The surface resistance of
these aged, non-pristine electrodes was 4 + 2 Q sqg™. Notably,
this value is slightly lower than that of freshly stretched non-

J. Name., 2013, 00, 1-3 | 7
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Figure 11: a) Evolution of the electrode when immersed in water. The hydrogel swells and some defects, marked in red,
appears. b) Cell viability. c) Cells number. Percentages are given relative to control.

pristine electrodes measured immediately after deformation (6
+ 3 Q sql). This observation suggests that the polymer matrix
requires time to fully relax after stretching; as internal stresses
dissipate over time, the surface resistance decreases to a stable
minimum. This finding highlights the long-term structural
stability of the electrode once the material has reached its
equilibrium state.

Subsequently, to simulate the vapour phase of sweat or high-
humidity environments, the same aged electrodes were placed
in a humidity chamber at 70% RH and 40 °C for 48 h. The surface
resistance increased to 8 + 3 Q sg™. This rise can be attributed
to the volume expansion of the hydrogel caused by water
absorption, which induces a slight tensile strain on the
conductive network, thereby increasing resistance. To verify the
reversibility of this effect, the same electrodes were returned to
ambient conditions (24 °C, 35% RH) for 30 minutes. The
resistance recovered to 6 + 2 Q sq’}, a value indistinguishable
from that of freshly stretched electrodes. This confirms that the
resistance change under high humidity is largely reversible and
linked to physical swelling, rather than permanent chemical
degradation or delamination

Finally, the electrodes were immersed in water for 24h.
Unfortunately, during this time the electrode slowly developed
some defects. Importantly, some peel-off of the platinum layer
is visible, suggesting that water is interfering with the Pt-OH
interaction (Figure 11a).

Collectively, these results demonstrate that while the electrode
is vulnerable to liquid immersion, it exhibits robust stability
under high-humidity and ambient aging conditions. These
conditions are more representative of the vapour phase
encountered in real-world skin-contact and wearable

8| J. Name., 2012, 00, 1-3

applications, validating the material's suitability for such
environments.

2.6 Cell viability test

As described before, the toxicity of PEDOT:PSS, 2-HEA
hydrogels and platinum has been studied previously, showing
no significant effect on cell viability.3>44 However, we have
found that our electrode tends to slowly degrade when
immersed in water for long periods of time, indicating the
possibility of releasing potentially toxic compounds. In this
extreme scenario, it is crucial to assess whether these
compounds may affect the cells or not.

Currently, various methodologies are available to evaluate the
biocompatibility of hydrogels, depending on the material's
intended application.3® 77 78 In the case of our electrode, its
primary application as a stretchable electrode lies in the
development of deformable wearable devices, and therefore it
is expected to be positioned externally, potentially in contact
with the skin.

In addition, the degradation of the material only occurs when
immersed in aqueous media. Therefore, the analysis of
potential hydrogel extracts is sufficient to determine its
applicability.*° For this reason, the electrode was immersed in
culture medium for 24h, and subsequently used this medium
for cell culture experiments with keratinocytes. Results (Figure
11b,c) show that, with a concentration of 100% extracts, the cell
viability is 85%, while the cell number is reduced to 50%.
However, when the concentration of the extracts decreases to
25%, both the cell number and the cell viability remain
unaltered.

This journal is © The Royal Society of Chemistry 20xx
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These results show that high concentrations of the
electrode extracts might have a negative effect on the skin.
However, in real-world scenarios, the extracts released would
be less concentrated, mainly caused by sweat or other body
fluids. These wouldn’t be as abundant as in the test and would
not come into direct and prolonged contact with the skin,
thereby minimizing the risk of cytotoxic effects and allowing its
implementation.

2.6 Contextualization within existing literature

Finally, to add more context to our work, a comparison of the
properties of our material with other remarkable stretchable
electrodes published can be found in Table 1. In that table, we

istry Frontiers-

ARTICLE

can see how our material presents one of the best reglatienships
between conductivity and strain (Figure P2); Kd@itionahyOWSEen
considering the changes in resistance when stretched (R/Ro) our
material also highlights among the others. The combination of
stretchability, conductivity and changes in resistance while
stretching, is only surpassed by liquid metals (EGaln) electrodes.
However, the stability issues of EGaln alloy are known to be an
important limitation of these kinds of electrodes.” Lastly,
regarding the biocompatibility of these electrodes, it can be
shown that most of them do not study their biocompatibility.

?'_3

104 77 78
_ = .80 83 70 Jo
£ 107 ¢
A B A 74, 34 79
— ]
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Figure 12: Conductivity and maximum strain of the most remarkable
reported electrodes

. . Maximum Ne¢ of fatigue
Conductive Conductivity o R/Ro at . .
Reference . Stretchability . cycles at X% Biocompatible
material (Sm1) X% strain .
(%) strain
Carbon
25 6.3 500 1.2 at 70% 25000 at 50% Not reported
nanotubes (CNTs)
36 PEDOT:PSS 3.1-10° 800 1 at 100% 1000 at 100% Not reported
Graphene
49 PEDOT:PSS 4.14-10° 40 200 at 40% Not reported Not reported
76 PEDOT:PSS 5.99-10% 100 2 at 50% 1000 at 100% Not reported
79 EGaln 1.8-106 1800 1at 70% 25000 at 100% Yes

This journal is © The Royal Society of Chemistry 20xx
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Ag nanoparticles View Article Dnline
80 & (Agﬁps) 2.86-10° 70 2at30% | 10000 at20% |DbcNob reportedvodissk
81 Ag-PTFE:CNT 1.61-10* 40 6 at 40% 1000 at 20% Not reported
Ag nanowires
82 (AgNW) and Gold 2.75-107 50 2 at 30% 1000 at 30% Not reported
83 AgNW 4.8:10° 500 2 at 70% 30000 at 50% Not reported
84 EGaln 3.12-10° 2500 1.22 at 100% | 1500 at 100% Not reported
85 Ag 2.76-102 30 2.5 at 30% 3000 at 30% Not reported
86 AuNP 1.08-107 45 10 at 45% Not reported Yes
87 AgNW 4,67-10° 70 4 at 70% 1000 at 30% Not reported
88 Ag flakes+ EGaln 6.38-10° 1050 1at70% 500 at 100% Yes
89 EGaln and CNTs 3-106 100 3 at 70% 10000 at 100% Not reported
Whiskered gold 200 cycles at
90 5.5-104 300 3.3 at 50% Yes
nanosheets 40%
EGaln and 500 cycles at
1 2.1-10° . 9 N
9 PEDOT:PSS 0 800 0.8 at 80% 25% ot reported
5000 cycles at
92 EGaln 2.3-106 1200 1 at 100% Y Not reported
100%
This work | Pt and PEDOT:PSS 1-109 90 2 at 70% 500 at 70% Yes

Table 1: Most remarkable stretchable electrodes reported in bibliography.

3.Experimental section
3.1 Materials and reagents

Reagents were used as purchased from commercial sources
without further purification. 2-hydroxyethylacrylate (2-HEA)
and polyethylene glycol diacrylate (PEGDA, M,700) were
obtained from Sigma-Aldrich. PEDOT:PSS 1,3% (Clevios,
PH1000) dispersion was bought from Heraeus. Lithium 2,4,6-
trimethylbenzoylphosphonate photoinitiator was synthesized
according to Benedikt et al. 23

3.2 Hydrogel fabrication and Pt deposition

In a typical synthesis, the hydrogel was prepared by the
polymerization of 4 mL (34 mmol) of the 2-hydroxyethylacrylate
(2-HEA) monomer, using 30 mg (=0.04 mmol) of polyethylene
glycol diacrylate (PEGDA, M,700) as crosslinker agent and 20 mg
(0.06 mmol) of lithium 2,4,6-trimethylbenzoylphosphinate
(LiTPO) as photoinitiator. 5 mL of an aqueous dispersion of 1,3%
of PEDOT:PSS was used as solvent. The polymerization process
was done in 3 minutes under UV light (A=365 nm), adding 3 ml
of the precursor solution over a glass slide to obtain thin films
of the 2-HEA/PEDOT:PSS hydrogel (2.5 x 7.5 x 0.2 cm). The
resulting material is a dark-blue, stretchable and slightly
conductive hydrogel. Unlike other hydrogels, it remains flexible,
without drying at ambient conditions. When exposed to high
temperatures in an oven, a 5% of mass (water) loss can be

10 | J. Name., 2012, 00, 1-3

observed, which is recovered once the hydrogel is back in
ambient conditions.

Afterwards, the hydrogel was introduced in a vacuum
chamber to perform the sputtering process and deposit the
platinum layer over the hydrogel. A Leybold Z400 sputtering
machine was used, with a 3-inch Pt target and a Huttinger RF
source. This target size ensures homogeneous deposition across
the sample surface, which typically consists of a 2.5 x 7.5 cm
rectangular area. For the sputtering process, an argon pressure
of 1-10-2 mbar with a pre-vacuum of 1-10-4 mbar is used. The
source power and deposition time were varied according to the
experiments, from 25W to 250W and from 1 minute to 30
minutes respectively.

3.3 Hydrogel characterization

Mechanical properties of the hydrogel have been studied
though tensile tests using a Mecmesin Multitest 2.5-i dynamic
mechanical analyser. Six different hydrogels samples following
the ISO-37 standard were anchored by tweezers on the analyser
and monoaxially stretched at 50 mm-:min? until failure,
recording the stress and strain of the material. A cell load of 50N
is used in this process. Three parameters can be obtained from
this test: ultimate tensile strength (UTS, maximum y-axis
coordinate), strain to failure (STF, maximum x-axis coordinate)
and fracture toughness (area under the curve).

The morphological structure of the material has been studied
using GeminiSEM 500 instrument (Zeiss) scanning electron
microscope.

This journal is © The Royal Society of Chemistry 20xx
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X-ray photoelectron spectroscopy (XPS) spectra were
acquired using a FlexPS system from Specs. A monochromatic
aluminium anode (1486.71 eV) served as the excitation source,
operating at 14 kV and 300 W. All data is referenced to C 284.5
eV. Deconvolution was performed using CasaXPS software.
Prior to measurement, samples underwent 10 minutes of argon
etching in Fine Beam mode, with an ion energy of 5 kV and an
emission current of 10 mA. This procedure ensured the removal
of surface contaminants, such as atmospheric CO, and H-O,
resulting in a clean sample surface for accurate analysis.

X-ray diffraction (XRD) measurements were carried out
using a Bruker D8 Advance diffractometer equipped with 0.6
mm and 1 mm slits. The instrument operates with a Cu radiation
source (A = 1.5428 A) at 40 kV and 40 mA. The system is
equipped with a Goébel mirror for beam collimation and a
LynxEye detector.

FTIR spectra were recorded with a with a Jasco FT/IR-4700
using KBr pellets.

Electrical properties of the material have been studied using
a 4 probes test Jandel model RM3000 to obtain the sheet
resistance. The measurements of the resistance while
stretching have been done with an Autolab/PGSTAT204
impedance meter. To measure the conductivity of the 2-HEA gel
without PEDOT:PSS, the two-electrode method was used in
combination with an Agilent E4980A LCR impedance meter.

3.4 Diode illumination

The LED illumination application was performed using a HQ
power PS3003 power supply, with AE=2.5V in direct current.
The LED and the electrode were connected in series.

3.5 Cell viability test

The prepared electrode was sterilized by immersion in
ethanol for 2h followed by another 4h of UV irradiation.
Afterwards, the electrode (=0.3g) was immersed in 8mL of
DMEM culture medium (Sigma-Aldrich) supplemented with
inactivated 10% fetal calf serum, 2 mM L-glutamine, 1 mM
sodium pyruvate, 0.1 mg/mL streptomycin and 0.1 mg/mL
ampicillin, maintained at 37 °C in 5% CO2 for 24h. Different
concentrations of this culture medium with the hydrogel
extracts were used to culture keratinocytes cells (Thermo
Fisher) for 48h. For cells viability and related assays, cells were
cultured in optical 96-well plates at a dencells were loaded with
1 uM calcein-AM (Thermo Fisher Scientific Inc., Waltham, MA,
USA), 1 uM propidium iodide (Sigma) and 1 uM Hoechst
(Thermo Fisher) for 30 min to assess viability as described
previously.®* Whole-well fluorescence for green, red and blue
channels was recorded by microfluorimetry and well were
scanned for each channel with a 20x objective using a Cytation
5 equipment (BioTek, Agilent). Blue fluorescence indicates the
total number of cells. Cell viability was calculated from green
fluorescence, normalizing to blue fluorescence. Results are
expressed as percentage of viable vs. total cells (Fig. 11b), and
total cell number (Fig. 11c).

This journal is © The Royal Society of Chemistry 20xx
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4.Conclusions

View Article Online
DOI: 10.1039/D6QM00189K
A new, highly conductive and stretchable electrode based on a

2-HEA hydrogel with PEDOT:PSS and sputtered Pt has been
prepared and characterized. Mechanical properties have been
studied via tensile test, determining a deformability of 90+20%.
Electrical characterization has determined the high conductivity
of the material (1-10° S m™! after stretching the electrode), and
surface characterization studies with SEM, XRD, XPS and FTIR
have shown that the platinum forms a uniform, continuous
layer of 15030 nm thick, even after stretching. The stability of
the material to withstand subsequent cycles of stress has been
proven together with its long-term stability and harsh ambient
conditions resistance. Furthermore, the change in resistance
while stretching is remarkably low with R/Rg=2. Finally, its
application as stretchable connector was illustrated, along with
its biocompatibility, which allows its applicability in deformable
wearables.
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