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Bipolar electrochemistry-driven wireless
drug loading and energy harvesting in
conductive hybrid hydrogels
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Bipolar electrochemistry enables wireless and spatially controlled redox reactions on (semi)
conductive objects immersed in an electrolyte. Here, we investigate advanced bipolar
electrochemistry applications using flexible bipolar electrodes coated with hybrid films of conductive
polymer poly(3,4-ethylenedioxythiophene) and alginate hydrogels. These coatings allow for the
wireless creation of reversible redox and chemical gradients, providing targeted drug loading and
energy harvesting opportunities. We use cyclic voltammetry, electrochemical impedance
spectroscopy, Raman microscopy, and X-ray photoelectron spectroscopy to characterize distinct
redox regions within the bipolar electrode. The wireless and selective loading of a model drug,
fluorescein, into the hydrogel, demonstrated control over drug distribution, suggesting an alternative
to conventional uniform doping techniques. Furthermore, cutting the gradient-encoded bipolar
electrode and closing an external circuit between the halves, enables energy recovery through a
concentration cell mechanism. Our findings illustrate the potential of bipolar electrochemistry in
creating versatile platforms that bridge materials science, electrochemistry, and bioelectronics for

innovative biomedical and energy applications.

Bipolar electrochemistry (BE) is a technique that exploits electric fields to
induce polarization in electrolyte-immersed conductive or semi-
conductive materials, enabling simultaneous and opposite redox reac-
tions at the extremities of these materials. Essentially, the bipolar
electrode (BPE) serves as both an anode and a cathode, with the electric
field establishing a potential difference across its length'. This wireless
approach has been used in several applications to drive electrochemical
reactions without direct electrical connections. For example, BE has been
employed to perform the electropolymerization of conducting polymer
fibers and to create gradient doping in polymer films using a “U”-shaped
electrochemical cell’”. This gradient doping effect has enabled advances
in bioelectronics, tissue engineering, drug delivery, biosensing, and 3D
printing’™"”. Beyond these fields, BE also finds applications in areas like

electroanalysis, motion generation, environmental remediation, and
wireless electrostimulation®™.

While BE has been extensively explored in various material systems, its
use with hydrogels to manipulate their bioactivity, composition, or
mechanical properties remains underexplored>”. Prior studies demon-
strated that BE could induce localized gel formation in alginate hydrogels,
but the potential for gradient-based manipulation of hydrogel properties
remains largely untapped™”*.

In this study, we leverage BE to wirelessly encode reversible gradients of
redox state and chemical composition on BPEs comprising layers of
poly(3,4-ethylenedioxythiophene) (PEDOT) and Alginate hydrogel. By
spatially controlling the redox state, we can create zones of varying chemical
reactivity. This enables wireless loading of (fluorescein) molecule
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concentration gradients in the hydrogel and PEDOT layers. Our approach
creates opportunities in two main areas: drug delivery and energy har-
vesting. For example, gradient-encoded BPEs were removed from solution
and cut in half to prevent re-equilibration by diffusion. We demonstrated
that by closing an electronic circuit between the two (electrolyte immersed)
halves, some of the energy stored in the gradient can be recovered. By
capitalizing on the unique capabilities of BE, our work presents a promising
strategy to enhance processes of wireless energy harvesting and wireless
drug loading.
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Fig. 1 | Conducting Polymer Films and Bipolar Electrochemistry. a Chemical
reactions involving the electropolymerization of EDOT (blue dashed square),
resulting in a mixture of neutral PEDOT (benzoid structure) and oxidized PEDOT
(quinoid structure, depicted in blue). The redox equilibrium can be controlled via
bipolar (wireless) electrochemistry (red dashed square). b Schematic representation
of the bipolar electrochemical cell, where the PEDOT film electrodeposited on a
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Results and discussion

Conducting polymer films and bipolar electrochemistry

We begin by preparing films of PEDOT deposited on ITO/PET substrates
via electropolymerization +2.0V (vs Ag/AgCl/KCl 3 M) in an aqueous
solution of 3,4-ethylenedioxythiophene (EDOT) (50 mmol) and sodium
dodecyl sulfate (SDS) (70 mM) in a standard 3-electrode electrochemical
cell (Supplementary Fig. 1). After the conducting polymer PEDOT is elec-
trodeposited, the ITO/PET/PEDOT stack serves as the BPE in subsequent
BE experiments (Fig. 1).
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flexible ITO/PET substrate serves as the BPE. ¢ Top-view schematic representation
of the bipolar electrochemical cell: water hydrolysis reactions at the driving elec-
trodes are depicted on each side, while the redox reaction of PEDOT occurs at the
BPE. d Image of the PEDOT film after the bipolar activation: oxidized PEDOT on
the left and reduced PEDOT on the right.
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Figure 1a illustrates the initial electropolymerization of the PEDOT
film and its subsequent switching during BE experiments. Initially, EDOT
monomers undergo electropolymerization to form PEDOT with a mixture
between benzoid and quinoid structures (step 1, blue). Subsequently, the
redox electrochemical reaction of PEDOT, transitioning between the ben-
zoid and quinoid states, can be regulated by the bipolar (wireless) electro-
chemical process (step 2, red). The lack of direct wiring in BE simplifies the
experimental setup, especially for BPEs with complex geometries or stacks
of multiple (semi)conductive materials. Simplifying the connectorization
challenge thus may open new possibilities for flexible electronics or
implantable systems. The BE process could further enable: (1) the loading of
additional dopant into the oxidized side, and (2) the enhancement of con-
ductivity in the oxidized side of the conducting polymer. Unlike conven-
tional electrochemistry, which often operates under single polarity, BE
activation enables simultaneous oxidation and reduction reactions to take
place on a continuous (semi)conductive surface.

Figure 1b depicts the schematic representation of the bipolar electro-
chemical cell. As driving electrodes (DEs) we employ two platinum plates.
As illustrated in Fig. 1c, the bipolar cell has a “U” shape configuration and is
filled with a supporting electrolyte solution. Chronopotentiometry (CP) is
employed over the DEs, wherein a controlled current density (£1.0 mA/
cm’) is applied until a pre-set charge is reached. At the negative electrode,
two water molecules accept two electrons, resulting in the generation of
hydrogen gas and two hydroxide ions. Conversely, at the positive electrode,
hydroxide ions undergo a reaction, yielding half oxygen gas, water mole-
cules, and two electrons. The supporting electrolyte is 1 mM sodium
chloride. Chloride ions contribute to the PEDOT redox reaction as co-
dopants. The BE activation naturally creates a gradient of oxidation and
reduction along the BPE. Figure 1d presents the effect of BE activation on the
PEDOT layer (0.6 C passed through the driving electrodes). On the left, the
oxidized PEDOT is light blue, while the right side reduced PEDOT shows a
dark blue/purple hue. In BE activation experiments, we identified an upper
limit of 1.2 C. Beyond this, we observed reduction in the ITO layer of the
BPE, resulting in loss of its conductivity (Supplementary Fig. 2)

Doped PEDOT films as BPE

We investigated PEDOT BPEs prepared using either TPP (tripolypho-
sphate, 150 mM) or SDS (sodium dodecyl sulfate, 70 mM) during the initial
electropolymerization step. Both SDS and TPP doped BPEs displayed color
gradients in the bipolar electrochemical cell. Figure 2a displays optical
microscope images of the PEDOT:SDS BPE subjected to four charge cycles
in the bipolar electrochemical cell. On the left, the pristine PEDOT:SDS
exhibits a light blue color. In the first cycle (0.3 C passed through the driving
electrodes), the top portion displays a light blue hue indicative of
PEDOT:SDS,, while the bottom exhibits a dark blue/purple color repre-
senting PEDOT:SDS, 4. Conversely, in the second cycle (0.3 C passed in the
opposite direction), the top appears dark blue for PEDOT:SDS, 4, while the
bottom appears light blue for PEDOT:SDS,,,. Similar color variations are
observed in the subsequent 3rd and 4th cycles, albeit with varying intensities.
At the conclusion of the 9th cycle, the ITO layer becomes damaged. Brown
discoloration at the edges (similar to Supplementary Fig. 2) is indicative of
conductivity loss due to irreversible reduction of the ITO layer”. CP data for
the bipolar activation setup (obtained when cycling a PEDOT:SDS BPE) is
provided in Supplementary Fig. 3 and Supplementary Movie 1.

The BPE was cut in two halves (perpendicular to the redox gradient)
and the halves were studied using electrochemical methods. Figure 2b
presents CVs of the BPE halves for both TPP and SDS doped systems. SDS
doping demonstrated enhanced electroactivity as compared to the TPP ion
and was selected for further experiments™. As expected, the oxidized halves
displayed larger charge storage capacity as observable during CV. Inter-
estingly both the reduced and oxidized halves exhibited improved con-
ductivity after BE activation (see Supplementary Fig. 4). This may be
attributed to structural changes induced by the presence of Cl ions as
additional co-dopant during the BE experiment. Figure 2c¢ depicts EIS
Nyquist plots for BPE halves for both TPP and SDS systems. Consistent with

the observations in the CV, the EIS data reveals lower impedance for the
oxidized halves of the BPEs. Figure 2d illustrates the modified Randles
equivalent circuit utilized for modeling the electrical properties derived from
EIS. Additionally, Fig. 2e presents a table containing all the EIS parameters
extracted from the equivalent circuits. For BPE halves containing either
PEDOT:SDS or PEDOT:TPP, the oxidized surface demonstrates lower
resistance in comparison to the reduced surface. The PEDOT:SDS system
exhibits lower resistance than PEDOT:TPP, consistent with the observa-
tions from CV (see Fig. 2b). Taken together these observations demonstrate
the effectiveness of BE to wirelessly encode differences in the electro-
chemical properties of redox active conductive surfaces.

Spectroscopic analysis of BPEs

In addition to the electrochemical characterization, we studied BPEs
(PEDOT:SDS layer) through Raman and XPS spectroscopy, as depicted in
Fig. 3. Figure 3a displays optical images of the regions of PEDOT:SDS,,, and
PEDOT:SDS,.q Where the spectra were obtained. Figure 3b illustrates the
chemical structure of the benzoid and quinoid forms, highlighting the
structural variances (black arrows) at the C,=Cg position. Figure 3¢ contains
representative Raman spectra for PEDOT:SDS,, (light blue) and
PEDOT:SDS,cq (dark blue). These spectra predominantly feature bands
associated with deformations of the ethylenedioxythiophene ring, particu-
larly the deformations of the C-C and C=C bonds in non-oxidized,
polaronic, and bipolaronic PEDOT chains, which exhibit significant Raman
cross-sections”’. In this context, the most prominent band at approximately
1422 cm™* (highlighted in gray region) indicates the C,=Cg (symm. str.)** =,
Additionally, the shift of the main peak (observable in the inset), suggests
that PEDOT:SDS,x contains more quinoid structures compared to
PEDOT:SDS, 4. The presence of a pronounced shoulder for PEDOT:SDS 4
at approximately 1553 cm ™" (highlighted in red) is indicative of the benzoid
form. The scattered intensity at the 1553 cm ™' shoulder is decreased on the
oxidized (quinoid) side of the BPE. Here we normalized the spectra intensity
by the height of the main peak in 1422 cm ™, therefore the differences in the
shoulders can be better compared. Figure 3d displays the XPS spectra for C
1s (top), O 1s (middle), and S 2p (bottom) for PEDOT:SDS, (left, light blue
frame) and PEDOT:SDS,q4 (right, dark blue frame). In the C 1s spectra,
higher intensities are observed for the C-C, C=C, and C-S bonds in
PEDOT:SDS,4. Similarly, the O 1s spectra exhibit higher intensities for
more oxidized groups in PEDOT:SDS 4. Lastly, the S 2p spectra show
significantly higher intensity in the SDS region for PEDOT:SDS,.q"**. It
suggests that PEDOT:SDS,4 contains a higher amount of SDS dopant
compared to PEDOT:SDS,. Although this result may appear counter-
intuitive, during the bipolar activation, the SDS dopant could be exchanged
for chloride ions from the electrolyte. Consequently, although some SDS
remains incorporated into the pristine PEDOT structure, chloride ions are
incorporated into PEDOT:SDS, after the bipolar activation (see Supple-
mentary Fig. 5). This is consistent with the enhancement of electrochemical
properties, observed in Fig. 2. Additionally, by employing XPS analysis to
assess surface composition (atomic%), we estimated that the PEDOT:SDS,
structure contains one SDS molecule for every five EDOT monomers in the
PEDOT conducting polymer, as proposed in Supplementary Fig. 6.

Hybrid hydrogel coating as BPEs

Next, we investigated complex BPE structures incorporating an ionically
conductive hydrogel coating (Fig. 4). These hybrid BPEs consist of PET/
ITO/PEDOT/Alginate layers. Here PEDOT and Alginate are formed in a
single-step process in a standard 3-electrode electrochemical cell”. Initially,
EDOT monomers undergo electropolymerization to form PEDOT with
benzoid and quinoid structures. Protons (H") generated during this process
catalyze calcium carbonate decomposition, releasing calcium ions at the
electrochemical interface. These ions, along with dissolved alginate, facilitate
natural hydrogel assembly at the interface (Fig. 4a, steps 2 and 3). Well-
adherent hydrogel coatings with millimeter thickness can be produced in
this way as illustrated in the cross section in Fig. 4bi. After fabrication, the
hybrid BPEs were tested in a bipolar electrochemical cell as before (+0.6 C
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Fig. 2 | Doped PEDOT Films as BPE. a Optical microscope images of pristine
PEDOT:SDS films followed by BE activation implemented by applying +0.3 C via
the driving electrodes. Any color non-uniformity in the pristine film is quickly
overwritten by BE activation. b Cyclic voltammetries (CV) of reduced and oxidized
BPE halves. Comparative 10th cycle of CV for PEDOT doped with either SDS or
tripolyphosphate (TPP), recorded in phosphate-buffered saline (PBS) at 50 mV s
¢ Electrochemical impedance spectroscopy (EIS) of reduced and oxidized BPE
halves. Nyquist plot of EIS for PEDOT doped with either SDS or TPP, recorded in

PBS solution. Inset: Higher magnification of the Nyquist plot. d Modified Randles
equivalent circuit used to model the electrical properties of the interface. Rs indicates
solution resistance, Rpgpor is the electronic resistance of PEDOT, and CPE repre-
sents the constant phase element containing Y, as the CPE parameter (Y-w™), where
Yis admittance, w is frequency, and  is the deviation from ideal capacitive behavior;
and double-layer capacitance™. e Table showing values of putative electronic
components in the proposed equivalent circuit. These values were obtained by fitting
the circuit to EIS spectra.

delivered via the DEs), also see Supplementary Fig. 7. Figure 4bii shows a
hybrid BPE after the bipolar activation. The hybrid BPEs showed no color
change due to their thicker, opaque PEDOT layer. Following cutting the
BPE as before, significant differences in electrochemical properties
between oxidized (PEDOT/Alginate,,) and reduced (PEDOT/
Alginate,.q) halves were observed (Fig. 4c-e). We evaluated the charge
storage capability following three cycles of bipolar activation, demon-
strating consistent performance without significant coating changes
(Fig. 4f). Gravimetric analysis revealed no statistically significant

differences between the oxidized and reduced hydrogels in the wet state,
although PEDOT/Alginate,, exhibited slightly lower mass in the dried
state (Fig. 4g). Water content analysis indicated slightly higher content in
PEDOT/Alginate,, likely due to higher swelling caused by the presence
of more positive charges (Fig. 4h).

Wireless loading of small molecules
Hydrogel biomaterials are widely recognized for their potential as bio-
materials for drug delivery, however encoding spatial concentration
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Fig. 3 | Spectroscopic analysis of BPEs. a Optical microscope images of the oxidized
(left) and reduced (right) PEDOT:SDS regions where Raman spectra were acquired.
b Structural differences between the benzoid and quinoid forms of PEDOT, with
arrows indicating the differences in the bonds of Ca and Cp atoms in the thiophene
ring. ¢ Raman spectra of the oxidized (light blue) and reduced (dark blue) PED-
OT:SDS regions. The gray shading highlights the main peak at 1422 cm™" (Ca=Cp
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symmetric), and the red shading shows a shoulder at 1553 cm ™' (Ca=Cp asym-
metric). Inset: details of the main peak region. d X-ray photoelectron spectroscopy
(XPS) spectra of oxidized (left column) and reduced (right column) PEDOT:SDS
regions, respectively. Spectra include the C 1s (i and ii), O Is (iii and iv), and S 2p
(v and vi) regions for each sample.

gradients of the loaded cargo is challenging”. Here we explored if the BPE
can be wirelessly loaded with a gradient of a model drug molecule.
Fluorescein was chosen for its small size and electronegativity which
enables it to enter the alginate layer and act as dopant of the PEDOT layer
of the BPE coating. Thus, instead of sodium chloride, we used fluorescein
sodium salt at a concentration of 1 mgmL™" as electrolyte (loading solu-
tion) in the BE cell, (Supplementary Movie 2). Figure 5ai illustrates the
initial state of the BPE following wireless loading of fluorescein. We expect
that the two halves (PEDOT/Alginate,, and PEDOT/Alginate,.q) will
release different amounts of fluorescein when separately placed in PBS.
Further we differentiate between two mechanisms of release. Figure 5aii
depicts the passive (diffusion-controlled) release of fluorescein from the
Alginate hydrogel, likely involving molecules loosely bound to the hydrogel
matrix or repelled by negatively charged alginate macromolecules. Fig-
ure 5aiii illustrates the electroactive (electric potential-controlled) release,
where fluorescein incorporated into the PEDOT layer is released upon
applying a negative electric potential. In agreement with expectations, the
oxidized half of the BPE released more fluorescein than the reduced half
(Fig. 5b). The initial fluorescein concentration in the Alginate layer was
estimated to be 3.1 mg/mL for the oxidized half and 2.2 mg/mL for the
reduced half. This indicates that BE sets up a small concentration gradient
in the Alginate layer of the BPE. Figure 5c shows the evolution of the
Nyquist plot from EIS of the oxidized half of the BPE as a function of
immersion time in PBS. As fluorescein leaves the alginate layer, both
imaginary and real impedances increase. Figure 5d presents the fluorescein
release profile alongside impedance modulus at 1 Hz. Increased impedance
may thus serve as an indirect indicator of fluorescein release. As discussed

previously, BE activation can replace some dopants incorporated during
PEDOT polymerization with a co-dopant from the BE electrolyte. This
leads to the expectation that some of the fluorescein will be incorporated as
co-dopant in the PEDOT layer of the BPE. Thus, following passive release
from the Alginate layer, we applied negative electric potentials to release
this residual amount of fluorescein (Supplementary Fig. 8). As illustrated in
Fig. 5e, upon electrical stimulation, the oxidized half of the BPE released
more fluorescein than the reduced half. The amounts released via elec-
trically driven processes are significantly smaller than those released during
passive diffusion which can be explained by the relative sizes of the Algi-
nate and PEDOT layers. Our results however show that fluorescein con-
centration gradients are preserved in both the PEDOT and Alginate layers
of the BPE. Figure 5f illustrates the electroactive release profile from the
oxidized half of the BPE (PEDOT/Alginate,,). A constant electric potential
of —0.8'V (vs Ag/AgCl/KCl 3 M) results in faster release, as compared to a
protocol of pulsed electrode polarization (4 min duty cycle, 8s at —0.8 V
followed by 232 s at OCP).

In summary, we demonstrated two distinct modes of model drug
release from BPEs. During passive diffusion, an initial burst release
occurs, followed by a slower, gradual release as equilibrium is reached,
limiting the ability to precisely control the release kinetics. Electrically
stimulated release on the other hand may enable a more consistent and
adjustable release profile. The layered architecture of our BPEs may be
advantageous in potential future applications. For example, the PEDOT
layer may serve as controllable source of biomolecular gradients, while
the overlaying hydrogel layer may host a 3D culture of biological cells or
organoids.
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Fig. 4 | Hybrid Hydrogel Coating as BPEs.

a Chemical reactions involved in single-step elec-
trodeposition of the conductive hybrid hydrogel: (1)
Electropolymerization of EDOT (blue dashed

2:
Ca®'(ag) + COz) + Hy0q)

square) to the mixture between neutral state of
PEDOT (benzoid structure) and oxidized PEDOT
(quinoid structure, represented in blue). PEDOT
electro polymerization takes place in parallel with
(2) decomposition of calcium carbonate, and (3)
complexation with alginate macromolecules,
resulting in formation of the alginate hydrogel
(green dashed square). The redox equilibrium of
PEDOT can be subsequently controlled by bipolar
(wireless) electrochemistry. b Pictures of: (i) the
entire BPE subjected to bending, and (ii) the oxi-
dized (left) and reduced (right) sides following BE
activation. ¢ The 10th cycle of CV for the bare ITO/
PET (black), PEDOT/Alginate,, (light blue) and
PEDOT/Alginate,q (dark blue), recorded in PBS at
50 mV s~". d Nyquist plot of EIS for the PEDOT/
Alginate,, (light blue) and PEDOT/Alginate,.q
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Wirelessly charged concentration cell battery

Concentration cell batteries are well-known electrochemical systems that
generate electrical energy from ionic gradients. Various studies have
demonstrated their versatility and efficiency in diverse applications,
including pH-dependent systems and dual-electrode designs using
redox-active materials” ™. Since the BE process can asymmetrically

distribute small dopant ions (Cl") along the PEDOT and Alginate layers,
a potential application of wirelessly charged BPEs is in energy harvesting
(Fig. 6). When the BPE is cut in the middle and the two halves are
immersed in the same electrolyte, the re-establishment of ionic equili-
brium is accompanied by electron flow in an external electronic circuit
(Fig. 6a). In other words, the higher concentration of ions in the oxidized
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Fig. 5 | Wireless Loading of Small Molecules. a Schematic representation of the
BPE (PET/ITO/PEDOT/Alginate hydrogel) wirelessly loaded with fluorescein
molecules (red dashed square), where (i) represents the initial state of the intact BPE
fully loaded with fluorescein molecules, (ii) represents passive (diffusion-con-
trolled), and (iii) electrically controlled release from Alginate and PEDOT layers of
the BPE halves. b Concentration of fluorescein passively released from the oxidized
(light blue) and reduced (dark blue) halves of the BPE. ¢ Nyquist EIS plots of a BPE

(oxidized half) during passive fluorescein release. d Passive release profile (black,
n =4) and total impedance (red, n = 1) vs time for the oxidized half of a BPE.

e Quantification of electrically driven release from oxidized (light blue) and reduced
(dark blue) halves of a BPE. f Profile of electrically driven release from the oxidized
half of a BPE. Application of continuous —0.8 V (vs Ag/AgCl/KCl 3 M) or pulsed (8 s
at —0.8 V) potential results in control of the release kinetics, # = 3. Error bars in

b, d-f are standard deviations (see “Methods”).
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BPE half compared to the ion concentration in the electrolyte creates a
half-reaction resulting in a potential difference. Figure 6b illustrates the
half-cell cathodic reaction for the oxidized half of the BPE. In this work,
we focus solely on exploring the cathodic reaction since PEDOT is a
p-type conducting polymer, and we use the reduced half (PEDOT/
Alginate,.q) solely to balance the charges. Figure 6¢ presents the evolu-
tion of the electric potential between the two halves of the BPE when
immersed in common electrolytes. The best performance was observed
with 100 mM hydrochloric acid (pH = 1.2), where a potential of nearly
350 mV was generated after 4min. The potential then gradually
decreases as the ionic concentration equilibrium is re-established.
Immersed in PBS (pH = 7.4), the cell initially generated ~250 mV. In
100 mM sodium hydroxide (pH=13.0) the cell initially generated
~250mV but the potential here decayed faster than for all other elec-
trolytes. The faradaic reaction involving PEDOT does not exhibit any pH
dependence. However, the stability of the alginate hydrogel is strongly
affected by pH"™. Indeed, our results suggest that the stability of the
alginate hydrogel plays a role in the evolution of the cell’s potential, likely
by impeding diffusion of CI~ away from the PEDOT layer. The alginate
hydrogel remains structurally intact in acidic environment (HCl, pH =
1.2, similar to gastric fluid) which results in slower cell discharge. At
neutral pH (PBS, pH = 7.4, similar to intestinal fluid) Alginate begins to
disassemble leading to faster cell discharge. Alginate exhibits an even
higher degradation rate in basic environments (NaOH, pH =13.0)
leading to the fastest decay of the cell potential. The dependence of cell
discharge rates on ambient pH can be further explored in applications
where the gastrointestinal tract is investigated, for example using inges-
tible diagnostic devices".

Figure 6d depicts the galvanostatic charging-discharging curves for
PEDOT/Alginate,, in various electrolytes at 0.1 Ag’. Among them,
100 mM hydrochloric acid exhibited superior performance, achieving
capacities of 2.7 mAh g™' during charging and 3.3 mAh g" during dis-
charging within the electrochemical window of 1.2 to —1.2 V. Figure 6e, {
shows a schematic representation of a single-cell device, where we used
3D printed parts to hold the BPE halves in the electrolyte. Figure 6g
shows a battery of three single-cells connected in series (Supplementary
Movie 3). With three cells connected in series, we reached potentials of
~1.3'V. Currently, our concentration cell battery works with a half-cell
reaction. Energy storage can be improved by adding an anodic half-cell
reaction for example by using an n-type conducting polymer. Although
direct comparisons are challenging, a recently reported edible battery cell
utilizing ingredients like riboflavin and quercetin, demonstrated com-
parable potential (0.65V) by employing both anodic and cathodic
reactions in a single cell®.

Our concentration cell utilizes the asymmetric distribution of small
dopant ions encoded on PEDOT/Alginate coatings, by a wireless BE pro-
cess. The wireless nature of BE could allow for multiple BPEs to be charged
in parallel without complex wiring, potentially improving scalability and
throughput in large-scale applications. The BE cells used here are similar to
those used for water hydrolysis. This warrants further exploration of the
feasibility of a hybrid process where green hydrogen/oxygen production is
accompanied by wirelessly charging concentration cells.

Conclusions

In this study, we leveraged BE to wirelessly create reversible redox and
chemical gradients in hybrid PEDOT/alginate hydrogel coatings. We
explored application scenarios in controlled drug delivery and energy
harvesting. We demonstrated wireless loading of concentration gradients
of a model therapeutic molecule in both the PEDOT and hydrogel
compartments of the BPE. Additionally, cutting and studying sections of
the BPEs revealed distinct electroactive regions, which could serve as
components of energy storage devices. These findings highlight the
potential of BE for precise chemical modifications and wireless activa-
tion, paving the way for innovative applications in bioelectronics and
energy.

Methods

Materials

The chemical reagents 3,4-ethylenedioxythiophene (EDOT), sodium algi-
nate, calcium carbonate, SDS, TPP, fluorescein sodium salt were purchased
from Sigma-Aldrich. All solutions were prepared with deionized Milli-Q
water (182MQcm) or with phosphate-buffered saline (PBS) pH 7.4

(Gibco™, Thermo Fisher Scientific, dilution 1x, osmolality
280-315 mOsm/kg).
Electrodeposition of BPEs

Flexible and conductive indium-tin oxide coated polyethylene terephthalate
(ITO/PET, resistivity 60 Q/sq, Sigma-Aldrich) were used as BPE base. For
the PET/ITO/PEDOT/Alginate BPE the electrolyte composition was
adapted from a previous work”**”. Firstly, 1.5% (w/w) of calcium carbo-
nate (0.365 g) was dispersed in 24.3 mL of deionized water, followed by
dissolution of 1% (w/w) sodium alginate kept under vigorous stirring for
30 min under room temperature. Later, 70 mM of SDS and 50 mM of
EDOT was added. As soon as the EDOT was added, the solution was placed
in an electrochemical cell for further electrodeposition. Key to obtaining
homogeneous hydrogels was the maintenance of a uniform suspension of
calcium carbonate microparticles in the electrolyte, which we ensured by
constantly stirring the reaction solution (300 rpm in all experiments). For
electropolymerization of PEDOT:SDS, the same procedure was executed
without adding alginate and calcium carbonate. For PEDOT:TPP, 150 mM
of TPP was added to the PEDOT:SDS solution. Further details can be found
in Supplementary Movie 2. The BPEs (PEDOT:SDS, PEDOT:TPP and
PEDOT/Alginate), all on PET/ITO substrates were prepared by applying
+2.0V (vs Ag/AgCl/KCl 3 M) for 120 s using CA method. The electro-
deposition time was changed for obtaining different thickness.

Bipolar electrochemistry

The bipolar electrochemical cell was produced using a FDM 3D printer. The
‘U’ shape of the cell was adapted from previous work®”. Two platinum plates
of 10 mm x 12 mm were used as driving electrodes. The electrolyte solutions
for BE activations were either 1 mM of NaCl or 1 mgmL™" of fluorescein
sodium salt. The BPE electrodes were 25 mm x 25 mm squares. Copper tape
was used to improve electrical connection and avoid contact resistance to
the ITO/PET substrate. The electrolyte immersed portion of the BPE had
dimensions of 25 mm x 10 mm. BPEs were cut in a half resulting in two
(12.5 mm x 25 mm) pieces where the reduced and oxidized BPE areas had
dimensions of 12.5 mm x 10 mm. Further details can be found in Supple-
mentary Movie 2. For BE activation, we used the chronopotentiometry
method applying 2 mA constant current for 300 s (0.6 C) via the driving
electrodes (Supplementary Fig. 7).

Electrochemical measurements

CV and EIS were performed using a potentiostat/galvanostat (PAR-
STAT3000, AMETEK) controlled using VersaStudio 2.60.2 software. CV
traces were recorded in PBS as supporting electrolyte, from —1.2V to
+0.8 V (vs Ag/AgCI/KCl 3 M) using scan rate of 50 mV s~ EIS data were
recorded from 1 MHz to 0.1 Hz, with excitation amplitude of 10 mV (RMS)
at 10 points per decade. The BPE electrodes (halves) were the working
electrode. A commercially available Ag/AgCl/KCl 3 M (BASi) electrode and
a platinum coil were used as reference and counter electrodes, respectively.

Spectroscopic measurements

Raman spectra of the PEDOT:SDS,y, PEDOT:SDS, 4, PEDOT/Alginate,y
and PEDOT/Alginate,,q4 were obtained using a WiTeC Alpha-R300
microscope equipped with a 633 nm laser with maximum power of
50 mW at the output. All the spectra were acquired with a 10x, long-
distance objective in triplicate, sampling different parts of BPEs, with their
normalized spectra shown as averages. The XPS analyses were carried out
using a Kratos Supra instrument with a monochromatic aluminum source,
and three analysis points per sample of (area 700 x 300 pm?). Survey scans
were collected between 1200 and 0eV binding energy, at 160 eV pass
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energy, 1 eV intervals, and 300 s/sweep with one sweep being collected.
High-resolution O 1s, C 1s, C1 2p, S 2p, and Ca 2p sweeps (for hydrogel BPEs
only) were also collected at 40 eV pass energy and 0.1 eV intervals for each
analysis point (one 300 s sweep for all except sulfur for which two 300s
sweeps for the S 2p transition were obtained).

Hydrogel characterization

For the wireless charge stored during the bipolar activation (Fig. 4f), the
PEDOT/Alginate,y was charged by applying —0.8 V (vs Ag/AgCl/KCl 3 M)
for 30 min, while the PEDOT/Alginate,.q was discharged by using +1.2V
(vs Ag/AgCl/KCl 3 M) for 30 min. Later, the BPEs were electronically
reconnected using a new copper tape and placed back in the bipolar elec-
trochemical cell as BPE electrode for a new cycle. The weight of the wet and
dried PEDOT/Alginate layers were measured using a SM 625i-ION Semi-
micro balance. The hydrogels were dried under room temperature over-
night. The mass wet was obtained by: #1yet = #hydrogel — Mirro/peT- The mass
dry was obtained by: et = Maried hydrogel — MHTO/PET-

Controlled drug delivery

To quantify the concentration of the fluorescein molecule, a fluorescence
spectrometer was used to measure light intensity. A reference curve was
prepared using serial dilutions from 1mgmL™" to 1.5 10° mgmL .
Molecule excitation was at 485 nm and emission was measured at 528 nm.
The concentration of fluorescein was calculated using the reference curve
using GraphPad.

Wirelessly charged concentration cell

A BPE (PET/ITO/PEDOT/Alginate) was activated in the BE cell using
sodium chloride 1 mgmL™" as electrolyte. As described before the charge
applied at the driving electrodes was 0.6 C. The BPE was cut in two halves.
The halves were placed in a beaker containing electrolyte (HCI 100 mM,
PBS or NaOH 100 mM) with the Alginate hydrogel layers facing each other.
For the battery experiment, 3 cells were connected in series. Each cell was
filled with 1.7 mL of HCI 100 mM (enough to cover the electrodes).

Statistical analysis

In bar graphs, bar heights indicate mean values, with error bars representing
one standard deviation (S.D.), and horizontal lines indicating the median.
Individual data points are shown for sample sizes #n < 10. All graphs depict
representative samples, each prepared in triplicate.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability
The G-code for the 3D-printing patterns are available from the corre-
sponding authors upon request.
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