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Abstract

Soft hydrogels have become an important class of materials for mimicking and interfacing biological soft tissues
with potential applications in drug delivery, tissue engineering and bioelectronics. Creative methods for integrating
hydrogels with other materials such as organic conductors are highly desired. Here, we describe the single-step
electrosynthesis of PEDOT/alginate into core-shell hybrid structures via an electrochemical-chemical-chemical
mechanism. Using a pulsed electropolymerisation protocol, we generated PEDOT in either oxidized or reduced
form. By-products of this electrochemical step trigger the chemical reactions for the concomitant assembly of
alginate hydrogels. Characterization evidences that PEDOT (core) and alginate (shell) compartments form an
electrochemically integrated interface. During growth, both can be loaded with useful cargo. We loaded a
negatively charged small molecule and investigated passive and electroactive release mechanisms from the two
compartments. Our electro-assisted assembly/crosslinking of integrated PEDOT/alginate hybrids contributes a
promising approach to the design of functional interfaces for applications in controlled release and soft electronics.
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INTRODUCTION

Hydrogels are crosslinked polymer networks swollen with water (typically > 95%wt). They can be built from
a wide range of natural and synthetic macromolecules. As bioengineering materials, they offer useful
properties such as tissue-like viscoelasticity, tuneable degradation, three-dimensional matrix for supporting
cell growth and sequestration or release of biomolecules, among others"?. A notable example is alginate
(extracted from brown algae) which consists of the anionic polysaccharide alginic acid that can be
crosslinked by metal ions such as Ca*". The resultant network readily absorbs water and swells to form a
hydrogel with a pore size of a few nanometers". Alginate hydrogels are used in clinical devices such as
wound dressings and implant coatings, as drug delivery microparticles or as cell encapsulates in bioprinting

4,5]

technologies'

Hydrogels can be composed of more than one polymer network to enable hybrid functionalities. For
example, the incorporation of an interpenetrating conductive polymer network results in hydrogels with
mixed mode (electronic-ionic) conductivity'”. This is desirable for bioelectronic interfacing technologies
where the hydrogel can enhance the charge injection capacity of electrodes, serve as a mechanical buffer
between rigid substrates and tissue, improve cell adhesion, or facilitate drug release”"”. A notable example is
poly (3,4-ethylenedioxythiophene) (PEDOT) which has good electroactivity and processability when
combined with a polyanion dopant*. Although PEDOT is mostly processed in thin-film coatings, recent
studies have integrated it into conductive hydrogels"”*. For instance, PEDOT and alginate are often
reported as composites or blends attempting to merge their constituent properties in the resulting

23-28]

material®2,

Hydrogels can be formed by various mechanisms, including ionic or covalent crosslinks, as well as

interpenetrating polymer networks™

. Although the electrostatic interaction is stronger and more stable in
nature (e.g., minerals, rocks), due to the high water content in hydrogels, the resulting ionic crosslinks
generate typically brittle materials with poor mechanical stability, as is the case with most alginate based
hydrogels™. This makes integration with other materials (where soft-rigid interfaces are present)
challenging and may limit some practical applications”. This is even more pressing in the case of
conductive hydrogels, where the interface with an organic semiconductor or a metallic conductor
additionally requires efficient charge exchange ). Thus, despite remarkable progress where conductive
hydrogels have achieved extreme stretchability, softness and conductivity, relatively little has been done to

engineer good interfaces to other materials as will be needed in practical systems.

One option is to utilise surface functionalisation or treatments (e.g., silanization) that improve adhesion via
covalent and/or ionic bonds"”"****. These methods are effective; however, they require additional steps and
add complexity to the processing of hybrid structures. As an alternative, electrodeposition methods can
offer a simple strategy to facilitate the direct growth of soft materials, especially over conductive substrates,
controlling electron transfer and adhesion process at the interface”*. A number of promising
electrochemical approaches have already been reported. For instance, water hydrolysis or redox mediators
have been used to promote the electrogelation of a range of ionically crosslinked biomatrixes”*!. Copper
ions electrochemically released from a sacrificial layer have been shown to coordinate PEDOT:PSS
microparticles and the formation of conductive hydrogels™”. Recently, we have proposed an electro-assisted
method for forming hydrogels on conductive surfaces using an electrochemical-chemical-chemical (ECC)
mechanism. This includes deposition of conductive hybrid PEDOT/alginate films"?. However, application
of traditional electrodeposition protocols highlighted several limitations, such as slow growth kinetics and
low levels of hydration of the final material.
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In the present work, we propose an electro-assisted assembly of core-shell structures formed from PEDOT
(core) and alginate hydrogel (shell). This is achieved via pulsed electrochemical protocols and the ECC
mechanism, which results in significant improvement of growth kinetics of the core and shell
compartments. We find that PEDOT and the alginate hydrogel form a well integrated electrochemical and
mechanical interface. We explore the core-shell structures as passive/sensing release and electrically
controlled delivery vehicles. In our system, the hydrogel is formed on a robust conductive substrate which
improves the overall integration. This is in contrast with freestanding structures that may be difficult to
handle. The strength of our approach is that even such brittle and delicate hydrogels (such as alginate) can
be integrated into a device. In terms of clinical application, we envisage the hydrogels as functional coatings
on electrodes that can transform a traditional electrode into a depot for drug or cell delivery.

METHODS

Materials. The chemical reagents 3,4-ethylenedioxythiophene (EDOT), sodium alginate, calcium carbonate,
sodium dodecyl sulphate (SDS), fluorescein and sodium citrate were purchased from Sigma-Aldrich. All
solutions were prepared with deionized Milli-Q water (18.2 MQ) or with phosphate saline buffer (PBS)
pH 7.4 (Gibco™).

Electrodeposition solution. The solution composition was adapted from a previous work". Firstly,
1.0 (w/w) of calcium carbonate 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 at room temperature. Later, 70 mM of
SDS and 50 mM of EDOT were added. As soon as the EDOT was added, the solution was placed in an
electrochemical cell for further electrodeposition experiments. The key to obtaining homogeneous
hydrogels was the maintenance of a uniform suspension of calcium carbonate microparticles in the
electrolyte, which was ensured by constantly stirring the reaction solution (200 rpm in all experiments,
Supplementary Table 1). For the model drug experiments, 1 mg mL" of fluorescein was added before the
SDS and EDOT.

Electrochemical measurements. Cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical
impedance spectroscopy (EIS) were performed using a potentiostat/galvanostat (PARSTAT3000, AMETEK)
controlled using VersaStudio 2.60.2 software. Pulsed protocol methods were programmed a “Loop”
(number of desired pulses) containing CA at electrodeposition potential (+1.4 V) for 0.5 s plus either OCP
(for OCPI protocol) or CA at 0 V (for RPI protocol) for 10 s. CV traces were recorded in PBS as supporting
electrolytes from -1.2 V to +0.8 V at a scan rate of 100 or 50 mV s™. EIS data were recorded from 1 MHz to
0.1 Hz, with an excitation amplitude of 10 mV (RMS) at 10 points per decade. The working electrode
employed was gold wire with submersed lengths ranging from 1.27 to 2.54 cm. A commercially available
Ag/AgCl/KCl 3M (BASI) electrode and a platinum coil were used as reference and counter electrodes,
respectively. For statistical analysis, all experiments were made in triplicate using three different gold wire
electrodes and freshly prepared solutions. Unless stated otherwise, data is reported as the mean + standard
deviation.

All charges were calculated by Q =1 x t, where I is the current density (A mm?) and t is time (seconds).
Parameter fitting and circuit simulation were conducted using the NOVA 2.1 software (Metrohm Autolab).
Resistance was calculated from the constant phase element (CPE) using the following equation'***:

1

Yo (w;r{m.x)n
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where R is resistance, Y, is the pseudocapacitance constant value, wyqx is the frequency where the imaginary
part is highest and n is the deviation from ideal capacitor (n = 0 is a pure resistor, n = 1 is a pure capacitor).

Fluorescence quantification. To quantify the concentration of the fluorescein molecule, a florescence
spectrometer was used to measure light intensity. A reference curve was prepared using serial dilutions from
1 mg mL" to 1.5 10° mg mL". 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.

Scanning electron microscopy - energy dispersive x-ray spectroscopy (SEM-EDS). A Philips/FEI XL-20
SEM (Philips, UK) scanning electron microscope was used to image dehydrated hydrogel samples. Cross
section was obtained by cutting the hydrogels using a razor blade when freshly prepared. The samples were
dehydrated by replacing water with ethanol and were processed in a critical point dryer (CPD). Samples
were sputter coated with gold before SEM imaging. The gold-coated hydrogels were then imaged with an
accelerating voltage of 15 kV.

RESULTS

Conductive Hybrid PEDOT/alginate Hydrogels. We investigated a number of electrochemical strategies to
generate PEDOT/alginate hybrid hydrogels. Firstly, we attempted to use water hydrolysis (+1.85 to +2.0 V)
to promote gelation of alginate in parallel with electropolymerisation of PEDOT, which also occurs in this
potential window. This did not produce a core-shell structure but a hybrid hydrogel with blue colour and
gel aspect [Supplementary Figure 1]. The resultant structure has poor electroactivity, likely because gas
produced during water hydrolysis is removing PEDOT from the gold surface, and hence the hybrid
hydrogel is electrically not well-connected to the substrate (no electroactivity). We then turned to an
alternative strategy where the protons generated during EDOT polymerisation are used to promote the
gelation of alginate. We added the surfactant SDS (70 mM) to the aqueous polymerisation solution to
increase the concentration of EDOT monomers to 50 mM"” which is expected to dramatically increase the
availability of protons. This resulted in the growth of a core-shell structure with a significant amount of
alginate hydrogel layer (shell) which enveloped a film of PEDOT (core) with fractal morphology [Figure 1].

Here SDS (an anionic surfactant) is chosen over other surfactants because it is compatible with the negative
charges on the alginate molecule. As illustrated in Supplementary Figure 2, SDS does not precipitate the
alginate solution, which means that the surfactant itself does not interfere with the electrically assisted
gelation processes.

The reaction follows an electrochemical-chemical-chemical mechanism (ECC). At +1.4 V (vs.
Ag/AgCl/KCl 3M), the EDOT monomer is electrodeposited over the gold electrode. The EDOT monomers
are delivered by the SDS micelles in “patches”. This patch electrodeposition (step 1) generates protons to
trigger the decomposition reaction (step 2) of calcium carbonate. The calcium carbonate acts as a buffer and
stabilizes the solution pH at 9.40. The release of calcium ions in the presence of alginate macromolecules
promotes the coordination (step 3), obtaining the ionically crosslinked alginate hydrogel layer [Figure 1A].
Changing the concentration of CaCO, in the range of 0.5%-1.5% (m/m) did not significantly affect the
spatial extent of the alginate layers. This suggests that any excess Ca’* contributes to strengthening existing
crosslinks rather than coordinating new alginate molecules [Supplementary Figure 3]. In support of this, we
observe that gels produced in electrolytes with higher CaCO,have the same spatial extent but tend to be
stable for longer in PBS (without Ca** supplement). The alginate component disassembles uniformly (along
the wire), indicating uniform composition in the radial direction [Supplementary Figure 3]. Additionally,
this reaction generates carbon dioxide and water, ideal by-products according to the green chemistry
principle'”. Figure 1B illustrates the 3-electrodes electrochemical setup. Here, we define the core-shell
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Figure 1. Electrodeposition of core-shell structures. (A) Chemical reactions involved in electropolymerisation (1) of EDOT to neutral
state of PEDOT (benzoid structure, top) and redox equilibrium (blue block) to oxidized PEDOT (quinoid structure, bipolaron
represented in blue, bottom) followed by (2) decomposition of calcium carbonate; and (3) complexation with alginate macromolecules
representing the alginate hydrogel formation (green block). (B) Schematic representation of the 3-electrode electrochemical cell with
reference electrode (RE), working electrode (WE) and counter electrode (CE). On the left, coaxial representation (red dashed square)
of the core-shell structures deposited over gold wire. On the right, schematic representation (blue) of molecules and ionic species
present in the bulk electrolyte, above the critical micellar concentration (CMC) and WE potential of +1.4 V (vs. Ag/AgCl/KCl 3M). The
respective order of chemical reactions (1-3) leading to core-shell formation is indicated. (C) Photograph of the PEDOT/alginate
structures electrodeposited over a gold wire, followed by SEM images of the alginate shell surface (middle) and PEDOT core layer
(right). (D) SEM image (left) of a cross section at the PEDOT/alginate interface and atomic distribution (right) of sulphur (S, Kal in

red) and calcium (Ca, Kalin green).
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structure as having a solid core and a soft shell. On the right side, the schematic representation of “patch”
electrodeposition of PEDOT is illustrated. The use of electrochemical reaction as the first step enables us to
have good kinetic control over the subsequent gelation process. Figure 1C shows a photograph of the
structures produced. The SEM image of alginate shell layer evidences the porous structure of the alginate
hydrogel. The SEM image of the PEDOT core layer evidences its globular morphology, likely due to “patch”
electrodeposition caused by the merging of SDS micelles. Figure 1D shows a cross section SEM image of the
PEDOT/alginate interface with EDS (Energy Dispersive Spectrometry) mapping for sulphur and calcium
elements. As expected, the PEDOT core is sulphur-rich, while the alginate hydrogel shell is crosslinked by
calcium ions. Therefore, the atomic distribution clearly distinguishes the core and shell components. The
presence of calcium signals in PEDOT suggests that alginate is incorporated within and likely dopes the
PEDOT core. The brittle nature of the alginate hydrogel prevents us from mechanically studying the
adhesion strength between the core and shell layers. However, during experiments, we did not observe
delamination even when the structure was sliced for imaging [Figure 1D]. This indicates the absence of
large residual stresses built at the interface during assembly.

Growth Kinetics of Core-Shell Hydrogels. A typical electrodeposition method is the step potential, as
illustrated in Figure 2A(i) (constant electric potential applied for a pre-set time). Under this condition, the
electropolymerisation current rapidly drops when the initial monomer concentration is depleted at the
electrode’s interface. Later, it reaches an equilibrium with new monomers diffusing from the bulk solution
[Supplementary Figure 4]. Usually, this is not an issue for simple electrodeposition processes since
increasing the time increases the amount of PEDOT and subsequently the electroactivity of the deposited
film [Supplementary Figure 5]. However, in the ECC mechanism, there are chemical steps coupled to the
electrodeposition. Thus, the diffusion limitation in the first step significantly limits the chemical species
available for the subsequent gelation process. In our system, this leads to the production of only a thin layer
of alginate when the step potential method is applied. In order to overcome this limitation, we explored
pulsed protocols where the time between pulses allows more EDOT monomers to diffuse to the reacting
surface [Supplementary Figure 6]. Electrodeposition protocols presented in Figure 2A(ii and iii) consist of
an electropolymerisation pulse (500 ms, +1.4 V vs. Ag/AgCl) followed by an interpulse holding potential
which is either the open circuit potential (OCP) or 0 V. The polymerisation process may consist of many
repetitions of the pulse-hold sequence. The pulsed protocol using OCP as hold potential will be referred to
as Open Circuit Potential Interpulse (OCPI) protocol, while using 0 V as holding potential will be referred
to as Reducing Potential Interpulse (RPI) protocol.

We next define the following charges: the @6%* and {24 as the total charges applied in each pulse for
oxidation and reduction processes, respectively. Q,i.uopomerizaion 1 the charge that directly contributes to
polymerisation by linking EDOT monomers, forming benzoid structure [Figure 1A]. Q,, pppor is the charge

used to oxidize PEDOT chains (obtaining quinoid structure, Figure 1A) after the polymer is already formed.
We assume that the charge delivered at positive electrode potentials, @« contributes to both Q

electropolymerization

and Q,, pepor- Similarly, Q,., pepor is the charge expended to reduce the PEDOT from quinoid to benzoid
structure. Since already formed PEDOT cannot depolymerize, charges flowing during the interpulse can

only contribute to @24, thus @it = Q,,;pepor- Finally, Q is the summation of all charges at the end of a
pulse or sequence of pulses [Figure 2B]; we can thus write:

i total total _—
Q - Qoox “+ Qrgda - Qelecrropolymerization + Qox PEDOT + Qred PEDOT (2)
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Figure 2. Growth kinetics of PEDOT/alginate structures. (A) Program for electrodeposition in (i) traditional step electric potential
(electrodeposition in blue), (ii) pulses of 0.5 s (blue) followed by holding at OCP (green) for 10 s, called open circuit potential interpulse
(OCPI) protocol and (iii) pulses of 0.5 s (blue) followed by holding at O V (reduction potential, orange), called reducing potential

interpulse (RPI) protocol. (B) Charge versus number of polymerisation pulses, discriminating the total oxidation charge ( @itet ,black),

the total reduction charge (Qf4" ,red) and the calculated actual electrodeposition charge (Qelectrodeposition,green) for the RPI

protocol. (C) Kinetics of the PEDOT growth (produced using the OCPI protocol) showing zero order growth from 15 to 1000
polymerisation pulses. (D) Kinetics of the alginate hydrogel growth (produced using the OCPI protocol) showing zero order growth from
15 to 120 polymerisation pulses. (E) Photograph of the PEDOT/alginate hydrogel electrodeposited over a gold wire (13 mm length)
evidencing the PEDOT (core) and alginate (shell) rich zones. (F) Growth profiles of PEDOT and alginate vs. pulse number using the OCPI
protocol. Inset: Cross section scheme of the formed structure indicating the gold wire (diameter 0.1 mm), PEDOT and alginate diameters
used to calculate the respective volumes.

For RPI, after a time (here empirically determined to be 60 pulses), a state where Q,, pzpor = ~Qeq prpor 1S
reached. This is because, during the reducing interpulse period (electrode potential = 0 V), the current
quickly drops to zero, suggesting PEDOT is left in a neutral state [Supplementary Figures 7 and 8]. This
allows us to obtain Q..,opepmerizaion- FOT the OCPI protocol, we electrodeposited the hybrid hydrogel first with
a pulse train and afterwards applied a long reducing pulse (0 V for 20 min) to obtain the condition where
Q,eapepor = - Quepppor- This is in contrast with step potential methods where it is not possible to directly
discriminate the electrodeposition charge from the oxidation charge.

The estimate for Q,,yopolymerizaion therefore, allows us to determine the effective surface coverage (I') which
quantifies the amount of polymer deposited per unit area of electrode!*”.
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Qelectropolymerisation
r= poy 3)
nFA

where F is the Faraday constant (96,486 C mol”), n is the number of electrons transferred in the
electrodeposition process (n = 1, for linking two EDOT monomers) and A is the geometric area of the
electrode (gold wire). Knowing Q,..sopoiymerizaiions W€ also estimated the number of generated protons (reaction
in Figure 1) and therefore the number of moles of Ca* released. Assuming that one Ca*" is sufficient to
coordinate the crosslinking of two alginate molecules, we can link the (electron) charge to the amount of
alginate hydrogel produced in the shell. From the reactions described in Figure 1, we can write the following
stoichiometric relationship of electron:proton:calcium:alginate as 1:1:%:1 respectively. This allowed us to
obtain the kinetics of growth for both PEDOT and alginate components obtained via the OCPI protocol. As
illustrated in Figure 2C, the growth of the PEDOT core follows order zero with 0.25 + 0.01 pmol cm™ pulse™
(r = 0.9983) for all polymerisation pulses applied. Figure 2D shows that the growth of the alginate shell
follows order zero as 0.07 + 0.01 pmol mm™ pulse™ (r = 0.9997) until 120 polymerisation pulses. After 120
pulses, the zero order growth kinetics breaks down. Figure 2E shows a picture of the PEDOT/alginate
structure obtained with 240 pulses (OCPI), highlighting the interface of PEDOT (core, blue) and alginate
(shell, green) rich zones. Figure 2F evidences the growth profile of the core and shell based on diameter
increase. The diameters increase with a similar trend as discussed above using kinetics parameters
[Figure 2D]. The growth profile of the alginate hydrogel presented here is similar to pure alginate formed
over electrodes, tending to reach a plateau for long electrodeposition periods™.

Electrochemical properties of the PEDOT-Alginate interface. To investigate if the core and shell layers are
electrochemically linked, we performed cyclic voltammetry and impedance spectroscopy measurements.
Figure 3A shows normalized cyclic voltammograms of bare gold wire (black), PEDOT:SDS (without
alginate, grey) and the PEDOT/alginate structures electrodeposited with step potential (1000 s, red), RPI
(60 pulses, green) and OCPI protocols (120 pulses, blue). To enable a direct comparison, the current was
normalised by the electrode area and Q,..opopmerizarion All €lectrochemical characterizations were made in PBS
(pH = 7.4) as supporting electrolyte in order to simulate physiological conditions. The core-shell structure
obtained using the OCPI protocol is the most electroactive. That obtained with the RPI protocol presents
pseudofaradaic peaks shifted to negative potentials (starting at -0.3 V for the oxidation process). This is
likely because PEDOT here is obtained in dedoped (reduced) state, so in the first cycle, it becomes doped
with phosphate ions from the supporting electrolyte (PBS). All other polymerisation conditions formed the
PEDOT component in its doped state (here doped with SDS/alginate) with pseudofaradaic peak starting at
+0.3 V. For the structures obtained with the OCPI protocol, we observe dedoping of SDS/alginate and
redoping with phosphate with a pseudofaradaic process appearing around -0.3 V with an increasing number
of cycles [Supplementary Figure 9]. The interface consisting of PEDOT:SDS only (without alginate) showed
the lowest electroactivity. This suggests alginate as anionic polyelectrolyte is the main dopant and is
incorporated in the PEDOT core. The alginate shell layer improves the electroactivity of the entire hybrid
structure. We hypothesize that the alginate layer stabilizes fractal PEDOT structures at the interface,
preventing them from exfoliating and losing interconnectivity with the bulk of the PEDOT core. Among the
core-shell structures, those produced via the OCPI protocol demonstrated enhanced electroactivity.

Electrochemical impedance spectroscopy (EIS) for the various deposition protocols is shown in Figure 3B.
Again, the structures electrodeposited using the two pulsed methods presented lower impedance when
compared to PEDOT:SDS and PEDOT/alginate (step). Between the structures obtained via pulsed methods,
the OCPI protocol shows a reduced total impedance, especially for lower frequencies.
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Figure 3. Electrochemistry of the PEDOT /alginate interface. (A) Cyclic voltammograms (normalised by area and Qelectrodeposition) for
bare gold wire (black), PEDOT:SDS (control without alginate, grey) and PEDOT/alginate structures electrodeposited with step
potential (red), pulsed RPI protocol (green) and OCPI protocol (blue) in PBS (pH = 7.4) as supporting electrolyte and scan rate of 50
mV s".(B) Bode plots showing impedance modulus (left axis, continuous line) and phase angle (right axis, dashed line) for PEDOT:SDS
(control without alginate, grey) and PEDOT/alginate hydrogel electrodeposited with step potential (red), RPI protocol (green) and
OCPI protocol (blue). (C) Charge storage capacity (CSC) measured in PBS for bare gold wire (black), PEDOT:SDS (control without
alginate, grey) and PEDOT/alginate hydrogel electrodeposited with step potential (red), RPI protocol (green) and OCPI protocol (blue).
Experiment was performed in triplicate over different gold wire electrodes. Error bars indicate one standard deviation of the mean.
Statistical significance is determined by one-way analysis of variance (ANOVA)/Tukey correction, n.s. is non-significant P > 0.05,
*P < 0.05 and **P < 0.001. (D) Equivalent circuit (top) and schematic (bottom) of the proposed molecular distribution in the core-shell
structure. In the equivalent circuit, R represents solution resistance, CPE represents a constant phase element representing the doped
PEDOT core and C is the capacitance of the alginate hydrogel shell. CPE elements are used for inhomogeneous or imperfect
capacitance, comprising the parameters Y, and n, where Y, is a pseudocapacitance constant and n is the deviation from ideal capacitor
behaviour (n =1 for a pure capacitor and n = O for a pure resistor,). (E) Table with values for all circuit components extracted from
fitting experimental impedance spectra. Rycpor represents the electronic resistance due to PEDOT (see methods section) obtained from
CPE where n< 0.3. x2 statistically represents the approximation between theoretical and experimental data.

The charge storage capacity (CSC) for bare gold wire (black), PEDOT:SDS (without alginate, grey) and the
core-shell structures electrodeposited with step potential (1000 s, red), RPI (60 pulses, green) and OCPI
(120 pulses, blue) protocols is presented in Figure 3C. The charge was calculated from cyclic
voltammograms and current density (mA cm®) [Supplementary Figure 10]. The core-shell structures
obtained with the OCPI protocol presented significantly higher CSC compared to others. Additionally,
those obtained with the RPI protocol did not present significant differences with the PEDOT:SDS and step
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electrodeposition (at P < 0.05). It is worth mentioning that PEDOT cores obtained using the RPI method
have neutral structure (benzoid, Figure 1A); hence, less charge is stored in the PEDOT layer initially.
However, the first CV cycle causes oxidation and the conductivity, electroactivity and interconnectivity
significantly improve.

The behaviour of core-shell structures was also investigated by fitting an equivalent circuit model to EIS
measurements [Supplementary Figure 11]. Figure 3D shows our proposed equivalent circuit (top) and a
schematic representation of the core-shell structures (bottom). Assuming the interface between PEDOT and
the alginate hydrogel is electrically integrated, the PEDOT should correspond to a constant phase element
(CPE) that is both electronically and ionically conductive and connected in series with a capacitance (C)
representing the ionically conductive alginate hydrogel. The supporting electrolyte (PBS) is modelled by a
resistance (R,). Figure 3E shows a table containing the values of the components extracted by fitting EIS
spectra. We note a relatively low value for the CPE exponent (n) for the PEDOT element (0.274 and 0.172
for OCPI and RPI protocols, respectively). It suggests that here PEDOT acts more as a resistor
(electronically conductive) than a capacitor. Resistor values (Rpgpor) of 0.168 and 0.070 Q cm’ for OCPI and
RPI protocols were extracted, respectively (see methods section). The capacitance (C) was found to be 22.4
and 6.54 mF for OCPI and RPI protocols, respectively. These observations agree with our previous
characterizations [Figure 2] where the interface produced using OCPI protocol is fully doped (i.e., loaded
with charges), while the interface produced using RPI protocol is fully dedoped (i.e., neutral). In addition,
the major contribution to the capacitance (C) should come from a thicker alginate layer. A strong influence
of the initial doping state of PEDOT on the capacitance of the alginate compartment suggests good
integration between the two materials.

The electrochemical properties of a number of PEDOT/alginate materials reported in the literature are
presented in Table 1. The current densities supported by the reported materials range from 5 pA cm™ to
1 mA cm” and PEDOT resistances range from 5 kQ to 123 kQ. The PEDOT/alginate structures reported
here support significantly higher current density (60 mA cm? Supplementary Figure 10) and lower Rpppor
(0.168 Q cm”® for the OCPI protocol). As compared with composite or blending approaches, our work
demonstrates enhanced electrical properties, likely due to improved integration between the PEDOT and
alginate.

Loading and Release of a negatively charged small molecule. We used fluorescein (widely known as model
negatively charged small molecule™*”) to explore the potential of core-shell structures as encapsulation and
delivery system. To encapsulate the target molecule in both the PEDOT (core) and alginate (shell)
compartments in a single step, we added 1 mg mL" of fluorescein to the electrodeposition solution
[Figure 4]. Our approach differs from previously reported work where the hydrogel is prepared first and
then loaded either passively or by oxidizing the conducting polymer chain in the presence of the cargo
molecule (and other ions as well)®**. Figure 4A and B show a schematic representation and a photograph
of the structures loaded with fluorescein.

Our integrated interface consists of two distinct compartments: (1) the alginate shell capable of passively
releasing the target molecule (top, green); and (2) the PEDOT core capable of electrically controlled release
(bottom, blue). As the cargo molecule is negatively charged, the OCPI protocol was employed here to
generate oxidized PEDOT (positively charged). The amount of loaded fluorescein can be inferred by fully
releasing the cargo from both compartments. Figure 4C shows the concentration of fluorescein embedded
in the alginate volume (i.e., excluding any fluorescein embedded in PEDOT core). This was obtained by
completely dissolving the alginate layer with sodium citrate (50 mM). Interestingly, for the hybrid gel
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Table 1. Comparison between CVs and PEDOT resistance for PEDOT/Alginate materials

Current

&
Name Method density Reevor Reference
PEDOT/Alginate hydrogel PEDOT:PSS in Alginate matrix ~8 uA cm? 62.9 kQ Garcia-Torres,

100 mM CaCl, etal?”
PEDOT:PSS/Alginate Microelectrode array, PEDOT:PSS mixed in Alginate  ~0.8 pA*, PBS 5-30 kQ* Ghezzi, et al™®
matrix

Alginate-PCNT-PEDOT/PSS Microwire, PEDOT:PSS coated MWCNT in Alginate  -TmAcm?  123kQ Wang, et al.”*”!
hydrogel hydrogel 9% NaCl
PEDOT/hydrogel/BDNF-coated Pt/Ir cochlear implant (microelectrode), ~3 nA*, PBS - Chikar, et al ¥
implants electrodeposition of PEDOT:PSS
PEDOT,Alg, PEDOT/Alginate scaffolds 300 pA*, - Yang, et al'*”!

not informed

Hybrid PEDOT/Alginate hydrogel ~ Macroelectrode (centimeter size) electrodeposition, 60 mA ecm?,  0168Qcm’  Present work
pulsed method PBS 21Q)

*Current density not reported, only current value; &value reported for Ry (charge transfer); #Value reported as total impedance at 1kHz. CV:
Cyclic voltammetry; PBS: phosphate saline buffer.

produced with 120 pulses, the concentration of encapsulated fluorescein is higher than the concentration in
the bulk solution (1 mg mL", red dotted line). This is likely due to the SDS micelles assisting in
concentrating the target molecules. Initially, the concentration increases linearly with pulse number
following the growth kinetics of the shell. Beyond 120 pulses, the concentration decreases, likely because of
the change in growth kinetics previously discussed [Figure 2]. Figure 4D shows the fluorescein amount
passively released (gel submerged in PBS for 24 h) from core-shell structures formed with different amounts
of charge/pulse number. Within experimental error, we observe a constant amount of released fluorescein
per total charge unit (ig@!) (no significant difference P > 0.005). Figure 4E shows the temporal profile of
fluorescein release from the shell compartment (green, left axis) and the evolution of the interface
impedance (modulus, at 1 Hz). Although other effects cannot be ruled out, it appears that the decrease in
impedance correlates with the release of fluorescein and can thus be used to monitor the process.

For studying electroactive release from the PEDOT core, the alginate layer was first dissolved in sodium
citrate. Figure 4F shows the electroactive release of fluorescein under different electric potentials (within the
aqueous electrochemical window) applied for 40 min in PBS media. The lower the electric potential applied,
the higher the amount of fluorescein released. Additionally, it is worth mentioning that the amount of
fluorescein stored in the PEDOT core compartment (and available for controlled release) is roughly 10
times lower than that in the alginate shell (passive release) compartment. Figure 4G shows the total amount
of fluorescein electrically released as function of the charge supplied for core-shell structure formation
(Q5g'"). In contrast with the alginate shell component [Figure 4D], we obtained a linear increase in the
amount of fluorescein encapsulated that follows order zero kinetics (1.94 +0.18 pg C”, r = 0.9823). Although
several approaches using electrodeposited conducting polymers as delivery systems exist, as far as we know,
the correlation between electrodeposition charge and the amount of molecules encapsulated has not been
reported before™*". Figure 4H demonstrates controlled release of fluorescein from the PEDOT
compartment at different potentials. We have defined 40 min for each of the release experiments for
didactical purpose, but the duration of electroactive release could potentially be extended for significantly
longer. In the release-OFF condition, where +0.8 V was applied for the whole experiment, fluorescein is
nearly fully retained in the PEDOT compartment. Under the passive release condition, where no external
potential was applied, 6%wt of the total fluorescein load was released after 40 min. In the release-ON
condition, -1.2 V was applied for the whole experiment, fully releasing the target molecule in approximately
15 min. The ON condition shows the maximum rate at which the target molecule can be delivered. For



Page 12 of 15 Da Silva et al. Soft Sci 2023;3:3 | https://dx.doi.org/10.20517/ss.2022.25

Shell
0

0

m, ROV

Q' )

S

o

a3 ) \=
- e |

Pulse Number s
100 200 300 400 500 600 E

©

=)
o

o® A O O N ® ©
- N
A o
[

v

N
o

—=— Fluorescein Amount
—=— Interface's Impedance

~
@
S
Z(o(al at 1Hz 1€

o
o
w
o
o

o
w
Passive Released/ pg ©

Passive Released / ug

o
o

Concentration in Hydrogel / mg.mL"!
o
©

) 100 200 300 400 500
Polymerization Pulses

02 04 06 08 10 0 ® 1 ® i
"Deposition Charge / C Time / hours
Polymerization Pulses
0 100 200 300 400 500 600 H

'n
@

0.35
2 212 100
5 030 510 -
3 b —_— 0 g0
&0.25 B o8l @
2 o o
4 [} 4
B o2 &os l ¢ % TN TR
E 0159 g 044 2 40 —a—Passive —=—P3
S 0.10] S ®
3 8 021 i E 3 2]
5 0.05 k<t k]
3 Sooft 3
i 0.00- : - ik = w T T w04 : - L :
1.2 0.8 0.4 0.0 0 02 0.4 0.6 0 10 20 30 40
Polymerization Charge / C Time / min

E/V vs. Ag/AgCIKCI 3M

Figure 4. Passive/sensing release and electroactive controlled release of fluorescein. (A) Schematic representation of the core-shell
structure. Shell compartment: passive release from the alginate layer. Core compartment: electroactive controlled release from PEDOT
(quinoid structure, bottom). (B) Photograph of the core-shell structure loaded with fluorescein. (C) Concentration of fluorescein
encapsulated in the volume of the alginate shell. The horizontal dashed line (red) indicates the fluorescein concentration in the
polymerisation solution (1 mg mL™). (D) Relationship between the amount of fluorescein encapsulated in the shell and the
polymerisation charge applied to form the core-shell structure. Statistical analyses for (C and D) were made in triplicate over three
different gold wire electrodes. Statistical significance was determined using one-way analysis of variance (ANOVA)/Tukey correction,
n.s. is non-significant (P > 0.05), *P < 0.05 and **P < 0.001. (E) Passive release of fluorescein quantified by fluorescence (green, left
axis) and total impedance change of the interface (blue, right axis). (F) Amount of fluorescein actively released from the core at
different electric potentials. Each release experiment lasts 40 min. (G) Relationship between the amount of fluorescein encapsulated in
the core and the polymerisation charge applied for core-shell structure formation. (H) Electroactive release of fluorescein under
controlled conditions: ON (black, -1.2 V), OFF (green, +0.8 V), passive (red, OCP), P30 (blue, pulse for 30 s at -1.2 V), P8 (purple, pulse

for 8 s at -1.2 V) and P3 (orange, pulse for 3 s at -1.2 V). For the electrically controlled release, the programmed pulse is applied every
5 min.

tuning the release rate, we programmed a series of pulses consisting of either 30 (P30, blue), 8 (P8, purple)
or 3 (P3, orange) seconds release-ON potential followed by holding at OCP. The pulsed protocol
demonstrates that release rates can be tuned, which is critically important for sustainable release
applications™”,

CONCLUSIONS

In this work, we describe single-step electrosynthesis of conductive core-shell structures of PEDOT and
alginate hydrogel. For this, we developed pulsed protocols to enhance the growth of the alginate
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compartment. Charge considerations enable us to determine the amount of electrodeposited materials, and

their growth kinetics. Electrochemical characterization revealed that the interface is highly electroactive,

indicating good integration between the PEDOT and alginate compartments. We loaded the structures with

a negatively charged model molecule for demonstration of passive release (and its monitoring) and

controlled electroactive release from the alginate and PEDOT compartments, respectively. Our electro-
assisted assembly and loading approach may contribute to the design of electrical hydrogel devices for
applications in biointerfaces and soft electronics. For instance, in the context of implantable electrode

arrays, the alginate shell compartment may enable burst release of a high dose of a drug (e.g., the anti-

inflammatory drug dexamethasone), loaded vesicles or encapsulated cells, while the PEDOT core

compartment can provide sustained long-term maintenance dosing.
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