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Conductive Polymer-Based Bioelectronic Platforms toward
Sustainable and Biointegrated Devices: A Journey from
Skin to Brain across Human Body Interfaces

Ottavia Bettucci,* Giovanni Maria Matrone,* and Francesca Santoro

Over the last few years, organic bioelectronics has experienced an exponential
growth with applications encompassing platforms for tissue engineering, drug
delivery systems, implantable, and wearable sensors. Although reducing the
physical and mechanical mismatch with the human tissues allows to increase
the coupling efficiency, several challenges are still open in terms of matching
biological curvature, size, and interface stiffness. In this context, the replacement
of bulky with more flexible and conformable devices is required, implying the
transition from inorganic conventional electronics to organic electronics. Indeed,
the advent of organic materials in bioelectronics, due to the indisputable benefits
related to biocompatibility, flexibility, and electrical properties, has granted supe-
rior coupling properties with human tissues increasing the performances of both
sensing and stimulation platforms. In this review the ease of functionalization
and patterning of conductive polymers (CPs) will be analyzed as a strategy that
enables the fabrication of platforms with high structural flexibility ranging from
the macro to the micro/nano-scales, leading to the increase of devices sensi-
tivity. Drawing from the concept of biomimicry, the human body tissues inter-
faces will be explored through an ideal journey starting from organic platforms
for epidermal sensing and stimulation. Then, devices capable of establishing a
dynamic coupling with the heart will be reviewed and finally, following the circu-
latory system and crossing the blood-brain barrier, the brain will be reached and
novel sensing and computing implants advances that pave the way to the possi-
bility to emulate as well as to interact with the neural functions will be analyzed.

the human’s body toward medical applica-
tions.!. Coupling electronics with human
tissues allows sensing, stimulating and
possibly regulating biological functions.
On these premises, a key paradigm of bio-
electronics is to preserve the functionality
of the biological environment upon cou-
pling, in order to “observe biology through
non-perturbing lenses”. However, aiming
to a seamless interface, the properties of
common electronic components, based
on metals or inorganic semiconductors,
have major limitations to comply with the
coupling requirements for cells, organs,
and tissues.? In fact, inorganic materials
might display mechanical rigidity (high
Young's modulus =100 GPa),’# surface
degradation phenomena (oxidation)P®! and
surface structure which increases inter-
face capacitance.l®”) Organic materials have
so emerged combining mechanical flex-
ibility, compatibility with large area and dif-
ferent surface functionalization processes,
while keeping high electrical conductivity
and reproducibility.®®] Particularly, these
materials intrinsically display key proper-
ties such as tunable surface roughness,!”
surface chemical reactivity!, and Young’s
moduli ranging from 20 kPa to 3 GPa,l12

1. Introduction

Bioelectronics is a branch of science that applies the principles
of electrical engineering, biology, and medicine to investigate
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approaching the modulus of living tissue (10 kPal'3l). However,
the diversity of biological landscapes offered by the different
human tissues, in terms of mechanical flexibility, interface func-
tionalization, accessibility and biological activities defines sets of
requirements so stringent that commonly for each tissue/organ
coupling ad hoc devices and platforms have been developed.
Hence, examining the three major human’s body interfaces
targeted by bioelectronics applications (skin, heart, and brain),
this review focuses on the strategies that can be adopted by
employing organic materials such as surface patterning, novel
material synthesis and bio-functionalization in order to enhance
tissue/organ-specific coupling performances. These aspects are
investigated highlighting current and future main challenges
and providing perspectives on the development of the next
generation organic bioelectronics devices, thus envisioning sys-
tems that are: 1) able to adapt their interface in shape and size
to comply with different curvilinear and hierarchical biological
architectures and 2) combine sensing and stimulation to dynami-
cally control biological functions for biomedical applications.

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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2. Materials

2.1. Organic Materials and Electricity: The Shortcut for Sensing
and Stimulation

Living organism are characterized by bioelectricity which
appears in the form of voltages and currents originating from
charge carrier gradients. Indeed, unique structures such as
ion channels, ion pumps, gap junctions and receptor/trans-
porters molecules participate to complex bio-electrical mecha-
nisms, based on the exchange of charges, that are at the core
of biological functions (e.g., the opening of voltage-gated Ca*
channels)™ 8! but also define the communication pathways
among organs and tissues.!!’]

In this context, electronic devices interfaced with organs of
the human body, by generating electrical fields (EFs), offer the
possibility to monitor cellular activities and, by supplying elec-
trical stimuli, to modulate cellular functions to increase sensi-
tivity to and/or the efficacy of medical treatments.[20-23]

In electrogenic cells, the structure of the cell-device interface
has a key role in the efficiency of the coupling defined as the
ratio between the maximal voltages recorded by the electronic
device in response to the maximal voltage generated by an excit-
able cell.?*21 On the other hand, non-electrogenic cells gen-
erate ultra-slow ionic signals with frequencies below 1 Hz that
are difficult to detect due to the noise induced by the sensing
electrode so that usually barrier tissue arrangement and cell
coverage are measured.?”l On this account, endogenous EFs
existing at organelle, tissue and organism level are also inves-
tigated by developmental bioelectricity in order to infer from
ionic activity the mechanisms that regulate the development of
biological pattern and shapes.!!”]

Focusing on the sensing interface, the three components
architecture of a general cell-electrode system is commonly
modelled through an electrical equivalent circuit that consists
of parallel and series combinations of resistors (R) and capaci-
tors (C) whose weights directly depend on tissue features and
interface structural properties.?’l Particularly, the distance
between the cells and the electrode, potentially ranging from
tens to hundreds of nanometers,?#25 deeply affects the cou-
pling efficiency since the cleft acts as a resistance (Ry..;) gener-
ated by the physiological solution, impeding the recording of
subthreshold potentials that travel across the cell membranel2%l
(Figure 1). Considering also cell coverage as a parameter that
influences the current flow across the circuit, novel approaches
to describe dynamically cell-electrode coupling has been devel-
oped through mathematical models that predict cell-electrode
interface and their effect on extracellular recordings consid-
ering the constant remodeling of the cell cytoskeleton under the
effect of external mechanical cues.?) Under physiological con-
ditions, the ionic currents generated by transient changes in the
membrane conductance, reaches the electrode’s surface where
an ion blocking layer occurs due to the charge transport mecha-
nism mismatch (ionic to electronic).?®?! Indeed, electrode
impedance, representing the resistance to charge exchange at
this interface, can be decreased by narrowing the cleft so that
the signal-to-noise ratio is enhanced favoring sensing applica-
tion.13% In most of cases, this goal is achieved by electrode size
miniaturization causing an increase of the intrinsic impedance
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Figure 1. Electrode-cell-tissue interaction from skin to brain. (Bottom)
A cell body (rose) residing on a sensing electrode (yellow) with the cleft
filled by the culturing media (ionic solution) interposes. The cell plasma
membrane is subdivided into junctional membrane (Rj, Cj) and the
non-junctional membrane (Rnj, Cnj). The physiological solution within
the cleft generates the seal resistance (Rseal) to ground. The electrode
(yellow) impedance is represented by the electrode resistance and capaci-
tance (Re and Ce, respectively). (Top) From a single cell body to the com-
plex tissues of skin, heart, brain.

of the electrodes.?” As result of these opposing constraints, a
compromise is often desirable especially for stimulation where
the possibility to target multiple cells must be leveraged on the
increase of impedance.l3'3? Indeed, this remains a challenging
task since an ideal bioelectronic device must feature simulta-
neous recording and stimulation of multiple cells with stable
contact for days plus peculiar tissue-interfacing characteristics
that will be analyzed in the following sections. Combining
sensing and stimulation by engineering the cell-electrode inter-
face also opens to the possibility of exploiting EFs and currents
to influence, restore and enhance biological functions. Indeed,
electrical stimulation (ES) is a biophysical cue which has been
proved to effectively activate specific intracellular signaling
pathways, influencing cellular behavior such as migration,?3!
proliferation,?¥ and differentiation® both in vitro and in
vivo.363 These effects result from modulations of the intrinsic
EF of ionic extracellular environment and across the cell mem-
brane through the flow of ions (e.g., Na*, CI-, K*, and Ca?")
generated in response to ES which causes channel polariza-
tion triggering cytoskeleton changes that control cell migration,
with Ca?" influx specifically contributing to cell persistence.
Cell alignment is another mechanism that can be controlled by
ES through a gradual change in the direction of the EF vector.
Indeed, some types of cells (e.g., fibroblasts, mesenchymal, or
epithelial cells) align themselves perpendicular to the direction
of the field vector to minimize the field gradient.***J Con-
versely, in other cells (e.g., cardiomyocytes,*¥l myoblasts,*! and
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PC12%)) the ES causes a rearrangement of the cell cytoskeleton
inducing a parallel orientation.*®l In this context, CPs have
proved to electrically control cell migration since the absorption
of specific proteins (e.g., fibronectin) contained in the serum
of the growth medium depends on their tunable redox state
thus allowing to increase/decrease the cell adhesion.*”’ Addi-
tionally, ES promotes post-injury regeneration processes under
continuous stimulation (<1V ¢m™) showing an increase from
0.2 to 1.5 times of cell proliferation!“**# while by applying a
short-term, low-intensity stimulus (0.06-6V cm™) differentia-
tion of human-induced pluripotent stem cellsi®® and neurons>!
is observed. Moving to in vivo applications, nerve regenera-
tion and functional recovery has been proved by implanting a
PPy/chitosan scaffold into a large 15 mm rat sciatic defect and
electrically stimulating the tissue over 1 week.?!

2.2. Conjugated Polymers (CPs): The Right Equipment
for the Journey

In the last decade, research has focused on developing novel
materials to be integrated in bioelectronics platform in order
to overcome the interfacing-related limitations of conventional
inorganic materials while also trying to match their electrical
performance.>> In this context, carbon-based nanomaterials,
such as graphene, graphene oxide (GO) and carbon nanotubes
(CNTs) (Figure 2a), gained considerable attention because of
their mechanical electrical, and optical properties based on
their inherent interface structures.> Indeed, this class of
materials, featuring a young’s modulus close to 1 TPa, sub-
nanometer thicknesses, and capability to preserve high electrical
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conductivity under large deformation, present advantageous
features for manufacturing bioelectronic platforms achieving
a compliant contact with tissues.’8U Following the success of
graphene, a new family of 2D materials, MXenes (Figure 2a),
emerged in materials science and bioelectronic applications.[®%%3]
Such innovative sheet-like materials, depending on parameters
such as transition metals at their surface and thickness, exhibit
different electronic, optical, and electrochemical properties such
to display hydrophilicity, adsorption ability and high surface
reactivity which make them suitable for bioelectronics applica-
tions also in combination of other organic materials.[®l

In this context, CPs emerges as promising candidates due to
their mixed ionic and electronic conduction mechanisms allowing
an optimal bidirectional communication between biological tis-
sues and devices, thus improving the bio-signal transduction. 6>l
Moreover, the possibility to tune their electrical and optical prop-
erties, retaining key features of common polymers such as flex-
ibility, simple synthesis, easy functionalization/doping as well
as micro-structure patterning processes, allow a wide range of
applications.l”] Charge transport in CPs is mainly based on two
mechanisms: i) the movement of charge carriers along the conju-
gated system, since 7-electrons move freely creating an electrical
pathway for mobile charge carriers ii) the transport of electrons
via electron exchange reactions (i.e., electron hopping mecha-
nism) between redox sites at the polymer backbone.[%!

In bioelectronics polypyrrole (PPy) and polyaniline (PANI)
(Figure 2b) are extensively employed polymers featuring
remarkable antimicrobial effects, besides combining mixed
ion-proton conductivity and redox activity typical of CPs.[6%7]

Moreover, CPs physical and chemical properties can be easily
tuned by introducing chemical moieties on the polymer backbone

Carbon/based materials

Conductive Polymers

PEDOT:PSS

Figure 2. a) Carbon-Based material integrated in bioelectronic platforms b) Commonly used CPs in bioelectronics.
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to enhance their electronic performance or bind molecules of
interest for bio-detection”" allowing the development of stimuli
responsive biomedical platforms for biosensing, modulation
of cellular activity,/>”?l drug-delivery systems,’*”/| tissue engi-
neering,’#81 and nerve regeneration applications.®? For instance,
the immobilization of specific enzymes has allowed the detection
of biomarkers in epidermal®3#4 electrochemical sensors while the
use of amide chemistry, by linking different biofunctional groups
to poly(phenylene) ethynylene polymer (PPE), has enabled pH
detection and flow cytometry applications.!®>#% Moreover, the suit-
ability of CPs surface functionalization has been demonstrated
also in neural applications to detect and/or stimulate neuronal
differentiation of NSCs modifying PANI with polyvinylaniline
(PVAN) to facilitate cell adhesion and allow the charge-transfer
and redox reaction of neurotransmitters released during the dif-
ferentiation process.’?

In the last decade, also the family of polythiophene (PT)-
derived polymers has drawn considerable attention exhib-
iting high and stable conductivity (10> S cm™)®"] that can be
varied with the type of dopant and/or the polymerization pro-
cess.®¥ Among all PT derivatives, the most popular is poly(3,4-
ethylenedioxythiophene) (PEDOT) which is usually doped
with polystyrene sulfonate (PSS) to form a highly conductive
polymer mixture (Figure 2b). PEDOT:PSS is also characterized
by a remarkably high electrochemical stability which combined
with its very narrow bandgap make it suitable for several elec-
troanalytical biosensing applications such as detection of biore-
levant species (e.g., dopamine (DA), uric acid (UA), ascorbic
acid (AA),B%% glucose, Y and metal ions®>?3)) as well as for the
fabrication of stimuli-responsive scaffold for tissue engineering
applications.[3%94%]

However, alternative approaches to further increase the sta-
bility performances of organic materials is their inclusion in
a non-conductive organic matrix creating organic composite
materials.®®%] In fact, hydrogels have attracted great attention
as scaffolds comprising both CPs (i.e., PEDOT:PSS, PANI)[%*]
and carbon-based materials (CNTs, GO)19%10U a5 conductive
frameworks. Indeed, besides minimizing the mechanical mis-
match with biological tissue due to their soft and flexible nature,
hydrogels display a high-water content that not only provide wet
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and ion-rich environments, but also allow to exchange biological
molecules and biomarkers across the interface.’®! Recently,
Bao et al. have developed a stretchable PEDOT:PSS-based
hydrogel, achieving a conductivity of 23Sm™, by controlling
the electrostatic interaction between CP’s microgels particles
and forming physical crosslinks through 7 stacking which
has increased the number of charge conduction pathways.
Indeed, this approach has proved that the electrical conductivity
of these hydrogels is enhanced by the addition of a relatively
low amount of PEDOT:PSS, encouraging their employment as
biointerfaces for wearable/implantable devices.[0%

2.3. Morphology of Materials: Riding from 1D to 3D to Reach
the Perfect Interfacing

A common strategy to increase the material/electrode coupling
consists in manipulating over different length scales material
interface with tissues.

In fact, topography, and aspect ratio of nano and microstruc-
tured surfaces can modulate the interaction with cell membrane
affecting also intracellular signaling.'3) A wide range of materials
have so been synthesized exploring different dimensionalities:
from 1D materials such as nanoparticles (NPs)l*l and nanowires
(NWs),9] 2D structures represented by CNTs, Graphene and
MXenell%-1%8] or CPs films, %1% 2.5D vertical structures such as
pillars or needles," and 3D scaffolds!"'? (Figure 3).

In bioelectronic platforms, 2D materials (i.e., layers, films,
sheets) featuring high diameter/thickness ratio, are commonly
used due to their strong in-plane covalent/ionic bonds that
leads to high mechanical strength, while their atomic-range
thickness ensures mechanical flexibility.'®] Despite the excel-
lent mechanical features of planar surfaces and their good
charge transport properties, the large cleft between the cellular
membrane and the surface of the electrode affect the coupling/
adhesion with cells/tissues and consequently the quality of the
recorded signals and the stimulation efficiency." Moreover,
in in vitro applications, 2D cultures fail to fully recapitulate
the tissue environment, exhibiting non-optimal structural fea-
tures due to the planar mechanical constraints which differs

~
A

1D 2D

2.5D 3D

Figure 3. Overview on the morphology of materials. a) PPy NPs as pH-sensitive drug delivery system. Reproduced with permission.[® Copyright 2015,
The Royal Society of Chemistry. b) Electrically conductive CNT based scaffold nerve cell modulation based cell-material interactions. Reproduced with

permission.l!l Copyright 2018, The Royal Society of Chemistry. c) Cell nuclei deformation on PLGA Micropillar Array. Reproduced with permission.

[14]

Copyright 2018, American Chemical Society. d) Nonordered PEDOT:PSS scaffolds for cell biointerface characterization. Reproduced with permission.[®]

Copyright 2019, Wiley-VCH.
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greatly from the three-dimensionality and dynamicity of native
tissues.3

To enhance the cell-electrode coupling, 2.5D conductive
materials have been also engineered, introducing out-of-plane
nano/micro vertical structures o as a strategy to more inti-
mately interact with biological cells." Indeed, considering in
vitro platforms embedding these structures, a tight adhesion of
the plasma membrane is observed with a consequent increase
in membrane reshaping and permeability™*'"] favoring the
bioelectrical signals recording,"®! the delivery of molecules into
the cytosol12% and influencing cell behavior.['21-123]

Moreover, out-of-plane nano and microstructured conduc-
tive materials have also found major application in tissue inter-
facing, enhancing mechanical stability and electrical coupling
over time. For instance, nanoneedles?0126-128] o1 pseudo-3D
architectures have been largely adopted for skin coupling even
in wet physiological conditions.!?7133l Moving to cardiac tissue,
by seeding cardiomyocytes onto 2.5D materials (i.e., patterned
cuest® or aligned nanofibers!’®)) it is possible to promote
cells adhesion and favor cardiomyocyte’s alignment to better
mimic the multiple-layered structure of the heart and direct
the collective movement of action potentials (APs) along the
cells by providing strong synchronous contraction.[2>136137]
2.5D conductive materials have been also largely employed
in neuro-engineering to exploit polarity process at the inter-
face and locally pin neuronal cells.'*8*] In addition, in vivo
approaches have included nanoneedles and nanowires to gain
a stable insertion within the neuronal tissue and prevent the
formation of glia cell layers in the proximity of the bioelectronic
device 427144

In this context, CPs have been also patterned to introduce
2.5D features at the interface with biological cells and tis-
sues.-130] Tn addition, these materials intrinsically feature the
capability of changing their volume thanks to swelling effects
and conformational changes which might be induced by the
application of an external EF.[1°1-153]

This swelling behavior is related to the uptake/release of
ionic species from the electrolyte solution, as induced by the
reversible redox processes of the polymers which compensate
the electronic charge on the polymer backbone leading to an
increase of the chains hydrophilicity.

These morphological changes have been demonstrated to
accelerate cell migration and proliferation as well as to promote
differentiation enhancing cell-to-cell contact and signaling as
also shown in the work of Amorini et al. where the so-called
“sponge-like” mechanisms of PEDOT:PSS, induced by the
redox state dependent modifications of the ionic environment,
has been proved to influence cellular behavior such as prolif-
eration and adhesion. Specifically, reduced-PEDOT induced the
resting membrane potential (V,.) depolarization influencing
the polymerization state of cortically located actin filaments,
thus promoting the adhesion of glioblastoma multiforme cell
line (T98G) while accelerating the replicative process due to the
increase of intracellular Ca?*.1>4

Moreover, CPs nanopillars have been recently demonstrated
to enhance the redox efficiency of CPs facilitating the diffu-
sion of the electrolyte™ as well as increasing the active redox
sites due to the enhanced active surface area.’® For these
reasons, efforts have been devoted to the study of innovative
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approaches to modify the CPs backbone as the introduction
of optically active of functional groups, the manipulation of
the solutions viscosity, but also blending approaches, to allow
their patterning with different techniques (i.e., photolithog-
raphy, 50171 electron-beam lithography,>® laser,®” and inkjet
printing(1%%)) further increasing the design of bioelectronic plat-
forms allowing different interface topographies (i.e., wires, !¢l
needles, 8 pillars!)).

On this account, advanced fabrication strategies have been
recently proposed to obtain high-resolution patterning and con-
trol the 2.5D conductive polymer morphology. For instance,
direct photopatterning of PEDOT:PSS was demonstrated by a
dry process involving the use of photoacid generators and the
synthesis of acid amplifiers to generate PSS autocatalytically.'¢%

Additionally, Zips et al. combining inkjet and aerosol-jet
printing techniques fabricated a fully printed micro needle
electrode array based on PEDOT:PSS and a multiwalled
carbon nanotube composite ink suitable for electrophysiology
applications.[18]

Despite the remarkable coupling improvements brought by
patterned 2.5D materials, 3D scaffolds excellent candidates for
replicating the complex designs of biological tissues. Indeed,
inspired by the extracellular matrix (ECM) architecture, 3D scaf-
folds can accommodate cells promoting cell-cell and cell- ECM
development and interactions.'®®l Furthermore, 3D conductive
scaffolds ultimately combine the optimal spatial arrangement
of cells and ECM to electrical stimulation and sensing. In fact,
3D conductive scaffolds have been developed for several appli-
cations responding to different tissue engineering demands:
i) in cardiac applications, providing both a structural founda-
tion to the myocardium, reproducing the vascularization by
biomimicking channels for liquid perfusion,!® and a direct
current flow to synchronize cell beating,'®! while mechani-
cally supporting the area of myocardial infarction restoring the
electromechanical coupling;/'®! ii) in brain field, promoting the
attachment, proliferation and differentiation of neural stem
cell,™®”l promising also to trigger cell neurogenesis,'®8! while
assisting the direction of Schwann cells and increase the prolif-
eration rate in nerve regeneration;®! iii) in skin regeneration,
providing both structural support and biological recognition
for cell growth,[7%V1] preserving the control of an appropriately
moist environment,”? and imparting 3D conformability to the
wound contour.[3!

In this context, CPs have been engineered to grant three-
dimensionality to cellular culture along with a high surface
area for cell adherence and proliferation as well as electrical
conductivity for stimulation or sensing."*8 For instance,
porosity has been modulated to achieve homogeneous pores
distribution with sizes matching cell penetration requirements
and nutrient flow to the growing tissues, replicating elasticity
and wettability conditions similar to the tissue of implantation,
thus enhancing cell-matrix interactions.l7#179180 ndeed, a 3D
PEDOT/alginate scaffold with regular and oriented porosity fea-
turing tuneable Young’s modulus in the range of 10 to 100 kPa,
(similar to that of the natural myocardium) and excellent con-
ductivity (as high as 6 x 1072 S cm™) has been designed for car-
diac tissue engineering supporting the adhesion, proliferation
and myocardial differentiation of brown adipose derived stem
cells (BADSCs) upon electrical stimulation.'8"
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Additionally, the mentioned porous structure increases sur-
face area for cell and biomolecule attachment, leading to higher
current sensitivity and lower limit of detection of bio-analytes
compared to planar architectures.®2 The 3D morphology also
enables an enhancement of drug loading capabilities of con-
ductive scaffolds opening the way to their incorporation in drug
delivery systems.[183]

3. Bioelectronic Devices

3.1. Organic Platforms: The Vehicles to Reach the Destination

In order to comply with tissue-specific coupling requirements
bioelectronics devices are in continuous evolution presenting
novel architectures, surface topographies, and functionalities.

As a matter of facts, a wide range of structures and archi-
tectures are developed, through scaling down processes and
patterning modifications, to enable specific applications. In
this paragraph, we will focus on i) multielectrodes arrays
(MEAs) used for electrophysiological studies of electrogenic
cells such as neural networks and cardiac patches ii) transis-
tors where the three terminal architecture allows to amplify
the recorded signal by gate biasing, iii) ion pump systems
which respond to electrical stimuli allowing the delivery of
ions, iv) microfluidic systems that facilitate cell/tissue cou-
pling imitating cells physiological mechanisms in a dynamic
way.

More in detail, MEAs are common bioelectronics platforms
engineered to connect an electronic circuitry with different cell
types to captures the field potential or activity across an entire
population of cells, by measuring biological signals at mul-
tiple points, thus detecting activity patterns that would other-
wise elude traditional assays.'8-138] Hence, the miniaturized
electrodes, featuring multiple plates or shanks, enhance the

a Multielectrodes arrays

Chamber2: ~ Qutlet
Sensing gate /%
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tissue-electronic circuit interaction allowing recording by trans-
ducing ionically mediated voltage changes in the biological
environment into electronic currents®1% but also stimulation
by reversing the transduction direction.*"192

In this context, even though conventional electronics mate-
rials have been widely employed, CPs have been introduced as
coatings to decrease the electrodes impedance enhancing the
electrode-tissue interaction and electrical properties of conven-
tional metal- or semiconductor-based bioelectric signal trans-
ducers.93719] Moreover, the possibility to introduce specific
interface structures, such as, nanorods,!*®! micropillars,*%l and
microneedles,"® allows to increase the surface area of CPs and
consequently lower the device impedance through the tight
adhesion of the electrodes with the cell membrane, enabling
both extracellular and intracellular electrophysiological investi-
gation™] and long-term stimulation'”1% (Figure 4a).

In vivo microelectrode platforms have been especially engi-
neered to face long-term stabilityl® exploiting functional
coating approaches for permanent and temporary/bioresorb-
able probes allowing the design of implantable electrodes that
can withstand the stress of insertion,?%2°] while providing a
tissue-like compliant substrate for electrical coupling.2%

Despite the above-mentioned benefits related to the use of
MEAs, sensing limits are inherent to these passive capacitive
devices so that, in the quest of amplifying in situ the recorded
signal 2% three terminal devices have been introduced. Indeed,
devices based on the transistor architecture can be scaled down
without suffering from an increase of impedance but rather
their operative speed increases by decreasing the gate terminal
length.[204205]

On this account, organic transistors featuring a CPs based
channel, are usually categorized according to their working
principle. Indeed, in organic field-effect transistors (OFETs),
the channel surface charges are modulated due to the cou-
pling with a dielectric layer while in electrolyte gated organic

Transistors

Microfluidics modules

! ® . Inlett

Chamber 1:
Reference gate

channel

Figure 4. Overview of device architectures employed for interfacing human tissues. a) Schematic illustration of a MEA platform integrated with a
hippocampal neuronal culture-system. Adapted with permission.?”) Copyright 2017, American Chemical Society. b) Working principle of OEIPs based
on PEDOT:PSS overoxidation. Reproduced with permission.??!l Copyright 2021, Wiley-VCH. c) lon-selective CP applied as the gate electrode of a
microfabricated organic OECT. Reproduced with permission.?2l Copyright 2019, Wiley-VCH. d) Microfluidic modules, 3D scheme from ref (left) and
a real image (right). Reproduced with permission.[?34l Copyright 2020, Elsevier.
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field effect transistors (EGOFETS) the presence of an electrolyte
at the interface with the CP film channel creates an electrical
double layer (EDL) which serves to tune its charges (electrons/
holes).2% In this case, the electrolyte ions affect the field effect
so that the presence of analytes that induce capacitance modi-
fication is transduced into an output current variation that is
several orders of magnitude higher than that typically associ-
ated with electrochemical methods.?””) Hence, EGOFETs are
ideal candidates as sensing platforms,?%! favoring the detection
and quantification of biological molecules inside aqueous solu-
tions?%] as well as long-term recording under electrophysiolog-
ical applications.?1]

On the other hand, organic electrochemical transistors
(OECTs) feature a gate electrode made by metals or polymeric
materials which through voltage bias controls the penetration
of ions into the bulk of the CP channel, causing doping/de-
doping of polymers.?'l Indeed, the channel’s transconductance
is so sensitive to this mechanism that OECTs have been able
to record on the surface low-amplitude brain activities2!2213]
and to monitor cardiac action potentials with high signal to
noise.? Hence, in the recent work of Hsing et al. an OECT
based on PEDOT:PSS demonstrated to enhance electrode-
tissue interaction while improving heart electrical impulse
propagation and synchronous CMs contraction allowing a syn-
chronization of cardiac electrical signals and conduction across
cardiac fibers.?"!

Moreover, the OECTs structure can be easily incorporated
in flexible fabrics and 3D structured substrates, not requiring
a metal reference and a counter electrode as in standard elec-
trochemical sensors, thus favoring these devices application as
wearable epidermal sensors for monitoring the concentration
of different chemical compounds such as ions,?'l glucose,?"]
and lactatel?®] as well as pH monitoring.?!22%1 On this account,
an electropolymerized PEDOT incorporating two ion-selective
monomers, 3,4-(15-crown-5)thiophene (T15c5), and 3,4-(18-
crown-6)thiophene (T18c6), has been employed as a miniatur-
ized gate electrode of an OECT, showing rapid and selective
electrical response to hydrated Na* and K* ions in blood serum
due to the porous morphology and the reversible interaction
with crowns moieties (Figure 4b).22! In addition to that, a fully
textile PEDOT-based OECT has been designed for biomarkers
detection in body fluids capable to electrochemically operate at
potentials lower than 1V, thus requiring very low power supply
which is desirable for portable devices.??%

The CPs permeability properties, exploited for both OECTs
and EGOFETSs, have also allowed to design organic electronic
ion pumps (OEIPs) comprising ion-selective membranes where
the ions flux is controlled by the application of an EF.[223224
Such devices are based on a chemically stable polymer—
polyelectrolyte couple. The target and source electrolytes are
connected by a polymeric membrane that is ionically but not
electronically conductive. Exploiting the redox capability of
CPs, when an electrical potential is applied at the OEIP source
(+) and target () electrodes, the membrane is oxidized at the
anode and reduced at the cathode.??>22% Evidently, the perfor-
mances of an OEIP depends on the number of redox sites of
the CPs, as this affects the ion transport efficiency.

On this basis, Cherian et al. fabricated an all-printed
PEDOT:PSS-based OEIP exploiting the overoxidation of
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PEDOT:PSS to chemically disable the electronic conductivity of
the polymer phase while preserving the polyanion PSS phase,
so that, ion selectivity is induced and transport is verified for
both small ions (Na*, K*, and Cl") and cationic neurotrans-
mitter acetylcholine (ACh*) and the anionic anti-inflammatory
salicylic acid (SA7) (Figure 4c).[224

However, all presented organic electronics platforms face the
challenges of either emulating the biological environment for
artificial systems or directly interfacing biological tissues whose
functionalities must be preserved upon coupling. In this con-
text, microfluidic systems are usually employed, comprising
micro-channels, pumps, valves, and mixers?”-2*! in order to
control the flux of a medium fluid that recreates specific physi-
ological mechanisms such as the application of shear stress to
cells but also endo-exocytosis cycles and recycling of reacted
species.[230:231]

Moreover, the integration of CPs into microfluidics, assist the
motion of the fluid due to the morphological changes induced
by the electrochemical reaction occurring on the polymer back-
bone.*2 Indeed, applying an anodic potential, these oxidation
processes are associated to due volume changes and propagate
in forms of a wave along the front of compositional change,
triggering a mechanical deformation that guides the flow.?3 As
such, microfluidic systems coupled with OECTSs, minimizing
biofouling by isolating the sensors and sample reservoirs from
the body, have proved real-time multi-ion detection in a wear-
able fashion demonstrating also state-of-the-art sensing capa-
bilities of =10 puA dec™ for K*, Na*, and pH.?** Additionally,
in a label-free EGOFET sensor for orsynuclein, microfluidics
engineering has been the key to achieve controlled antibodies
functionalization of the gate electrode and avoid contamination
or physisorption on the organic semiconductor (2,8-Difluoro-
5,11-bis(triethylsilylethynyl)anthradithiophene) (Figure 4d).234

Recently, transistor-microfluidic combination also proved to
minimize biofouling by isolating the sensors and sample reser-
voirs from the body enabling sweat rate/loss, thus allowing the
real-time, multi-parametric information on electrolytes and rel-
evant biomarkers (glucose, lactate, and cholesterol®*)) present
in biofluids as well as on cell integrity.2*¢l

3.2. Bridging Bioelectronics Platforms to Power Supply Modules
and External Controllers

Despite the recent progress in organic bioelectronics inter-
facing the human body’s tissues, the majority of these
electro-active devices are not autonomous but instead rely on
“connections strategies” either to communicate with external
computing, memory storage and micro-controller units or to
receive energy for their operation. In this context, in line with
the transition from inorganic to organic platforms, novel energy
systems have emerged displaying excellent biocompatibility
and tissue-complying mechanical properties. Indeed, different
types of innovative power devices have been developed:[?®!
i) energy storage systems based on batteries and supercapaci-
tors, ii) power harvesting devices operating on body-derived
energy sources such as biofuels,?* triboelectric effect,?*] and
thermal gradients,?*! iii) energy transfer modules working
on ultrasounds,?*! inductive/RF coupling?*! or photovoltaic
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principle.?* However, these external but fundamental mod-
ules have to be connected to the sensing/stimulating bioelec-
tronic platforms without compromising the intimate coupling
with the target organ, thus proper interconnection and wiring
systems complying with the above-mentioned body-interfacing
requirements are needed. As such, since also connection
materials from conventional electronics are generally bulky,
rigid,?®! and contain hazardous components,?*l novel bio-
compatible solutions are emerging. Indeed, both materials
and architectural design have been recently exploited to create
a link to external processing or power-supply modules, so
often organic to inorganic materials are integrated in hybrid
platforms. In this context, inorganic biodegradable metals
in form of foils such as Mg and Zn display good biocompat-
ibility and energy densities to create stable interconnections
and electrodes for batteries and other power devices.?#] Indeed,
a chitosan-zinc composites have been specifically developed
for the fabrication of conducting circuits and electrodes by an
injection modelling technique that secured structural stability
for advanced bio-implants while also granting biodegrada-
bility.?*¥] On this account, the concept of transient electronics
has been formulated in order to develop silicon-based circuits
that function for medically useful time frames but then even-
tually disappear via resorption by the body.?* Indeed, a tran-
sient platform comprising inductors, capacitors, transistors and
diodes, made by Mg/MgO and SiO components that can be dis-
solved in DI water, has been developed and integrated in a silk
substrate.?’") Additionally, the combination of inorganic rigid
materials and mesh design has proved to accommodate large
deformations as required for wiring applications, considering
also the compatibility of such patterning processes with dis-
solvable silk substrates.[?>!l Also in this field nanomaterials and
nanopatterning techniques have been exploited so that inter-
connected networks of cross-aligned Ag NW, besides featuring
a sheet resistance of 5 Q sq!, have achieved high light trans-
mission (96%), a remarkable property for integrating bioelectric
potentials devices and wearable platforms.?* Indeed, stretch-
able and transparent conductive tracks demonstrating high bio-
compatibility (for 5 months implantation) have been fabricated
using Ag/Au core—shell nanowires that served as connections
for an ECoG device.[?*?]

However, moving from planar configurations, the rise of
ultra-conformable bioelectronic platforms complying with the
curvilinear profile of human tissues has recently highlighted
the lack of adequate wiring technologies since out-of-plane and
self-standing interconnections are evidently required to operate
3D-designed devices. In this context, liquid metals (LM) based
approaches have emerged combining the reliability and stability
of metal-based interconnects with the in-extension/bending/tor-
sion stable operation of the most advanced flexible electronics
wirings.4 Indeed, LM can be reinforced by CNT inclusions
thus creating a composite material with increased mechanical
strength that is suitable for stretchable electronics and bioel-
ectronics applications.*>! Moreover, Park et al. developed a
high-resolution printing technique of liquid metals which was
employed for fabricating free-standing 3D electrode structures
that minimized the number and space between interconnec-
tions as essential for the integration of bioelectronic platform
with power modules and computing units.?>®! Although few
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applications have so far been reported, organic electronics con-
nections are under investigation envisioning fully integrated
platform where not only the different components and their
wirings are made by organic materials but also the supporting
substrate.l””) In this context, exploiting the room-temperature
gelation properties of PEDOT:PSS, an injectable hydrogel was
developed.”® This material showed remarkable self-healable
properties that were proved by fabricating interconnections to
drive a LED via a “cut and stick” approach thus promising its
future employment for bioelectronic devices-to-circuits wirings.

4. Where the Journey Begins: The Skin Epidermis

Skin is the most accessible and largest organ of the human
body (16% of the total body weight) whose main function is to
provide a protective barrier from the external environment.[2>®!

Moreover, since several biomarkers are released through the
epidermis, the skin has the role of internal interface also acting
as a “monitoring / diagnostic system”.[259:260]

Indeed, bioelectronic platforms has been designed to be
interfaced with the epidermis for i) monitoring analytes con-
centration contained in sweat or sebum such as glucose,
hormones, metabolites, and essential electrolytesi?®!l and
ii) controlling physical parameters such as temperature, pres-
sure, hydration, and strain.?°2l Despite the progress in epi-
dermal devices field, strongly driven also by the rise of wearable
devices, several critical technological challenges still need to be
addressed. For instance, epidermal sensing platforms mainly
suffer from issues linked to analytes selectivity,?%l stability of
(bio)recognition,?*4 efficient sample handling,?®°l invasive-
ness, [l and mechanical compliance.?*’]

Furthermore, concerning stimulation platforms, a key chal-
lenge is related to the increase in the wound healing velocity
which is essential to limit the infection process and the for-
mation of high volumes of exudates.?%82%] Finally, for drug
delivery systems research is focusing on the increase of the
drugs loading capacity besides controlling their dispensing
both in terms of timing and target area.l?’0-271

In this context, CPs emerges as suitable candidates for the
development of conformable skin-interfaced devices since their
morphological properties tuning opens to advantageous sur-
face patterning solutions (e.g., fibers,”>-?”l micro-pillars, and
needle?”>?%)) enhancing adhesion and increasing the active
area. Moreover, through synthetic strategies and ad hoc chem-
ical modifications, such as the functionalization with enzymes
in electrochemical sensors®>8¢28 or antigens in immunosen-
sors,?7-27%] the recognition of specific analytes in body fluids
can be dramatically increased.

Moreover, correlating the variations in polymers oxidation
state, triggered by the doping of their functional groups, into
measurable changes in their electrical properties, allow their
use as bio- molecular transducers in biosensing devices?3% .
Indeed, depending on the outputs (voltage, current, conduct-
ance, and impedance) and according to their transduction
mechanism, CPs can be used in potentiometric,?®) ampero-
metric, 1?82 or impedimetric?®3l wearable sensors.

In the skin medical treatments scenario, organic mate-
rials have been also exploited to assist the wound healing
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processi?#28] by supporting the local application of elec-
trical stimuli to the target area with temporal and spatial con-
trol.[?82%7] Furthermore, embedding dopants into the polymer
matrix (e.g., chitosan (CH),[?882% poly (2-acrylamido-2-methyl-
1-propanesulfonic) acid (PAMPSA),2%291 (3.Glycyloxypropyl)
trimethoxysilane (GOPS)),?*2 allows to electronically tune
physicochemical properties to develop skin platforms to pro-
mote cell growth,?%3 adhesion,!?* proliferation”® and the cor-
rect orientation of fibroblasts making the remodeling process
of the injured area more effective.

Considering drug delivery systems has been recently proved
that insulin,!**¥l doxorubicin (DOX),"® ibuprofen,***! dexameth-
asone (Dex),?l and amoxicillinl?*>?°°! can be locally dispensed
upon external electrical stimulation.?! Indeed, the revers-
ible redox reactions occurring in CPs linked to expansion and
contraction movements, has recently proved to promote the
uptake and expulsion of drugs from the polymer backbone in a
tunable and controllable way.2962%I

In the following paragraphs, recent innovations in organic
bioelectronic devices in terms of materials, geometries, archi-
tectures, and functionalization are presented to define the
paradigm for current and future advanced electronic platforms
toward epidermal sensing, healing, and drug delivery.

4.1. Bioelectronic Platforms for Epidermal Sensing: The
Overtaking of Organic Materials

Monitoring biomarkers is of fundamental importance to inves-
tigate biological processes related to the human health-state:
hydration status, nerve and muscle impulse transmission,
osmotic pressure balance, and pH regulation.216:29]

Sweat is the most accessible biofluid released by the epi-
dermis and contains a wealth of bio-relevant analytes ranging
from electrolytes (e.g., K+, Na+, Ca+, NH4+), metabolites (e.g.,
glucose, lactate®*%)), hormones and neurotransmitters (e.g., DA,
AA, cortisol?%392)) ' so that epidermal sensing devices are usu-
ally rely on sweat collection.

Hence, the ion sensitivity of CPs is often exploited for fab-
ricating stable sweat pH sensors avoiding the potential drift
over time displayed by commercially available sensors which
requires frequent calibration.??%! On the other hand, precisely
monitoring of the sample solution acidity, requires working
electrodes with high signal-to-noise ratio, so that PANI has
emerged as pH sensor, due to the protonation/deprotonation
mechanism of its functional groups at different pH levels asso-
ciated with the reversible emeraldine salt (ES)- emeraldine base
(EB) transition.%] Exploiting such behavior, a conductimetric-
type pH sensor using PANI membrane has been recently fabri-
cated on a flexible substrate exhibiting a sensitivity of 58.57 mV
per pH over the entire pH range from 5.45 to 8.62.13%4

In this context, to achieve a higher pH sensitivity and fast
response times, 2.5 nanomaterials have been employed due to
their large surface-to-volume ratios enhancing charge transfer
abilities.}%! Indeed, Yooh et al. through soft lithography tech-
niques, developed a PANI-nanopillar array exhibiting a high pH
sensitivity (=60.3 mV pH™) in a wide range of values (2.38-11.61).
Moreover, due to the mechanical support provided by the poly-
meric nanopillar arrays the sensor showed high flexibility and
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is easily bent without breaking allowing maintaining high per-
formances even at a bent state (Figure 5a).[3%

Among all platforms for ion detection, OECTs are particu-
larly suitable for biosensing in liquid samples because of the
gate bias dependent CPs bulk de-doping mechanism which
can be correlated to the ion concentration.?””] In this context,
PEDOT-based OECTs emerges as pH sensors being capable
to amplify the signal at the electrode detecting potentiometric
changes in the dielectric-electrolyte interface while offering
high stability in aqueous media.’?” Recently, Scavetta et al.
developed a flexible OECT PEDOT:dye-based pH sensor, exhib-
iting super-Nernstian behavior with a sensitivity of 93 £ 8 mV
pH unit™ by exploiting the protonation/deprotonation of the
Bromothymol Blue (BTB)-dye counterion that modulate the
electrochemical potential and thus PEDOT capacitance resulted
in the pH-dependency of the drain current.”! Moreover, a few
years later, the same group developed a two-terminal sensor for
the simultaneous monitoring of Cl- and pH, based on Ag/AgCl
and PEDOT:BTB without requiring gates or reference electrodes,
retaining a sensitivity for Cl- and pH of (19£1) 10-3 pH unit™
without any contamination.3%8]

Monitoring and assessment of physiological conditions
are often related to the specific detection of ion species. For
instance, monitoring Cl~ concentration assists the diagnosis
of cystic fibrosis,?%® Na* and K* levels in sweat are informative
of dehydration,?! while the determination of NH*" provides
physiological information on the metabolic state, the dietary
conditions, or even liver malfunctions of a patient.?*! Although
OECTs present high sensitivity, their molecular selectivity is
generally low, being sensitive to all cationic species that can de-
dope the transistor channel.31]

To reach the simultaneous detection of different ions, Pec-
queur et al. developed a PEDOT:PSS-based OECT capable of
discriminating a broad range of cations since K* and Na* ions
independently influence the device resistance by distinct mech-
anisms so that the output impedance signal can be decoupled
in their specific contribution (Figure 5b).3!

Another approach for the simultaneous ion-detection is the
use of ion selective membranes (ISMs).?22l However, ISMs-
based standard potentiometric sensors are difficult to integrate
into wearable due to the difficult miniaturization of the refer-
ence electrode.B' To overcome this limitation OECTs, without
the need for a reference electrode, emerges as interesting alter-
native for ion-selective sensors.?”] On this account, Demuru
et al. developed a wearable OECT functionalizing a textile
fiber with PEDOT:PSS and subsequently introducing an ISM
based on different ionophores providing a successful selec-
tive response to Nat, K and pH (Figure 5c)."l On the same
line Keene et al. used PEDOT:PSS in platforms that combine
OECTs with a laser-patterned microcapillary channel arrays and
an ISM for the simultaneous recording of physiological levels
of NH4+ and Ca2+ in sweat.}"

Considering metabolite detection in sweat, surface modifica-
tion of PPy and PEDOT:PSS with glucose oxidase (GOx)®863%]
or lactate oxidase (LOx)?"®l is a widespread approach to provide
an electron relay between the surface of the electrode and the
active site of an enzyme, which significantly enhance the ana-
lytical characteristics and the long-term stability of the glucose
and lactate biosensors.[218:316317]
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Figure 5. Organic bioelectronics materials and platforms for electrochemical epidermal sensing. a) PANI nanopillar array electrode as flexible pH
sensor. Reproduced with permission.2%! Copyright 2016, Nature Publishing Group. b) PEDOT:PSS-based OECT for cation discrimination in sweat by
dual frequency sensing. Reproduced with permission.’"" Copyright 2018, Nature Publishing Group. c) Microfluidics-Integrated organic transistor arrays
for K" and Na* and pH detection. Reproduced with permission.’"l Copyright 2017, Multidisciplinary Digital Publishing Institute. d) PANINS@rGO
based non-enzymatic glucose sensor.’'™ e) Textile OECT for EP, DA, and AA detection in artificial sweat. Reproduced with permission.[® Copyright
2016, Nature Publishing Group. f) OECT integrated with a laser-patterned microcapillary channel array for human cortisol recognition. Reproduced

with permission.’2l Copyright 2020, Nature Publishing Group.

Despite the success of the enzymatic biosensors, the poor
stability of LOx and GOx caused an increasing interest in
developing non-enzymatic sensors. Karyakin et al. to increase
the long-term stability of electrochemical devices developed a
sensor based on boronate-functionalized PANI allowing lac-
tate detection in the range from 3 to 100 x 107 M with stable
sensitivity within 6 months.’' Similarly, exploiting the large
surface area granted by nanomaterials interfaces, a highly sen-
sitive nanocomposite comprising PANI nanosheets has been
fabricated to increase the number of active sites on the polymer
thus, improving the catalytic activity toward glucose oxidation,
and reduced graphene oxide (PANINS@rGO) (Figure 5d).

As previously mentioned, through the skin, specific bio-
molecules are released including hormones produced by the
endocrine system (e.g., cortisol) and neurotransmitters released
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by the nervous system (e.g., DA, AA, serotonin (5-HTP) to
mediate the stress effects. On this account, Gualandi et al.
fabricated a fully textile, wearable chemical sensor based on
a screen-printed OECT based on PEDOT:PSS modified with
GOPS to increase the stability in aqueous environment, capable
of real-time detection of epinephrine (EP), DA, AA in artifi-
cial sweat at very low operating potentials (<1V) and with low
absorbed power (=10-4 W)B3%! (Figure 5e).

PEDOT:PSS-based OECT with a planar Ag/AgCl gate has
been also exploited for sweat-hormones detection integrating
an electrochemical transducing layer functionalized with a
molecularly selective membrane, acting as a molecular memory
layer by facilitating the stable and selective molecular recogni-
tion of the human stress hormone cortisol, and a laser-patterned
microcapillary channel array to allow rapid sweat sampling!32°!
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Table 1. Relevant parameter for skin biomarkers sensing platforms
comparison.

Material Architecture Analyte/ Sensitivity (S)/Limit  Ref.
Parameter of detection (LOD)
PANI Interdigital pH 58.57 mV pH™! [305]
membrane electrodes
PANI Electrode pH 60.3 mV pH™' [307]
nanopillars array
PEDOT:BTB OECT pH 93+ 8 mVpH™ [219]
PEDOT:BTB OECT pH (13£1) 1073 pH unit™  [309]
cr 15010 dec™!
PEDOT:PSS OECT Na*, K* 0.125-Tm [312]
PEDOT:PSS OECT Na*, K* and pH 10 uA dec™ [314]
PEDOT:PSS OECT NH* and Ca?* / [315]
PANI Impedimetric Lactate 3-100 X 1073 m [319]
sensor
PANINS@rGO Amperometric Glucose 1-10x 1073 ™ [320]
sensor
PEDOT:PSS OECT EP 0.5-8x1073 m [292]
DA 10-140 X 106 m
AA 5-160 X 107 m
PEDOT:PSS OECT Cortisol 0.01-10x10%m  [321]

(Figure 5f). Relevant parameters for the skin biomarkers
sensing platforms described are summarized in Table 1.

In addition to electrochemical bio-sensing, electrical
sensing of physical parameters at the skin interface, such as
temperature, 3213221 strain 33 pressure,3?3%01  gas 3%l and
humidity,32832% is usually employed for health assessment and
medical screening applications.

In this context conductive polymer hydrogels (CPHs) based
on PANIB3% ppy331l PEDOT,334 CNT,333 and graphene, 3
offer the possibility to manipulate their 3D morphology and
to tune the matrix porosity in order to enhance both flexibility
and stretchability which are benchmark parameters for strain
sensors.330333 Indeed, Shao et al. fabricated a composite con-
ductive hydrogel based on poly(vinyl alcohol) /phytic acid/amino-
polyhedral oligomeric silsesquioxane (PVA/PA/NH,-POSS)
where PA acts as a cross-linking agent conferring ionic conduc-
tivity to the scaffold, while NH,-POSS acts as a cross-linking
creating a 3D porous network. The excellent properties such as
conductivity of 2.41 S m™, tensile strength of 361 kPa and 363%
of elongation at break, combined with the fast time response
(220 ms) and excellent sensitivity (GF = 3.44), allow to monitor
different human movementsi®*! (Figure 6a).

Similarly, Coppede et al. developed a fully organic pressure
sensor comprising a porous network of polyurethane (PU)
uniformly coated with a PEDOT:PSS layer capable of acting as
mechanical transducer with nearly linear response upon the
application of an external pressure and covering a frequency
range up to 20 Hzl**¢! (Figure 6b).

Another strategy to increase the sensitivity of pressure sen-
sors is to fabricate 2.5D geometries on polymeric surfaces,
thus enhancing the device adhesion to the skin and the defor-
mation.3¥”) On this account, PDMS micro-pyramids cov-
ered with PEDOT:PSS have been demonstrated to maximize
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the geometrical changes induced by the input pressure,
employed as electrodes achieving a high degree of sensitivity
in the low-pressure regime (10.3 kPa™' when stretched by 40%)
(Figure 6c¢).[%)

However, multiparameter sensing is still an open challenge
also for physical parameters recording. To reach this goal, single
multifunctional material sensors capable of discriminating and
transducing different stimuli into distinct recordable signals are
a promising approach.?*®] A successful application is reported
in the work of Han et al. where an aerogel made of cellulose
nanofibrils and PEDOT:PSS proved fully decoupled pressure—
temperature sensing capabilities, exploiting DMSO as a dopant
for decreasing the resistance from around 2 kQ to 44 Q, thus
enhancing the pressure sensitivity up to 2 X 10-5 A Pa~’. Addi-
tionally, the DMSO treatment leads to a change in the charge
transport mechanism from thermally activated hopping to tem-
perature-independent transport, causing the decoupling between
temperature and pressure readings within the same active mate-
rial.B%% The same research group, exploiting the mixed ionic—
electronic conductivity of PEDOT:PSS and so its mixed Seebeck
effect., integrated also humidity sensing (Figure 6d).134!

In this section, we have explored organic bioelectronic plat-
forms for epidermal sensing, highlighting electrochemical
and electrical sensing techniques for biomarkers and physical
parameters. The future prospect of this class of devices resides
on the combination of the above-mentioned sensing capa-
bilities into bioelectronic platforms integrated with a wireless
module for real-time monitoring system.

4.2. Electrical Assisted Wound Healing and Transdermal Drug
Delivery through CPs

Through epidermal sensing devices, we explored the electrode
interaction with skin interface, moving to stimulation platforms
for wound healing and transdermal drug delivery applications
require more intimate tissue-electrode coupling.

The human epidermis exhibits a natural endogenous
“battery” behavior generating a small electric current when
wounded.?*! As such, applying an ES to the injured skin the
electrical current that naturally occurs in wounds can be mim-
icked encouraging the cell migration and proliferation pro-
cesses that result in a faster healing.}*?] On this account, the
incorporation of CPs into wound dressings and tissue scaffolds
have been proved to induce an increase in the rate of wound
contraction,’*)] collagen deposition,?* while encouraging vas-
cularization.?®! In this context, PANI and PPy are common
CPs for wound healing applications, combining electrical stim-
ulation with their antibacterial properties thus encouraging
their integration into patch and/or dressings.®34 For instance,
the antibacterial effect of PANI doped with nitro compounds
has been proved against various Gram negative, Gram positive
bacteria and fungus Candida albicans.**! Furthermore, Oliveira
et al., recently demonstrated a strong antibacterial effect against
two prototypes of Gram-negative (E. coli) and Gram-positive
bacteria (S. aureus) exploiting the doping effect of usnic acid on
PANIB*! (Figure 7a).

To increase the wound healing performances, PANI and PPy
are often used in combination with other materials (chitosan
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Figure 6. Organic bioelectronics materials and platforms for physical parameters recording. a) PVA/PA/NH,-POSS composite hydrogel used as strain
sensor. Reproduced with permission.33% Copyright 2020, Wiley-VCH. b) Fully organic pressure based on PEDOT:PSS-Modified porous network of (PU).
Reproduced with permission.133¢l Copyright 2021, American Chemical Society. c) Pressure sensor based on an PDMS micropyramid array covered by
PEDOT:PSS. Reproduced with permission.[?l Copyright 2014, Wiley-VCH. d) PEDOT:PSS based aerogel for independent measurement of pressure,
temperature and humidity. Reproduced with permission.?*% Copyright 2019, Wiley-VCH.

(CH),[288:348.38] gelatine,*>0 polyvinyl alcohol (PVA)B>Y and/
or in different geometries such nanofibersi***=>4 and scaf-
folds.35>3%¢1 Recently, Georgiadouis et al. developed a conduc-
tive PANI/CH nanofibrous membrane showing a controlled
release of drugs and cell stimulation without requiring cross-
linking agents to retain their integrity, thus allowing the use of
fully protonated state of CH which results in a more efficient
anti-bacterial effect than its deprotonated statel**”! (Figure 7b).

On the other hand, moving to polythiophene-based
devices,*”3%8 Chang et al. studied the cell interaction with a
composite membrane comprising polylactic acid (PLA) and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) coated
with PEDOT:PSS demonstrating that the hydrophilic and
conductive properties of PEDOT:PSS induces a significant
enhancement in cell adhesion and about twofold increase in
cell proliferation compared to an uncoated membrane.>%

As such, conductive 3D scaffolds, introducing complex out-
of-plane architectures increase wound healing performances of
dressings, since fibroblasts migrate to the wound area guided
by the local microenvironmental topographical cues and their
migratory paths exhibit directional movements which are
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triggered by the substrate gradient porosity or the fibers den-
sity.130.3611 For this reason, the use of 3D scaffolds has been
demonstrated to promote dermal wound healing favoring the
re-epithelialization process which reduces scars formation.[3¢%
Moreover, the presence of conductive frameworks, allowing
the application of an external ES, promote a perpendicular
orientation of cells responding to the EF generated, as well as
a migration to the anode which further accelerate the wound
closure.[3#23%31 On this account. Jing et al. developed a CH/GO
hydrogel composite incorporating the mussel-inspired protein
polydopamine (PDA) which, due to the redox reaction occurring
between PDA and GO, creates an electric pathway into the
hydrogel matrix conferring a conductivity as high as 0.26 S cm™
and allowing the application of an ES on human embryonic
stem cell-derived fibroblasts (HEF1) cultured on the scaffold. In
vitro experiments demonstrated a promotion of cell prolifera-
tion while, in vivo studies, proved an increase in the wound clo-
sure rate of 85% compared with the 65% reached by the control
group (Figure 7c).1364

Cell adhesion, migration and proliferation have been also
investigated through an innovative composite material based
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Figure 7. Organic bioelectronic platforms for wound healing. a) PANI/PU doped with usnic acid-loaded as bactericidal wound dressing. Repro-
duced with permission.}*®l Copyright 2018, Elsevier. b) Electrospinning nanofibrous membranes based on PANI/CS. Reproduced with permission.?*]
Copyright 2017, Multidisciplinary Digital Publishing Institute. c) Electroactive wound dressing based on PANI/pGO. Reproduced with permission.264
Copyright 2019, American Chemical Society. d) Conductive PPy-PET fabric preparation and experimental setup for electrical stimulation. Reproduced

with permission.®®l Copyright 2016, Elsevier.

on a thin layer of PEDOT coated onto microfibrous poly(L-lactic
acid) (PLLA) which exhibit sufficient electrical conductivity
(surface resistivity of about 0.1 KQ sq.”!) to sustain the elec-
trical stimulation of human skin fibroblasts and a 78% reten-
tion of its initial current intensity after 100 h, thus providing a
favorable environment to modulate cell behaviors.[3¢]

Wang et al. also demonstrate the effects of 3D conductive
scaffolds on TGFS1/ERK/NF-xB pathway activation through
electrical stimulation and so their effects on cell migration.
Using an in vitro cell monolayer wound model a PPy scaffold
has been used to electro-stimulate fibroblasts, showing a reduc-
tion of wound area (60.4 £ 5.2%) after 10 h electrical stimulation
exposure, respect to cells treated with ERK inhibitor PD98059
(71.2+ 4.3%), proving the ERK signaling does affect the expres-
sion of TGFf3 and consequently cell migration (Figure 7d).(36¢)

In vivo and in vitro relevant parameters for wound healing
platforms are summarized in Table 2.

The incorporation of organic conductive materials into
wound dressings also provides the opportunity for trans-
dermal drug delivery applications. On this account, using CPs
as stimuli-responsive materials, drugs can be locally released
in response to the electrical stimulation thus enhancing their
efficacy while overcoming adverse effects associated with oral
and parenteral drug delivery approaches.3*’]

However, for in vivo applications the drugs storage capacity
of CPs must be increased so that micro and nanostructures to
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enhance the surface/volume ratio, acting as additional reser-
voirs, are usually introduced.368]

On this account, a drug delivery system based on PPy NPs
has been recently developed reaching an insulin loading per-
centage of 51 wt% with retained bioactivity of the released drug
upon electrical stimulation confirmed by in vivo experiments in
mice (Figure 8a).3%8]

Similarly, using of PPy NWs as drug-loading carrier, a local
delivery of DOX has been performed with 10 times larger

Table 2. Relevant parameter for wound-healing platforms comparison.

Material Architecture  Time In vitro In vivo Ref.
proliferation wound
closure
PANI/CH Electrospun 6 Days  p<0.05 (1-13 days / [349]
Membranes w/o ES)
PEDOT:PSS Electrospun 7 Days  p<0.001 (2-7 days / [359]
Membranes w/o ES)
pGO-CH Conductive 21 Days - 85% [364]
scaffold
PLLA/ Conductive 48 h p<0.05 (after 6 h / [365]
PEDOT scaffold of ES)
PPy-PET Conductive 15 Days 60.4+5.2% [366]
scaffold
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Figure 8. Organic bioelectronic platforms for transdermal drug delivery. a) Conductive PPy nanoparticulate backbones to controllably release insulin.
Reproduced with permission.[?*!l Copyright 2017, The Royal Society of Chemistry. b) Electroresponsive drug release system based on Ppy nanowires
for the local delivery of DOX. Reproduced with permission.”8l Copyright 2015, American Chemical Society. c) Electroresponsive and pH sensitive drug
carrier based on PANI conductive hydrogel. Reproduced with permission.?>’l Copyright 2018, Elsevier. d) Self-powered and on-demand transdermal
drug delivery system based on electric-responsive PPy doped with Dex driven by TENG. Reproduced with permission.?l Copyright 2019, American
Chemical Society. ) Self powered PEDOT/PU patch with built-in EBFC for assisted penetration of ascorbyl glucoside and rhodamine B. Reproduced

with permission.?* Copyright 2015, Wiley-VCH.

capacity and high release rate emphasized by the high sur-
face-area-to-volume of NWs (Figure 8b)."°!

However, the most innovative platforms for electrical and/
or electrochemical controlled drug delivery, aim to a precise
control of timing, duration, dosage, and spatial release of drugs
in order to increase the efficacy of therapy.’® Addressing
this challenge, “on/off” devices and “on-demand” approaches
have been developed with the former providing delivery sys-
tems to accurately modulate the release rate in a definite time
period,’’371 while the latter including devices that can be
controlled by the patient with a remote device that triggers the
release of the drug.’’?

In fact, Guo et al. synthesized a CH/PANI injectable con-
ductive hydrogel to verify the on/off drug delivery of amoxi-
cillin and ibuprofen under a variety of voltages application
(0, 1, and 3 V). After 80 min a slow release of the drugs without
any electric stimulus was observed, due to free diffusion, while
the release of both drugs exhibits a dramatic increase when
a voltage is applied (69% and 82% at 1 and 3 V, respectively)
(Figure 8c¢).2%! Similarly, a polyacrylamide (PAAm) hydrogel 3D
scaffold containing nanofibers of PANTI loaded with amoxicillin
displayed transdermal drug delivery with “on/off” release cycles
upon the application/removal of cathodic electrical stimulation,
resulting from the activation/deactivation of electrochemical
reduction of the polymer.[2%I

A further advancement of on-demand drug delivery
system is the introduction of a self-power supply. Indeed, the
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application of external stimuli often require bulky electrical
equipment which are uncomfortable and limit the patient’s
compliance. To address the challenge of portability/wearability,
the fabrication of small footprint devices without affecting the
controllability of drug release is necessary. Ouyang et al., using
a miniaturized triboelectric nangenerator (TENG), developed a
self-powered, on-demand, transdermal drug delivery system for
the controlled release of Dex exploiting the electric-responsive
behavior of PPy. Ex vivo experiments on porcine skin illustrate
that 30.7 ng cm™ of Dex was detected after 10 min of TENG
operation, while only 5.7 ng cm~2 of Dex was determined with
traditional device, and no Dex was found in the blank control
(Figure 8d).2°]

Another interesting class of self-powered drug-delivery sys-
tems are those based on enzymatic biofuel cells (EBFCs)[23%:373-373]
which generate ionic current along the surface of the skin by
enzymatic electrochemical reactions (the sugar-oxidizing bio-
anodes and oxygen-reduction biocathodes) thus, harvesting
electricity from chemical energy without the need of an external
power source.”!

Recently, in the work of Nishizawa et al. a transdermal
iontophoresis patch based on enzyme electrodes, PEDOT/
polyurethane (PU) resistor, and hydrogel sheets, demon-
strate the current-assisted penetration of ascorbyl glucoside
and rhodamine B and a tunable value of transdermal current
generated depending on the shape of the PEDOT/PU resistor
(Figure 8e).12*
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Table 3. Relevant parameter for transdermal drug delivery platforms comparison.

Material Architecture/morphology Drug Time Drug release ES Ref.
PPy NPs Insuline min 15 ug mL™ =1V for 2 min (x4) [294]
PPy NWs DOX min 200-700 ng cm™ -1V [76]
CH/PANI Injectable conductive hydrogel Amoxicillin 1-2h 80.0% oV [295]
Ibuprofen 1-4h 60.0% 1AY
20.0% 3V
35.0% oV
24.0% 1V
10.0% 3V
PANI 3D nanofibers hydrogel scaffold Amoxicillin min 51.7% -5V [298]
34.0% -4V
23.0% -3V
PPy lontophoretic soft patch Dex Th 35 pg cm™? -1V [296]
PEDOT/PU enzymatic electrodes-based patch Ascorbyl glucoside Th 20 ug cm™? 200 pA cm™ [239]

In this paragraph, the most innovative CPs-based platforms
for skin electrotherapy have been reviewed. Despite the huge
steps forward both for wound healing and drug delivery sys-
tems, the long-term goal is to develop fully organic platforms
capable of combining sensing, diagnosis, and therapy capa-
bilities in an “all-in-one” device. Transdermal drug delivery
relevant parameters reported in the above cited platforms are
summarized in Table 3.

5. From Blood Vessels till the Blood Brain
Barrier: A Long Route Passing through the Heart

Following the path traced by blood vessels the most vital organs
of the human body, is reached: the heart. In the cardiac tissue,
a network of muscle fibers is responsible for the pumping
mechanism sustaining repetitive displacements in the range of
hundreds of micrometers at a frequency of 1 Hz and with volu-
metric changes up to 8%.137°

Indeed, respect to skin, the myocardium, the central
layer of hearth wall, is composed by electrogenic cells called
cardiomyocytes (CMs) showing electrical potential changes
because of the ion flux across their membrane, which travel
along the adjacent cell surface.’” In this context, bioel-
ectronics platforms based on CPs have been developed to
match the bio-conductance of cardiac tissue and mimic its
native environment in order to achieve a seamless interface
both in vivo and in vitro toward applications encompassing
sensing,?”® stimulation,l?”?! tissue regeneration,?*" and cell-
proliferation!*® overcoming the common drawbacks related to
the use of metals or inorganic (semi-)conductors that, due to
their intrinsic stiffness, fail to support multiple stretch cycles
without deformationl*8238 often causing damages to the sur-
rounding tissue and exerting chronic stress onto the biological
environment.[384

However, issues related to the long-term stability of CP-based
platforms in the biological environment may restrict their use
for in vivo application.(°]

Indeed, the development of biocompatible and biodegrad-
able platforms avoiding additional surgery for their removal
and limiting possible long-term health risks that are associated
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with permanent devices, such as rejection or infections, is one
of the open challenges in cardiac tissue engineering.*8¢!

More in detail, cardiac platforms for sensing allow to map
the small voltage changes across the cell membrane (action
potentials, APs) and to investigate the CMs synchronization and
contractility to discriminate healthy and diseased systolic func-
tions.?® In this context, reaching an intimate tissue-electrode
contact is critical for electrophysiological recording of the APs
propagation with high signal-to-noise ratio.*®”) Among all
device architectures and morphologies, CPs fibers- and -pillars
based platforms!3#8 demonstrated to increase the coupling effi-
ciency matching the highly anisotropic CMs assembly*®l and
avoiding devices repositioning and so aversive reactions such as
inflammation, rejection or break.['**!

Considering cardiac tissue engineering, the main challenge
relates to the re-establishment of the complexity of the heart
tissue following injuries through the development of cardiac-
like platforms% that are capable of assisting the synchronous
contractionsP?13%2 elicited by electrical signals as well as facili-
tating the oxygen exchange between the cells and blood.?*!

In this context EFs stimulation through complex structures,
such as hydrogel-based microchamber with PEDOT electrodes
platforms, has proved to recreate the environmental signals on
CMs monolayers allowing to maintain cardiac phenotype and
contractile function in vitro while enhancing cellular elonga-
tion, cardiac maturation, beating performances and gap junc-
tion organization.’® Hence, the use of conductive substrates
such as Au NPs,13%! CNTs** and entirely polymer-based scaf-
folds,l'%! have proved to enhance engineered cardiac tissue
functions promoting cell growth and alignment.381:397:3%]
Additionally, due to CPs biocompatibility and tunable surface
adhesion, organic patches have allowed to establish an intimate
electro-coupling with cardiac tissues, facilitating the mecha-
nisms that re-establish the interrupted communication between
cells through electrical stimulation thus modulating their elec-
trophysiology.l3*’! Moreover, 3D CPs-based scaffolds with a vas-
cular network or a channel array culture medium for perfusion
have been developed to support oxygen diffusion and allow suf-
ficient nutrient exchange to the center of the tissues during in
vitro cultivation.l**¥) Finally, for cardiac drug release platforms,
organic materials have been implemented for the controlled
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release of specific drugs, such as vascular endothelial growth
factor-165 (VEGF),[401402] Dex 3794031 and model drugs.l** Con-
sequently, 3D electroactive conductive scaffolds are also used as
platforms for cardiac drug delivery, addressing the challenge of
dispensing charge/uncharged molecules and control of drugs
intrinsic mobility.02

5.1. From Planar to 3D Morphology the Rise of Organic
Bioelectronics Platforms in Cardiac Sensing

Electrocardiograms (ECG) represent the most applied and
used diagnostic tool for cardiac rhythms anomalies. Induced
from the electrical activity of cardiac conduction system, ECG
recording can be performed in a minimally invasive way
through skin-interfaced devices.*l However, as for the previ-
ously described epidermal sensors, the quality of the measure-
ments largely depends upon the electrode-skin interface and
noise caused by their relative motion."% As such, soft and
conformable CPs-based electrodes have been developed to min-
imize adverse while their compatibility with textile manufac-
turing make them suitable for the large-scale production 70
Indeed, fully textile PEDOT:PSS-based electrodes for ECG
monitoring have demonstrated to operate both in wet and dry
conditions, retaining high signal-to-noise ratio even in unstable
contact conditions (vibrations and displacement by macro-
movements) %l showing superior recording stability compared
to commercial fabric/inorganic devices.[*!l

In this context, wearable OECTs are desirable for the acqui-
sition of high-quality ECG due to signal amplification, high
transconductance and low operating voltage but requiring
electrolyte-gate operation their use is limited by skin’s dry con-
ditions.?9%21 However, an ultrathin OECT-based ECG sensor
featuring a non-volatile gel electrolyte has been recently devel-
oped enabling ECG recording even from dry surfaces of the
human body with long-term stability.[*12]

However, directly interface technologies are the most prom-
ising techniques to reach high spatial resolution of CMs elec-
trophysiological signals. In this context, minimally invasive
cell-based biosensor techniques have been introduced to
record the extra- and intracellular electric signals allowing
drug screening*3! and cytotoxicity assay,**°! as well as signal
transduction,®*7l overcoming the drawbacks related to most
invasive approach such patch-clamp*®l and/or Ca?* imaging
techniques!* which, due to the difficulties to contact myocar-
dial contractile cells and the undesirable toxicities fluorescent
dyest*% do not satisfy the requirements for long-term recording.

In this context, MEAs are common devices for cardiac electro-
physiology recording due to the reduced invasiveness and multi-
plexed recording of extracellular field potentialsi*?'422 with high
spatial resolution even though their rigidity and planar configu-
ration limit a proper coupling with biological systems. 30111

A promising approach to reduce impedance and counteract
the inefficient CMs-electrode coupling, lies in the coating
of standard microelectrodes with CPs.*?¥l In this context,
Garma et al. developed a flexible, semi-transparent, inkjet-
printed PEDOT:PSS based MEAs for in vitro extracellular
electrophysiology monitoring of cardiomyocyte-like cells (HL-
1), exhibiting a local field potentials (LFPs) recording with
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amplitudes ranging from 50 to 430 uV and frequencies in the
0.67 to 3.15 peaks/s range (Figure 9a).[**4

Moreover, patterning strategies for controlling the electrodes
surface area have been employed to induce cells-electrode
engulfment, decrease electrodes impedance and increase
the amplitude of the signal.*®! Consequently, through addi-
tive manufacturing, 3D MEAs featuring micro-needle tips
have been fabricated and used to record extracellular signals
from HL-1 cells exhibiting periodic action potential conduction
with a frequency of 0.3 Hz as well as a maximum peak-to-peak
amplitude of 188 + 7 pA, thus proving functional integrity to
investigate electrophysiological signals from living cells.['8]

Similarly, Bao et al. developed PEDOT:PSS-based hydrogel
micro-pillar electrodes which show more than one order of
magnitude lower impedance (measured at 1 kHz) compared
with the platinum planar counterpart, while providing a bio-
logically relevant mechanical environment for HL-1 electro-
physiological recording with higher amplitude (156.1 UV vs
80.5 uV) and a 10-fold improvement in the signal-to-noise ratio
compared with the standard planar inorganic microelectrode
(Figure 9b).[26]

Although in vitro cells are usually cultured as monolayers,
3D engineered scaffold allow to increase the coupling perfor-
mance by matching the organization of CMs in interconnected
3D shapes in order to replicate the natural biological environ-
ment.*”/l Indeed, exploiting the use of organic materials in
3D architecture a self-rolled MEA which performs multisite
recording and monitors multicellular culture was developed by
encapsulating the CMs spheroids. The highly controlled geo-
metry of the scaffold allows sensor customization to interface
spheroids of varied sizes while the high spatiotemporal resolu-
tion of the electrical recordings allows following signal propaga-
tion in 3D, thus providing information from individual cells of
the spheroid in 3D (Figure 9c).[*?®]

Despite the use of CPs, the low site impedance of MEAs
requires sophisticated preamplifiers to extract the signals.
As such, three terminal device architectures have emerged as
excellent platforms for cardiac sensing due to their advanced
signal amplification capability and better sensitivity.*2>43% Ag
such, a soft and stretchable epicardial bioelectronic patch based
on PDMS incorporating AgNWs and poly(3-hexylthiophene-
2,5-diyl) nanofibrils (P3HT-NFs), was recently developed
showing the ability to monitor strain, temperature and electro-
physiological activity through a transistor array, following the
deformation of the beating heart.[**!

However, due to mechanical properties matching (e.g.,
stiffness), the requirement to operate in direct contact with
water in electrochemical environments while amplifying CMs
signals, EGOFETs and OECTs have emerged proving high
signal-transducing capability and good biocompatibility.[*2%432
Indeed, recently Kyndiah et al. fabricated an EGOFETs based
on 2,8-Difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene
(diF-TES-ADT) showing excellent sensitivity and long-term
stability under electrophysiological conditions enabling the
recording of extracellular potential of human pluripotent stem
cell derived cardiomyocyte cells (hPSCs-CMs) for several weeks
(Figure 9d).[#3

To enhance the long-term recording, also a 16-channel OECT
array based on PEDOT:PSS has been developed operating
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Figure 9. Innovative bioelectronic platforms for electrically assisted cardiac sensing. a) Inkjet-printed PEDOT:PSS based MEAs for in vitro extracel-
lular electrophysiology monitoring of HL-1. Reproduced with permission.[*?!l Copyright 2014, The Royal Society of Chemistry. b) PEDOT:PSS-based
hydrogel micro-pillar electrodes which show for HL-1 electrophysiological recording. Reproduced with permission.[*?6l Copyright 2019, American Insti-
tute of Physics. c) 3D self-rolled MEA which for multisite recording of CMs spheroids. Reproduced with permission.t*8l Copyright 2019, Wiley-VCH.
d) EGOFET-based platform for extracellular potential recording of hPSCs-CMs. Reproduced with permission.l33l Copyright 2017, Elsevier.

in low working voltage and allowing to map action potentials
(APs) from cardiac cell line HL-1 monolayer.*34

In this section, we have explored recent advances in organic
platforms for electrophysiological recording starting from the
less invasive epidermal devices for ECG recording, passing
through the simplest planar electrodes for in vitro studies, to
the more sophisticated 3D platforms and device architectures
that pave the way for in vivo applications. In the next paragraph,
continuing to follow the path of blood vessels, the most innova-
tive organic stimulation cardiac platforms will be analyzed. A
direct comparison of parameters of interest for heart sensing
platforms are recapitulate in Table 4.

5.2. Electrical Stimulation for Cardiac Electrotherapy

Although bioelectronics devices for sensing have been interfaced
with the cardiac tissue to monitor the physiological electrical

Adv. Mater. Technol. 2022, 7, 2100293 2100293 (17 of 38)

currents through gap junctions, the application of ES has attracted
interest as an effective method both for in vitro, inducing CMs
maturation®’ and differentiation,*® and in vivo applications,
such as cardiac patches to promote vascularization*” and regen-
eration of the damaged heart muscle,*® facilitating the signal
propagation and the coupling processes between CMs. #3843

Considering the hearth physiology, specific CMs, called
pacemakers cells, participate in controlling the electrical con-
ductivity by generating APs that keep the electrical connectivity
across the tissue.% However, changes in this tissue’s electrical
coupling trigger hearth disorders such as arrhythmias, since
cells coordination may be interrupted by the ischemic death
of myocardial muscle, as consequence of atherosclerosis and
myocardial infarction (MI), resulting in the formation of an
insulating tissue (fibrotic scar) which impedes the electrical
communication.[*!

To overcome this limitation, the introduction of electro-active
biomaterials can allow to create an electrical bridge between
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Material Architecture Application Time Impedance Noise SNR Ref.
PEDOT:PSS electrodes ECG recording from skin / 27.3+22.8 kQ cm2 at 1kHz 24 pv 20.1 [407]
PEDOT:PSS electrodes ECG recording from skin days <2000 Q cm™2 at 10 Hz <150 pv 5 [408]
screen-printed 70 £30 kQ cm=2 at 1 kHz
PEDOT:PSS on woven nanofibers u-electrodes ECG recording from skin >24 h 135+ kQ cm~2 at 1 kHz 3uv 14 [409]
PEDOT:PSS 3 dopants electrodes ECG recording from skin 48 h 40 kQ cm™2 at 20 Hz 50 pv 100 [410]
PEDOT:PSS electrodes ECG recording from skin 36 h 500 kQ at 1 kHz -2 uv / 41
PEDOT:PSS OECT ECG recording from skin 8 days 1kQ at 1 kHz (hydrogel) 4uv 24 [412]
PEDOT:PSS OECT ECG recording from skin >Th 1kQ at 1 kHz (hydrogel) 4uv 15 [203]
PEDOT:PSS ink-jet on bacterial electrodes Extracellular CM’s APs 24 h 17 kQ at 1 kHz 6-548 nV 140 [422]
cellulose recording in vitro
PEDOT:PSS ink-jet printed MEA Extracellular CM’s APs 48 h 19.50 kQ at 1 kHz <50 uv 3.85-20.59  [423]
recording in vitro
PEDOT:PSS hydrogel p-pillars array Extracellular CM’s APs / 400 kQ at T kHz 4.5 uv 33.7 [425]
recording in vitro
PEDOT:PSS on Au Self-rolled Field potential from 3D 2 weeks 14 kQ at 1 kHz Tuv 9 [427]
p-electrodes cardiac spheroids
PEDOT:PSS OECT array Extracellular CM’s APs 2h / <1pv 6 [428]
recording in vitro
Nafion OECT Extracellular CM’s APs 21 days / <luv 50 [429]
recording in vitro
P3HT nanofibrils TFT array Electrophysiological 2 weeks / 0.5 uv 3 [430]
mapping in vivo
diF-TES-ADT EGOFET Extracellular CM’s APs 10 days / 1nA 34 [432]
recording in vitro
PEDOT:PSS OECT Extracellular CM’s APs 3 days / 100-200 pv 3 [433]

recording in vitro

healthy areas of the hearth with the aim to restore the native
conduction system across the non-conductive infarcted area*?’!

In this context, organic materials have been employed to reg-
ulate the interplay between substrate topography and electrical
pacing.'*]

Hence, the fabrication of organic, aligned, and conduc-
tive scaffolds is a widespread approach to recreate synthetic
3D microenvironments to improve CMs elongation and while
inducing synchronous beating.'*?l On this account, Hsiao et
al. fabricated aligned fibers of PANI/poly (lactide-co-glycolide)
(PLGA) capable to assist the synchronous beating of CM
demonstrating the coupling enhancement between the cells
inducing an increase in the expression of the gap junction
protein Connexin 43 (Cx43), thus inducing coordination in the
beatings of functional tissues (Figure 10a).!*% Similarly, a PPy/
polycaprolactone (PCL) composite material has been exploited
as electrically conductive substrate for HL-1 cell monolayers
culture showing an increase of peripheral Cx43 expression
also confirmed by the enhancement in the Ca?* wave transient
velocities, suggesting an increase in cell-cell coupling induced
by the conductive scaffold.l*3]

The combination of CPs with non-conductive matrix has
been also exploited for in vivo cardiac platforms. In this con-
text chitosan (CH) matrix containing PANI or PPy as electro-
conductive fillers are common composite material to fabricate
electro-responsive platforms for cardiac repair.s’!

Adv. Mater. Technol. 2022, 7, 2100293 2100293 (18 of 38)

Recently, Song et al. developed a PPy/CH porous membrane
to fabricate an engineered cardiac patch providing a thin spatial
structure to increase cell viability and MI repair. In vivo experi-
ments showed abundant striation and organized Cx43, robust
contraction, and rapid Ca?* transients, while in vivo studies on MI
rats exhibit an improvement in maturation and integrity of CMs
as well as a synchronous contraction after 3 days of culture.4
PPy/CH combination was also exploited to enhance the stability
of cardiac patches to achieve long-term operation (21 days after
incubation in a neutral conditions) through the immobiliza-
tion of sodium phytate helping to prevent electric deterioration,
improving the electrical stability and reducing sheet resistance.[*’]

On the other hand, tuning topographical properties of CPs, a
conductive micropatterned cardiac patches based on PANI-CH
was recently fabricated, showing both a topological and conduc-
tive anisotropy allowing a stimulation on both parallel and per-
pendicular longitudinal axis of the cardiac tissue while a better
comply mechanically match the movements of native heart
tissue (Figure 10b).[34

To further exploit the material properties combination, a bio-
hybrid hydrogel based on collagen, alginate, and PEDOT:PSS
has been recently developed for in situ stimulation. The extra-
cellular matrix-mimetic structures has been demonstrated to
enhance the electrical coupling which result in an increased
beating frequency (more than 200 beats min™), as well as cell
alignment and density, thus facilitating sarcomere organization
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Figure 10. Innovative platforms for electrically assisted cardiac electrotherapy. a) Aligned conductive PANI/PLGA nanofibrous mesh for cell seeding,
electrical stimulation and synchronous cell beating. Reproduced with permission.[*3 Copyright 2013, Elsevier. b) PANI-CH micropatterned cardiac
patches based for parallel and perpendicular longitudinal axis of the cardiac tissue. Reproduced with permission.[¥ Copyright 2018, Wiley-VCH.
c) PPy-based paintable adhesive cardiac patch for long-term stimulation. Reproduced with permission.l*¢l Copyright 2015, Elsevier.

and Cx43 expression in tissue constructs containing neonatal
rat CMs.'®] Still exploiting hydrogels, a paintable adhesive
cardiac patch based on dopamine-PPy blend was proved to
strongly bond with the beating heart within 4 weeks, boosting
the transmission of electrophysiological signals (Figure 10c).[*]
Relevant parameters for heart stimulation platforms are sum-
marized in Table 5.

Examining heart-related bioelectronics application, also
delivery systems are emerging as platforms to release cell-based
treatments and functional therapeutics at the precise site and
time of cardiac tissue injury.*!

In this context, hydrogels, being able to be directly depos-
ited by injection at the site of interest, have been exploited to
avoid invasive surgical implantation.*8 Indeed, the vascular
endothelial growth factor-165 (VEGF) used for myocardial
therapy was delivered through an injectable and biocompatible
hydrogel based on polyethylenimine (PEI) and graphene oxide

Table 5. Relevant parameters for heart stimulation platforms
comparison.

Material Architecture/morphology Time Conductivity Ref.
PANI/PLGA Aligned fibers 3 days 103 S cm™ [135]
PPy/PCL Composite material 7-12days  91.0+0.4 kQ cm  [442]
PPy/CH Porous membrane 3 days 107 S cm™ [443]
PPy/CH cardiac patch 21 days 145Qcm™)  [444]
PANI/CH cardiac patch 14 days 102S cm™ 134]
PEDOT:PSS Biohybrid-hydrogel 13 days 104Scm™ [165]
dopamine-PPy cardiac patch 4 weeks 10*Scm™ [445]

3resistivity; P)sheet resistance.

Adv. Mater. Technol. 2022, 7, 2100293 2100293 (19 of 38)

(GO) nanosheets, enabling the treatment of peri-infarct regions
on rat models (Figure 11a).1*02]

However, from a materials integration point of view, biodeg-
radability of cardiac patches and drug-delivery systems, still
represents an issue since the clearance of the host components
through standard metabolic pathways needs to be verified.[**]
On this account, Cysewska et al. recently demonstrated the
spontaneous release of anti-inflammatory salicylate from PPy
coated iron during degradation of the material in phosphate
buffer saline at 37 °C allowing its application as a biodegrad-
able cardiovascular stent.*® Similarly, a biodegradable and
conductive cardiac patch based on PPy embedded in the bio-
compatible elastomer, poly(glycerol sebacate) (PGS), coupled
with collagen type I, demonstrated an increase in cell prolif-
eration induced by the release of 3i-1000 model drug without
evidences of cytotoxic effect related to the degradation process
(Figure 11Db).[404

On the other hand, the integration of sensing and stimula-
tion into cardiac drug delivery systems faces the challenges to
develop platforms able to comply with the physiology providing
an additional diagnostic tool for both in vitro and in vivo appli-
cations, avoiding risks of arrhythmia and preserving the native
electrical pathway.®!l Along this line, electrospun nanofibers
of gelatin-oligoaniline/poly(vinyl alcohol) platform have proved
to enhance the adhesion and proliferation of MSCs cells while
also granting on demand drug release of Dex upon electrical
stimulation (Figure 11c).[*%3] Moreover, Dvir et al. exploiting the
redox activity of a PPy film developed a 3D hybrid nanocom-
posite scaffold for the controlled released of Dex and simulta-
neous monitoring of extracellular AP of CMs, capable to record
regularly spaced spikes (frequency of =1-2 Hz) with shape
and width consistent with cardiomyocyte extracellular signals
(Figure 11d).57
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Figure 11. Cardiac platforms for controlled drug release. a) Injectable Graphene Oxide/ Hydrogel-Based for VEGF release and cardiac repair. Repro-
duced with permission.94 Copyright 2014, American Chemical Society. b) PPy/PGS/collagen | biodegradable cardiac demonstrated for controlled
released of the model drug 3i-1000. Reproduced with permission.*) Copyright 2020, American Chemical Society. c) Gelatin-oligoaniline/poly(vinyl
alcohol) nanofibers platform for the simultaneous cell MSCs cells proliferation and on demand drug release of Dex. Reproduced with permission.03]
Copyright 2019, Wiley-VCH. d) 3D PPy-based hybrid nanocomposite scaffold for the controlled released of Dex and simultaneous monitoring of extra-
cellular AP of CMs. Reproduced with permission.?l Copyright 2016, Nature Publishing Group.

Considering the above mentioned dynamic electronic cou-
pling requirements for cardiac sensing and stimulation and the
relevance of medical applications, the development of all-in-one
platforms capable of performing more functions, from sensing/
monitoring to regenerative therapies and drug delivery, being
also bio-resorbable or self-powered, represent the future chal-
lenge of bioelectronic cardiac platforms (Table 6).

6. Blood Brain Barrier

Continuing the ideal route through the blood vessels, the path to
the final destination, the brain, leads to a fundamental gate, the
blood brain barrier (BBB). This semipermeable barrier rules

Adv. Mater. Technol. 2022, 7, 2100293 2100293 (20 of 38)

the transport of molecules from bloodstream to the cerebral
tissue in order to maintain homeostasis for neural functions.*?!
However, its functionalities also comprise protecting neurons
from toxic insults, controlling the communication between the
periphery and the CNS and regulating the afftux of nutrients.*>*!
As such, the transport of high molecular weight molecules, such
as therapeutic drugs, is hindered while also the paracellular dif-
fusion of hydrophilic compounds is prevented.'> This control
over the blood flow is enabled by a complex and dynamic cel-
lular system where the endothelial cells form a continuous and
not fenestrated structure which also exhibits a relatively low
endocytic activity, an unicum in the human body.*>*! The BBB
regulates and controls the brain compartments forcing the mole-
cular traffic to be primarily transcellular. As such, this complex
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Table 6. Relevant parameters for heart drug-delivery platforms
comparison.

Material Architecture/ Drug Time  Drugrelease Ref.
Morphology
PEI/GO Nanocomposite ~ VEGF 14 days / [402]
hydrogel
PPy/Fe Planar Dex-P, 21h / [449]
electrodes Sodium
salicylate
PPy/PGS NPs-based 3i-1000 21 days >20% [404]

cardiac patch

Gelatin-oligoaniline/  Electrospun Dex 2h  70% (w/o EF) [403]

poly(vinyl alcohol) nanofibers 90% (w/EF)
scaffold

PPy 3D cardiac patch Dex 7 days / [379]

architecture represents an obstacle that every bio-electronic
device for monitoring or controlling either the brain or the blood
flow activities has to face or in some cases try to circumvent.**6l
Although several techniques rely on the transient disruption of
BBB,¥7#8] the research is focusing on completely non-invasive
techniques based on modifying the structure and functionality
of selected drugs to allow their passage through the barrier
mostly for therapeutic scopes. A successful approach relies on
the use of nanosized structures and nanoscale platforms such
as NPs as drug transporters, since these have been proved to
mediate across the barrier the transport of enzymes and other
relevant high molecular weight molecules.*4%% In this context,
amphiphilic polymers, used as coating materials, have endowed
permeability and biocompatibility to nanoprobes that thanks to
up-conversion nanoparticles and Cy-HOCL dye respond with
light emission to HOCL overproduction upon neuroinflamma-
tion.[*] However, even if successful strategies allow to cross the
barrier, screening of transferred drugs and molecules is still an
essential but open challenge, so that different approaches have
been used to replicate in vitro the BBB, developing static and
dynamic platforms replicating the biological environment to
investigate the complex molecular mechanisms regulating the
CNS.1#2 Tndeed, dynamic in vitro models have allowed the use
of co-cultures re-creating intraluminal flow through artificial
capillary-like structural supports. More importantly, microfluidic
devices are emerging as 3D models combining advantages of
in vivo and in vitro approaches with 3D-printed platforms that
currently reproduce the microcapillaries of the neurovascular
system allowing drug delivery screening by also monitoring
simultaneously experimental variables such as drug concen-
trations, blood speed, pH and temperature.*®®l In this context,
the employment of organic materials such as polydimethylsi-
loxane (PDMS), by granting the required patterning flexibility,
has allowed the transition from traditional transwell to “evolved”
designs (sandwich, parallel, tubular, and vasculogenesis). In this
way, in vitro BBB models have also evolved to integrate elec-
trodes becoming BBB-on-chip. In this context, transepithelial/
trans-endothelial electrical resistance (TTER) has emerged as
an electrical parameter that can be monitored with fast, label
free and non-invasive techniques to assess the barrier integrity
and the compatibility of in vitro models for molecular trans-
port studies.** On this line, the integration of real scale and
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biohybrid models of the BBB with TEER measurements allows
to monitor in real time the bio-hybrid formation, the perme-
ability of the barrier to different molecules and also its integ-
rity in dynamic conditions, thus representing a new frontier of
lab-on-chip research. Moreover, the use of CPs featuring a tune-
able ionic transport system and bio-stability, has enabled TEER
live monitoring with high temporal and sensitivity resolution.
Indeed, a PEDOT:PSS-based OECT has been used in a biohy-
brid coupling with different barrier tissue models (intestinal,
kidney, and BBB epithelium) detecting minute disruptions in
their functions.*®! As such, BBB-on-chips represent both a rel-
evant bioelectronic platform and a completely novel tissue at the
cross-section of blood vessels and brain environment presenting
specific coupling requirements. Indeed, BBB-on-chips repro-
duce a set of relevant-to-investigate hemodynamic phenomena
(hypertension, flow cessation/stroke)*047] that are intimately
linked to pathogenesis and progression of major CNS disorders
(epilepsy, Alzheimer’s disease, inflammation, and multiple scle-
rosis),“8#0l validating the in vitro approach as a strategy for
cost effective, fast and reliable studies on structural and biolog-
ical aspects of the BBB.[#/1472]

7. Reaching the Final Destination: The Brain

By following the ideal journey of this review, crossing the blood
vessels path and BBB, we ultimately reach the central organ of
the human nervous system: the brain.

Starting from the most external interface, the scalp, non-
invasive epidermal electrodes have been widely used for neural
recording. Indeed, electroencephalography (EEG) records the
electrical signal through electrodes placed on the scalp, investi-
gating the frequency of brainwaves to detect different states of
mental functions.[*3]

In this context, an internal ion-gated electrochemical tran-
sistor using mobile ions within the PEDOT:PSS channel has
been recently exploited allowing both volumetric capacitance
and shortened ionic transit time while also providing local
amplification and conformability to the human scalp to per-
form high-quality EEG recordings.***%] However, low signal
resolution from EEG is intrinsically linked to the physical sepa-
ration between the brain and the recording electrode, impeding
to resolve specific frequency bands used for signal communi-
cation.”*#”7] Indeed, higher spectral and spatial resolution is
achieved when the electrodes are placed extracellularly in con-
tact with the brain tissue so that electrocorticography (ECOG)
emerges as gold standard method for EF recording from the
surface of the cortex.’38% Depending on the frequency bands
of recording, two types of voltage signals are generally identi-
fied in the brain: the slow varying local field potentials (LFPs),
originating from set of neurons collective transmembrane cur-
rents, and APs, the millisecond lasting spikes coming from
individual neurons. Hence, analogue or digital filters serves
to separate LFPs from APs, thus, to selectively pass signals in
lower-frequency and higher frequency bands.*”]

Indeed, exploiting the mechanical flexibility and conform-
ability offered by PEDOT:PSS coated electrodes, Khodagholy et
al. developed an ECOG array that outperformed Au electrodes
of similar geometry allowing for the first time to record in vivo
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sharp-wave events from the somatosensory cortex of rats.[*1l

Following this proof of concept, microscale, flexible, biocom-
patible systems have been developed to increase the signal-to-
noise ratio and to provide high spatiotemporal resolution. 82483l
In this context, the effect of electrodes scaling on their electro-
chemical charge injection characteristic has been investigated
in order to analyze the optimal design for acute and potentially
chronic implants, proving that coating PEDOT:PSS on metals
(Au and Pt) microelectrodes increase the charge injection
capacity up to 9.5 x while decreasing their power consumption
by 88%.1484

Indeed, a robust fabrication process of such microelec-
trodes for safe and high-fidelity intraoperative monitoring of
human brain have been proved and the first evoked cognitive
activity with changes in amplitude across pial surface dis-
tances of 400 um have been reported.®l However, in order
to measure subcortical brain activity, penetrating neural
probes are needed.84¥] In this context, the interface of the
recording site with the neural tissue deeply influences the
signal-to-noise ratio and the invasiveness of the coupling must
be considered in order to avoid chronic damage and altera-
tions of physiological functions.®! Hence, chemical insta-
bility and shear motion of implanted probes and devices have
been particularly investigated. As such, PEDOT:PSS has been
exploited to coat the recording sites of standard “Michigan”
probes, achieving higher signal-to-noise ratio, compared to
uncoated probes, and proving that a mechanically compliant
interface allows long-term operations over 6 weeks.[8>488]
However, moving from implanted neural probes and in vivo
studies, alterations of the brain’s environment, caused by
tissue-electrode interaction, affect the endogenous distribu-
tion and the connectivity of neurons and glia also for in vitro
applications.924894%0] In analogy with the other examined
human interfaces, brain-on-chip systems have so been devel-
oped with the aim to integrate directly electronics with host or
cultured tissue, bridging in a seamless way the two environ-
ments. In this context, tissue-incorporated electrodes have
been fabricated through mesh electronics and untethered
micro-devices.*? Indeed, Qiang Li et al. developed a stretch-
able mesh integrating PEDOT:PSS coated nanoelectrodes that
mediated the transition from the initial 2D cell layer to 3D
organoid structure with minimal impact on tissue growth and
differentiation, allowing to observe its maturation.**3] Finally,
since electrical signals within neurons are mediated by the
release and transport of neurotransmitters from pre-synaptic
to post-synaptic terminals, developing platforms capable of
detecting neuromodulators is a key challenge of this field of
research. In this context, OECTs have proved to selectively
detect neurotransmitters such as DA, 5-HT, and AA, thanks
to the favorable interaction between these molecules and the
interface of the polymeric channel material, starting from in
vitro applications.**# Consequently, this section on the
brain firstly examines the technologies for recording single
and multiple-neurons spiking activity from surface electrodes
to neural probes systems, examining both in vivo and in vitro
applications, finally focusing on the most recent attempts
to study the mechanisms of electric-to-chemical signals
transduction.[*%]
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7.1. Electroconductive Platforms to Monitor the Brain
Communication Mechanism: Organic Materials Revealing
Electrical to Electrochemical Signal Transduction

Brain electrical signals, in the form of APs, by travelling along
the axons regulate the communication mechanisms among
neurons. As such, in order to map the neural activity for
screening and diagnostic applications, EEG systems are usually
exploited offering the possibility to monitor large-scale activity
of the entire brain at low cost and in a non-invasive, risk-free
way.

In this context, control and stabilization of the area over
which the average of the recording is performed, is essential
to achieve very low bioelectric potential measurements so that
sheet-type and light-weight EEG platforms!*®®l have been fabri-
cated using flexible and stretchable electronics elements while
combining wireless communication modules to avoid complex
wiring connections.*”]

In this context CPs have recently proved to enhance the
adhesion of electrodes to the scalp thus increasing the perfor-
mance of non-invasive EEG recording systems from awake and
moving patients. Indeed, a wearable dry electrode has been
developed by blending PEDOT:PSS with waterborne polyure-
thane (WPU) and D-sorbitol achieving high stretchability and
adhesion on both dry and wet skin conditions, allowing to
record perturbed EEG signals with different frequency range
resulting from auditory stimuli on human patients.[%4%

Similarly, PEDOT-based electrodes have been applied
through a blue light curing procedure as a gel without the use
of adhesive interlayers underneath hair proving to retain high
conductivity upon drying and allowing long-term and non-
invasive EEG recordings (Figure 12a).[4%]

However, as anticipated, ECOG enables to monitor in real
time the neuronal activity, through devices directly interfaced
with the brain surface and to record both LFPs and APs.%!

To this aim, Khodagoly et al. developed an ultra-
conformable, biocompatible and scalable neural interface
array (called “NeuroGrid”) allowing the isolation of putative
single neurons in rats.”® Moreover, the same platform, com-
bined with silicon probe recording in the hippocampus, via
LFPs and APs discrimination, has allowed to identify physi-
ological pattern in human patients, supporting neurosci-
ence research on cortical transfer of memory traces.’*? On
the other hand, in order to increase the signal-to-noise ratio
of surface electrode, PEDOT:PSS-based OECTs have been
integrated in a ultrathin organic film allowing to record low-
amplitude brain activities!*®?! (Figure 12b).

However, historically the most widely used tools for recording
neuronal activity for in vivo applications have been the extracel-
lular microelectrodes,® whose continuous design optimiza-
tions have allowed to increase the number of parallel recording
sites thus isolating individual neurons across large regions of
the brain and reducing the cross-sectional area, while mini-
mizing invasiveness, as in case of Neuropixel.’*+>%] Hence,
in the pursue of increasing the number of parallel recording
sites, nano-patterned materials and interface patterning tech-
niques have emerged with carbon-based materials marking the
shift from conventional electronics inorganic materials.[%6-508]
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Figure 12. Brain innovative platforms for electrical sensing. a) A visual comparison of the three types of EEG electrode examined in the work by de
Camp et al. on human skin (top). Sleep EEG recording from freely moving piglets (bottom). Reproduced with permission.[*®l Copyright 2018, Nature
Publishing Group. b) Optical micrograph of the neural probe with the external connections (top, left) and the channel of a transistor embedded in the
surface electrode. Layouts of the surface electrode and of the transistor channel (bottom). Reproduced with permission.¥2 Copyright 2017, Multidis-
ciplinary Digital Publishing Institute. c¢) Scheme showing the PEDOT:Nafion coating process with SEM images of the electrode surface. Reproduced
with permission.’?l Copyright 2015, American Chemical Society. d) Molecularly imprinted polymers for multi-neurotransmitters sensing. Reproduced

with permission.’?2 Copyright 2018, Elsevier.

As such, multiwalled-CNTs have been employed as a coating to
improve the electrical coupling in implanted neural network,
functionalizing the interface of conventional MEA .Y

Also in this context CPs are extremely advantageous,
decreasing intrinsically the electrode impedance and increasing
the charge injection density, due to the increment of the surface
area for ionic-to-electronic charge transfer.*>°'% Thus, surface
coating of electroactive PPy:PSS has been employed to develop
organic electrochemical electrodes by depositing PPy:PSS onto
Au electrodes, with the roughness and thickness of the coating
influencing interfacial impedance.>'!

Considering interface nano-patterning and coating solu-
tions, NWs and nanotubes have so emerged as a mean to move
from planar to structured architectures improving spatial and
temporal resolution.’’>>15] Hence, combing conventional pat-
terning techniques with the use of organic materials, Abidian et
al. fabricated PEDOT:PSS NWs and nanotubes that were elec-
trochemically deposited on top of poly (L-lactide) functionalized
Au electrodes, thus creating a neural interfaced platform to spe-
cifically decrease the recording noise and increase the number
of discriminable neural unites.’'%l

More recently, hydrogels have attracted interest also in the
field of neural interfaces to fabricate composite electrodes

Adv. Mater. Technol. 2022, 7, 2100293 2100293 (23 of 38)

serving as a mechanical buffer layer between the hard silicon
features and the soft brain tissues.l’”] However, the best results
in terms of both mechanical and electrical properties have been
evidently achieved when combining hydrogels with CPs.>7:>18l
As such, a soft synthetic permanent biocompatible pHEMA
hydrogel, integrated with a PEDOT:PSS-CNT coated probe,
has allowed to avoid direct contact between the neural tissue
and the nanocomposite, acting as a biocompatible protective
barrier while preserving the electrochemical performance and
the high-quality recording of the bare device. Moreover, by con-
trolling the PEDOT content within a P(DMAA-co-5%MABP-co-
2,5%SSNa) hydrogel matrix, a flexible neural probe has been
fabricated achieving charge injection limits up to 3.7 mC cm™2
and long-term stability, proved only in vitro by neuroblas-
toma cell culture tests but promising compatibility with in
vivo neural recording applications.” Evidently, still chronic
studies suggest that electrode functions may degrade over time
in the in vivo environment.>®l As such, in order to develop a
neural interface system that remains viable for a substantial
fraction of the users’ lifetime, a sub-mm implantable wireless
electromagnetic neural interfaces has been demonstrated using
polyvinylidene fluoride (PVDF) in the form of a “neural dust”
that detects and reports local extracellular electrophysiological
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data via ultrasonic backscattering to a subcranial receiving
device.20

Beside pure electrical signals recording, neurotransmission
also involves electrochemical signal transduction so brain
sensing platforms must extend their application to the moni-
toring of these processes that are conventionally mediated by
excitatory or inhibitory neurotransmitters such as glutamate
(Glu) and gamma-aminobutyric acid (GABA), confined to the
synaptic cleft*?.>23] However, other neuromodulators such
as DA or 5-HT has influence also outside this zone, enabling
volume neurotransmission thus influencing multiple cells on
a larger area.l’?!lOn the other hand, several limitations affect
in vivo electrochemical neurotransmitter sensors: target selec-
tivity, large background signal®?’! and noise, device fouling!>2®!
and degradation®?! over time. CPs, besides combining elec-
trical conductivity with high interfacing capability for elec-
trical signals recording, show an outstanding design flexibility
to allow surface and bulk functionalization for enhancing the
detection of neuromodulators.’?®l On this line, an implant-
able microsensor array has been modified with a layer of over-
oxidized polypyrrole (OPPy), functionalized with glutamate
oxidase, achieving both Glu and DA amperometric detection
by optimizing the thickness of the coating.’?! Also in this
context, PEDOT:PSS has been employed as an electrodepos-
ited surface functionalization layer to achieve selective detec-
tion of the neurotransmitters DA and AA in the nucleus
accumbens of rats, reducing dramatically in vivo electrodes
fouling (Figure 12¢).52! Recently, PEDOT/GO electrodepos-
ited on carbon fiber microelectrodes has proved to improve
the sensitivity while decreasing the limit of detection of DA,
allowing monitoring in real time and analysis of DA transient
functions in the rat dorsal striatum.3% Finally, the intrinsic
amplification capability of an OECT-array mounted on an
insertable shank has been exploited allowing real time and
direct detection of transient catecholamine neurotransmitters
release with a sensitivity in the nanomolar range and a tem-
poral resolution of several millisecond from the brain of a rat
model.>3U

Table 7. Relevant parameters for brain sensing platforms comparison.

www.advmattechnol.de

However, even if restricted to in vitro applications, also all
polymer devices have proved to discriminate among specific
electroactive neurotransmitters in presence of interfering com-
pounds. In this regard, PPy and o-phenylenediamine (o-PD)
have been both used as functional monomers to develop sen-
sors that selectively detect DA, norepinephrine (NE) and epi-
nephrine (EP) by combining differential pulse voltammetry
(DPV) and a molecularly imprinted polymers (MIPs) technique
for the electrode’s fabrication.[2>53% Indeed, by exploiting their
high packing density, these polymers have been used as an
encapsulating mold for the deposition of a functionalized active
layer on CNTs standard electrodes while the same neurotrans-
mitters served as templating agent (TA). Upon removal of the
TAs, the resulting active layer morphology proved to remark-
ably enhance sensitivity toward the selected neurotransmitters
due to the mechanism of molecular reception, reaching detec-
tion limits less than 1.3 x 10 m (Figure 12d).?2 In this con-
text, Gualandi et al. developed a PEDOT:PSS-based OECT to
further increase the neurotransmitters detection limit via signal
amplification thus discriminating the simultaneous presence of
DA, AA, and UA in mixed solutions with sensitivities to specific
neurotransmitter comparable to those obtained by potential step
amperometry techniques.*® Although electrochemistry has
largely proved to be the most robust strategy to detect different
neurotransmitters, alternative approaches have been exploited
based on other techniques such as fluorescence and mass spec-
trometry.3*>3 Indeed, CPs NPs with phenylboronic acid tags
have proved to detect DA in both living PC12 cells and brain of
zebrafish larvae with minimum interference from other endog-
enous molecules.l>33] Parameters of interest for the above-men-
tioned brain sensing platforms are reported in Table 7.

7.2. Electrical Stimulation Restoring Brain Functions: The Role
of Organic Materials

As for the other organs presented in this review, also for the
brain, surgery and medications still represent a common

Material Architecture Application Time Sensitivity (S), Limit of detection (LOD) Ref.
PEDOT:PSS-Nafion p-electrodes Electrochemical detection of DA released from nucleus 6h S46nA/x107°m [521]
accumbens of rats
PFBT-NH, NP NP fluorescence Fluorescence DA detection on PCE12 and brain of 24 h LOD 38.83 X107 m [533]
zebrafish larvae
PEDOT:PSS OECT Electrochemical detection of DA, AA and UA / SAA 0.102 S/M DA 1.09 S/M [494]
UA0.4S/M
PEDOT:rGO p-electrodes Electrochemical detection of DA in solution / S39nA/x10°m [528]
OPPy/Nafion on Pt W -probe Electrochemical detection of Glu and DA in solution / S [529]

Glu126 £5nA/x 10 m
DA 3250£50 nA/x 10 m

PEDOT/GO p-electrodes Electrochemical detection of DA both in solution / S 14-54 nA/x 107° m [530]
and in the rat dorsal striatum
PEDOT:PSS OECTs array DA, noradrenaline, adrenaline real time mapping >1h LOD 30x10° m [531]
of evoked release in vivo (electrochemical)
OPD electrodes Electrochemical detection in human serum 24 h LOD [532]
molecularly imprinted 0.11 mg L™
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approach for diseases treatment. In this context, the same
devices used for sensing applications, such as transistors
integrated in neural probes and micropatterned implants, are
explored as platforms for electrical nerves stimulation.3>33¢
Indeed, neuromodulation trough stimulating current,
employing different electronic inputs, is a non-destructive
technique based on the manipulation of neurophysiological
signals.[37538]

Hence, stimulating neural implants require not only elec-
trochemical stability in the biological environment but also
electrical stability upon repetitive stimulation inputs for long-
term operations, so that electro-polymerized PEDOT coat-
ings for metal electrodes have been introduced.’*” Indeed,
PEDOT:tetrafluoroborate has been deposited on sharp
Pt-iridium neural electrodes surviving autoclave steriliza-
tion, prolonged soaking and electrical stimulation tests, thus
allowing stimulation in rats for 15 days®*! (Figure 13a). Addi-
tionally, Au microelectrodes coated with PEDOT-CNT com-
posite, by featuring lower voltage operations and requiring
lower charge transfer compared to reference titanium nitride
surface functionalization, has allowed to perform stimula-
tion of rat retinal interneurons with maximum current at
the threshold below 100 pA.P*l However, a limitation of con-
ventional neurostimulation implants resides in their fixed
dimensions that fails to accommodate rapid tissue growth,
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impairing development. In this regard, Liu et al. developed a
multi-layered morphing electronics consisting of viscoplastic
PEDOT:PSS electrodes and a strain sensor that eliminate the
stress at the interface with the tissues. Moreover, the ability
to self-heal during implantation surgery of this reconfigur-
able and seamless neural interface also allowed chronic elec-
trical stimulation for 2 months in rats.’*?) On the same line,
by blending PEDOT:PSS with an ionic liquid, a material that
could be processed through conventional photolithography was
developed featuring a Young’s modulus value in the kilopascal
range.’%! Hence, an electrode array was fabricated showing a
highly efficient charge transfer across the electrolyte interface,
thus allowing in vivo experiments to stimulate muscle move-
ment in mice at low voltage, maintaining a good contact for
6 weeks (Figure 13b). As for recording applications, OECTs have
also been exploited to achieve localized electrical stimulation of
neurons. Indeed, depth probes featuring a mechanical delami-
nation process, have allowed to insert only a film comprising
the transistors inside the brain, reducing the implant invasive-
ness and allowing stimulation of rats cortex for 1 month.*!

In this context, the use of CPs also enables alternative neu-
romodulation mechanisms, such as direct photothermal stim-
ulation which does not require conventional power sources.
As such, nanoscale semiconducting optoelectronic systems,
called organic electrolytic photo-capacitors, have been proved
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Figure 13. Brain innovative platforms for electrical stimulation. a) Schematic showing the PEDOT:PSS electropolymerization process on a sharp
platinum-iridium electrode, the sonication, PBS soaking and steam sterilization tests proving the stability for deep brain stimulation in rats. Repro-
duced with permission.l Copyright 2019, American Chemical Society. b) An electrically conductive hydrogel matrix used to functionalize electrodes
in ultralow voltage neural stimulation. Reproduced with permission.[33% Copyright 2019, Nature Publishing Group. c) Neural probes functionalized with
PEDOT for delivery of the anti-flammatory Dex and stable neural recordings. Reproduced with permission.>*8l Copyright 2017, Elsevier. d) Schematic
showing the fabrication steps of the preform for multimodality fiber probes (top). Multimodal probes implantation into transgenic Thyl-ChR2-YFP
mice, simultaneous optogenetic stimulation and electrophysiological recording after 2 days, 1 week, 1 month, and 2 months. Reproduced with permis-
sion.534 Copyright 2015, Nature Publishing Group.
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to electrically stimulate neurons with safe light intensities,
without the need of external wirings.* Moreover, opto-
electronic pseudo capacitors in combination with a standard
organic photovoltaic module converted the optical energy to
safe capacitive currents that lead to effective membrane depo-
larization at the single-cell level.*]

However, if promising therapeutic results related to electrical
stimulation have so far been presented, pharmacological treat-
ments, resulting from chemical stimulation triggered by EFs,
are currently investigated particularly focusing on drug delivery
mechanisms to improve bioavailability, cure efficacy and long-
term treatment of injuries and diseases.>*!

Indeed, starting from designs employed to interface the pre-
viously examined tissues, active platforms with both temporally
and spatially electronic-tunable drug release are of interest also
for brain applications.’*] On this line, by applying CV sig-
nals, a controlled release of Dex was achieved using flexible
electrodes implanted in the rat hippocampus while simultane-
ously stable neural recordings were acquired with impedance
characteristics tested over an entire chronic study of three
weeks (Figure 13c).5* Moreover, sulfonate nanoparticle doped
PEDOT films have proved to precisely modulate neural activity
in vivo by allowing timed release of a Glu receptor antagonist at
coated microelectrode sites. In order control the release of drugs
in time and space with reliable switching on/off mechanisms,
OEIPs have emerged.*®! Indeed, spatiotemporal controlled
drug release was achieved delivering neurotransmitters such as
Glu, aspartate (Asp), and GABA through a neural interface elec-
trode system, allowing to pump GABA upon detection of patho-
logical activity.”>" Additionally, Simon et al. combined an OEIP
to a biosensor that monitoring the neurotransmitter physiolog-
ical concentrations served as a trigger for selected drugs elec-
trophoretic delivery activation.’) Hence, the so-called organic
electronic biomimetic neuron replicated the function of projec-
tion neurons. In this way, by implementing external controller
units for closed loop drug delivery, these mechanisms can be
translated into clinical setting.>>?) However, issues concerning
the total volume of drugs that can be stored and so the refilling
of the reservoirs for long-term chronic application, beside the
restriction of the working principle to electroactive molecules,
including interferences and pH alterations, are still limiting a
wide application of such devices in medical care.l>’]

Table 8. Relevant parameters for brain stimulating platforms comparison.

www.advmattechnol.de

Evidently, in the effort to investigate the multiplicity of sign-
aling in the brain comprising electrical, chemical and mechan-
ical mechanisms, sensing and stimulation multifunctional
devices are required. In this context, a multimodal fiber probe
based on conductive poly-ethylene polymer composite has
been fabricated through a one-step thermal drawing process
allowing simultaneous low-loss waveguides for optical stimula-
tion, electrophysiological recordings and controlled fluid infu-
sion through the integrated hollow channels for delivery of
drugs, as validated over the course of 3 months on rat models
(Figure 13d).5>4 Relevant parameters for the cited brain stim-
ulating/drug delivery platforms are summarized in Table 8
(Table 9).

7.3. Mimicking Brain Functions toward Neuromorphic Systems

Building on the concept of a direct tissue-electronic coupling,
the recent progress of neuromorphic electronics®°! demon-
strates how only by processing biological-like inputs from
multiple sources, through a brain-mimicking architecture, an
artificial device establishes a reliable communication with the
brain.’>*¢l In this regard, neuromorphic devices, computing
units whose functions mimic the plasticity of neurons by mod-
ulation of their conductance states, are conventionally able to
receive as inputs biological-like signals.>*>%! These are cur-
rently passing from a simple software replicated or mediated
version to direct inputs coming from brain recordings. Hence,
electronic platforms where spiking events from directly inter-
faced neurons are recorded by a set of electrode arrays and
promptly computed by a neuromorphic logic device represent
not only the last frontier of sensing but also pave the way to
an interactive and dynamic stimulation of living tissues.l>>-¢1
Evidently, establishing a reliable bio-hybrid interface allows to
overcome the current sensing technologies for both in vivo and
in vitro applications. To resolve a set of brain instructions con-
nected to a specific functionality, the transduction of a neural
signal in its two different forms, electrical and chemical,
has to be crucially monitored, with the same biological fre-
quency.P®>5%31 Hence, a neuromorphic device should operate
within these brain constraints and in a close-loop interaction
with a living system.

Material Architecture Application Time Impedance Charge Injection Limit ~ Ref.

PEDOT:PSS hydrogel p-electrodes Localised neuromodulation on sciatic 6 weeks 10 kQ cm2 at 1 kHz 164 mC cm™? [535]
nerve of mouse

PEDOT:PSS wrinkled u-electrodes Localized neuromodulation on cortical 1h 2.18 kQ at 1 kHz / [536]
surface of rats

PEDOT:PSS p-electrodes Localized neuromodulation on rats cortex 2 weeks 20 kQ at 1 kHz 2.92mCcm™ [539]

PEDOT:PSS/BF4~ p-electrodes Deep-brain stimulation on rats 15 days 5kQ at 1kHz / [540]

PEDOT:PSS-CNT p-electrodes Retinal ganglion cells stimulation 24 h 13-25 kQ at T kHz 10.9£1.9 mC cm™? [541]

PEDOT:PSS OECT Stimulating pyramidal neurons in rat 2h 2kQ at TkHz [543]
hippocampus

Organic pigment Photo-capacitor Retinal stimulation of rats 3 weeks 1kQ at1kHz 0.1-0.5 mC cm™ [544]

PEDOT:PSS Electrodes — organic capacitors Electrical stimulation of SH-SY5Y cells 1.5 year / 1mCcm™ [545]

Adv. Mater. Technol. 2022, 7, 2100293 2100293 (26 of 38)
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Table 9. Relevant parameters for brain electrochemical sensing and drug delivery platforms comparison.
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Material Architecture Application Time Impedance Average drug dispensed Ref.

PEDOT:PSS/Dex p-electrodes Release of Dex in rat hippocampus 12 weeks 260 kQ cm™ 25+12ng [548]
at TkHz

PEDOT:PSS OEIP Localized release of Glu, Asp and GABA in rat minutes / Glu 400 x107¢ m [549]

hippocampus

PEDOT:PSS OEIP Localized release of GABA in rat hippocampus 2 weeks /
for seizure control
PEDOT:PSS OEIP Glu and ACh release and sensing in vitro / /
CPE Fiber-electrodes  Simultaneous optical and chemical stimulation 2 months 500 kQ at 1 kHz

Asp 200 x 107 m
GABA 800 x 1076 m

1073 nmol (within seconds) [550]

Glu 40 x 10° M ACh 80 x 1076 m [551]

0.1x10% m (at33nLs™, in2.5uL) [554]

In this context, two living cortical neurons have been coupled  of pentacene/AuNP was used as a substrate for the differentia-
through a PANI-based organic memristive device which features  tion of neuroblastoma cells that induced a variation in the short-
synapse-mimicking plasticity and non-interfering functions term plasticity of the device, configuring de facto a biohybrid
(Figure 14a).°! Exploiting the lower chemical detection limit  synapse.P® Improving from this concept, in a pioneering work,
and higher sensitivity of OECT-base sensors, a transistor made  Keene et al. developed an integrated neuromorphic platform
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Figure 14. Brain innovative platforms for neuromorphic systems. a) Activity-dependent coupling of neurons by an organic memristive device (OMD).
i) Simplified electrical scheme of two patch-clamp amplifier head-stages with infrared differential interference contrast microphotograph of a P7 rat
brain slice with visually identified L5/6 neocortical cells (Cells1 and 2) recorded simultaneously. ii) Traces of current-clamp recordings from Cells 1
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of input stimuli. Reproduced with permission.*%3 Copyright 2020, Nature Publishing Group.
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where synaptic conditioning caused by biochemical signal
activity was achieved (Figure 14b). Indeed, exploiting the elec-
tronic-to-ionic signal transduction properties of PEDOT:PSS, the
DA released by directly interfaced dopaminergic neuron like cells
was detected and its encoded chemical information was trans-
lated into an electrical one. Such application lays the foundations
for a reverse and alternate process, where stimulation of the
living system is elicited, on the base of sensing, in a closed-loop.
From these premises, a complete electrical to chemical trans-
duction allows to move from mere recording and sensing (from
multiple sources) to the integrated control of biological signals
and predictive stimulation protocols.

8. Conclusions

In this review, traveling across the human body’s interface of
skin, heart, and brain, we illustrated goals reached by bioelec-
tronics platforms highlighting that the development of bioelec-
tronics is intimately linked from a structural and technological
point of view to the advances in material science, organic chem-
istry, and electrical engineering. On the other hand, the full
bio-integration of these devices require to merge biology and
signal processing knowledge. In this context, CPs rise as ideal
materials both for the analyzed electrical and mechanical prop-
erties and for the possibility to functionalize and pattern their
interface allowing to build biohybrid devices with outstanding
bio-coupling efficiencies.

From skin to brain, having examined tissue-specific cou-
pling requirements and considering electrical sensing and
stimulation, research is focusing on signal processing and bio-
modulation approaches not only to achieve even more refined
biological recordings but particularly to develop on a short-term
conditional and closed loop systems, allowing an adaptive con-
trol of biological functions.

Indeed, novel wearable on-skin platforms aiming to com-
bine in one-device multi-parameters measurements promise
to evolve into live, complete check-up systems, thus providing,
on the base of the acquired data and their cross-check, a real-
time medical assessment. On the other hand, for cardiac appli-
cations the achievements in the field of implants are pointing
not only to regeneration of the damaged tissue but also to the
control of its functions on a long-term, preventing the risks of
additional failures. Finally, multimodal recording based on elec-
trochemical measurements for the brain, focusing on neuro-
transmitters signaling, paves the way to a deeper investigation
of the mechanism of human learning and memory. Indeed,
through patterning and miniaturization approaches, future
electrochemical devices promise to achieve the modulation of
the neural activity in highly targeted manner. Translating these
advances to commercial medical devices has started with the
aim to improve traditional pharmaceutical approaches. Indeed,
bioelectronic medicine has already moved to live data acquisi-
tion and sharing, enabling patients to appreciate how their
bodies respond to lifestyle changes and treatment, to con-
stantly monitor chronic conditions such as diabetes and obe-
sity, and to screen and identify the spread of modern epidemics
and pandemics as essential for their management.>®®! Hence,
the development of organic electronic, granting a seamless
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interface with human tissues, promise for cost-effective mass
screening through the integration of life-long, adaptive bio-
hybrid platforms that by constantly acquiring and processing
data not only empower health literacy and diseases prevention
but also sets the base for medical treatments through tailored
bio-stimulation protocols.
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