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Abstract

The growing demand for advanced neural interfaces that enable precise brain monitoring and modulation has
catalyzed significant research into flexible, biocompatible, and highly conductive materials. PEDOT:PSS-based
bioelectronic materials exhibit high conductivity, mechanical flexibility, and biocompatibility, making them particularly
suitable for integration into neural devices for brain science research. These materials facilitate high-resolution neural
activity monitoring and provide precise electrical stimulation across diverse modalities. This review comprehensively
examines recent advances in the development of PEDOT:PSS-based bioelectrodes for brain monitoring and
modulation, with a focus on strategies to enhance their conductivity, biocompatibility, and long-term stability.
Furthermore, it highlights the integration of multifunctional neural interfaces that enable synchronous stimulation-
recording architectures, hybrid electro-optical stimulation modalities, and multimodal brain activity monitoring. These
integrations enable fundamentally advancing the precision and clinical translatability of brain-computer interfaces. By
addressing critical challenges related to efficacy, integration, safety, and clinical translation, this review identifies key
opportunities for advancing next-generation neural devices. The insights presented are vital for guiding future
research directions in the field and fostering the development of cutting-edge bioelectronic technologies for
neuroscience and clinical applications.

Introduction

The advancement of bioelectronics has opened new
frontiers in the monitoring and modulation of brain
activity, providing innovative solutions for unraveling
neural network dynamics and developing therapeutic
interventions for neurological disorders'. The functionality,
conformability, and biocompatibility are the main engi-
neering considerations for the development and clinical
translation of bioelectronics®. Particularly on the soft and
highly convoluted brain surface, minimizing mechanical
modulus mismatch becomes critical to achieving con-
formal integration of implantable electronics with neural
tissue. The structure compatibility not only enhances
interfacial contact to reduce electrochemical impedance
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and improve signal-to-noise ratio (SNR), but also mitigates
shear-stress induced tissue damage during ongoing brain
micromotion. Besides, engineered interfacial properties,
including material chemistry to increase biocompatibility
and anti-inflammatory coatings is important to reduce
inflammation reaction and ensure long-term application'”.

As schematic illustrated in Fig. 1, Poly(3,4-ethylene-
dioxythiophene):polystyrenesulfonate (PEDOT:PSS) as a
promising conductive polymer has gained significant
attention due to its excellent combination of electrical
conductivity, mechanical softness and flexibility, bio-
compatibility, as well as versatile processability through
solution-based techniques™®. These properties make
PEDOT:PSS an ideal candidate for brain—computer
interfaces, and other bioelectronics for both non-invasive
and invasive brain monitoring and modulation. PED-
OT:PSS has emerged as a versatile material for the fab-
rication of electrodes, sensors, and actuators that can be
integrated with neural tissue®®. Traditional bioelec-
tronics, predominately fabricated from rigid inorganic
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Fig. 1 Schematic illustration showing the additives, fabrication and formats of PEDOT: PSS-based bioelectronics as well as their application in brain

materials (e.g., metals, silicon) demonstrate high con-
ductivity, but suffer from critical mechanical module
mismatch (~10°-10° times stiffer than brain tissue). The
mechanical disparity creates disconformable interfaces,
inducing tissue damage during device insertion and
chronic shear-stress during physiological brain move-
ments, which triggers neuroinflammatory response’ .
PEDOT:PSS-based conductive materials demonstrate
superior biocompatibility and mechanical module
matching (~0.1-10 MPa vs 1-4kPa for brain tissue)'’
compared to many conventional inorganic counterparts.
The intrinsic tissue-like compliance effectively suppresses

foreign-body response and minimizes perturbation to
neural microenvironments. In addition, PEDOT:PSS-
based bioelectronics exhibit good electrochemical stabi-
lity. In an experiment, it was found that a thicker PED-
OT:PSS coating (in the range of 105-900 nm coating
thickness) on gold electrodes can resist more electrical
pulses and higher voltages without losing their charge
injection capability'>. All of these properties enable stable
brain modulation in chronic practices®. Compared to
other conductive polymers, such as polypyrrole (PPy) and
polyaniline (PANI), PEDOT:PSS offers superior solution
dispersibility and higher conductivity, making it an ideal
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candidate for bioelectronic fabrication'®. Additionally,
various additives can be incorporated into PEDOT:PSS-
based composites to further enhance the conductive and
mechanical performance. Owing to these merits, PED-
OT:PSS-based conductive biomaterials have been widely
utilized in bioelectronics, either as hydrogels or thin films
deposited on substrates, and we have summarized them in
Table 1.

PEDOT:PSS’s versatility is further enhanced by its
adaptability to various fabrication techniques, including 3D
printing and 2D modification technologies, making it a
highly scalable option for bioelectronics. 3D printing
technology enables the precision fabrication of customized
architectures and integrated electronic components.
Especially, 3D technologies provide feasible and con-
trollable processes for printing PEDOT: PSS-based hydro-
gels as bioelectronic interfaces. The hydrogel-based
ultrasoft bioelectronics (kPa scale) have a similar
mechanical modulus to brain tissue, making them a pro-
mising candidate for long-term brain modulation with
reduced inflammatory responses. In contrast, conventional
2D fabrication methods (e.g., spin coating, electrochemical
deposition, and photolithography)'* dominate applications
requiring nanoscale-to-micron resolution'>®. This level of
precision is critical for the fabrication of fine features, such
as microelectrodes, electrode arrays, and intricate patterns
that are required for bioelectronic devices like neural
interfaces or biosensors.

Brain monitoring and modulation is an important sub-
ject in brain science research, which is necessary to explore
the mechanisms of how brain controls feeling, behavior,
and cognition. Brain monitoring and modulation studies
provide different kinds of paradigms (invasive, semi-inva-
sive, and non-invasive ways) to reveal the correlation
between the brain structures and functions at the cell,
tissue, and system levels*’”. Besides, brain neural activity
monitoring and modulation is an efficient medical
approach for the diagnosis and treatment of a series of
brain disorders, including epilepsy, Parkinson’s disease,
Alzheimer’s disease, sleep disorders, and major depression.
Critically, the emergence of chronic closed-loop deep
brain modulation systems has revolutionized therapeutic
precision by enabling real-time detection of pathological
biomarkers (e.g., amygdala gamma power) followed by
adaptive neurostimulation, resulting in sustained
improvement in depression'®, Moreover, in the cutting-
edge area of brain—computer interface, brain monitoring
and modulating technologies are critical to achieving high
neural signal detection and real-time translation'’.

Electrodes, as the connective channels between the
brain and external electrical devices, are the critical tools
for recording and modulating neural activity. The surface
property of electrodes often determines the quality of the
acquired neural signal. For example, low surface
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impedance electrodes are often preferred as they enable
relatively high-SNR neural signal acquisition. In addition,
a conformal contact between the skin and electrodes is
important to maintain stable signal acquisition®>*,
Developing flexible, comfortable, stable, high charge
injection capacity (CIC), high spatial-temporal resolution
neural electrodes is necessary for achieving precise and
robust neural stimulation as well as for acquiring accurate
and reliable neural signal®>.

Considering the rapid development of PEDOT:PSS and
neuroscience research, as well as the tremendous poten-
tial for the application of PEDOT:PSS-based bioelec-
tronics in neuroscience studies, this review explores the
cutting-edge developments in PEDOT:PSS-based organic
bioelectronics for brain neural monitoring and modulat-
ing. We focus on advancements in material properties,
fabrication strategies, and their integration into neural
devices. In the end, we provide the outlook for the future
opportunities and challenges, such as the development of
multifunctional ~ bioelectrodes and  environment-
responsive bioelectronics, the application of advanced
3D/4D/5D printing technology for interface fabrication,
as well as the clinical considerations.

PEDOT:PSS-based conductive biomaterials

PEDOT:PSS’s structure, comprising positively charged
PEDOT chains complexed with negatively charged PSS
chains, imparts unique properties, including solution
processability and high electronic/ionic conductivity.
PEDOT:PSS is a polyelectrolyte complex consisting of two
constituents. Among the complex, PEDOT is the con-
ductive component with positive charges, formed by the
polymerization of 3,4-ethylenedioxythiophene (EDOT)
monomer, where the sulfur atoms in the two ethylene-
dioxy groups attached at the 3 and 4 positions of the ring
ensure electronic conductivity by m-electron delocaliza-
tion along the polymer backbone®?*, PSS is an insulating
polymer carrying negative charges derived from poly-
styrene with the functionalization of sulfonate group
(-SO3H)*. Due to the inherent hydrophobicity of PEDOT
in aqueous environments, PSS can electrostatically adsorb
onto the PEDOT surface through Coulombic interactions,
effectively stabilizing the insoluble polymer into a water-
dispersible colloidal system when the generally accepted
complex structure model is the small segments of PEDOT
in close contact with the PSS bundles®®. In water disper-
sion, PEDOT chains aggregate due to m-m interactions
and Van der Waals forces and the formed crystalline
domains provide pathways for electrical conduction when
the PSS matrix takes up solvated ions and water to induce
ionic transport and enhance the water solubility and
dispersibility of the complex, enabling the diverse 2D/3D
solvent processing techniques, such as direct ink writing,
inkjet printing, and spin coating®*’.
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The charge transport efficiency in PEDOT:PSS systems
is fundamentally constrained by their inherent morpho-
logical characteristics. In pristine PEDOT:PSS, the
amorphous arrangement creates topological disorder
through random chain orientations and insufficient m-mnt
stacking. This structural discontinuity establishes multiple
charge trapping sites, significantly impeding long-range
carrier mobility***®, Furthermore, in pristine PED-
OT:PSS, the concentrations of charge carriers—polaron
(PEDOT™) and bipolaron (PEDOT?") are low and their
distribution is localized. These limitations result in a
conductivity of less than 1.0 S/cm*®. Beyond conductivity,
pristine PEDOT:PSS also has a low solid content
(1.0-1.3%), making it too diluted for efficient solvent
processing using the aforementioned techniques®.
Moreover, there is an inherent trade-off between con-
ductivity, mechanical flexibility, and stability in pure
PEDOT:PSS. While a highly ordered and strong stacking
PEDOT matrix increases conductivity, it also increases
modulus and rigidity®'. Pure PEDOT:PSS exhibits limited
flexibility with a relatively high Young’s modulus
(1-2 GPa), and poor stretchability with an elastic strain of
only 2% due to the rigid and brittle PEDOT-rich domain.
These mechanical constraints hinder its long-term
applications in contact with brain tissue®’. These draw-
backs have spurred research into additive strategies to
optimize the electrical, rheological, and mechanical per-
formance. The commonly employed additives include
second dopants, viscoelastic polymers, and conductive
fillers (Fig. 2). Second dopants are the most widely used
fillers that can significantly enhance conductivity; how-
ever, they often exhibit a certain level of toxicity and are
not easily removable. Viscoelastic polymers can improve
the viscoelasticity and rheological properties of PED-
OT:PSS, but their insulating nature may lead to a decrease
in conductivity. Conductive fillers can enhance both
conductivity and mechanical properties, yet they come at
a higher cost and pose a risk of aggregation. Crosslinkers
can improve mechanical performance but may reduce
conductivity and generally require laser-induced
crosslinking.

Second dopants

In pristine PEDOT:PSS, the excessive insulating PSS
chains cause a discontinuous conducting pathway in
PEDOT, thus limiting charge transport®***, Second
dopants can modify the primary PSS-doped PEDOT by
weakening the Columbic interactions between PEDOT+
and PSS-, inducing phase separation between PEDOT and
PSS chains. This process alters the PEDOT conformation,
leading to the formation of PEDOT-rich domains with
enhanced crystallinity and crystal ordering, which facil-
itates the transport of polarons or bipolarons, thereby
improving electrical conductivity>>~>°. Macroscopically,
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phase separation and conformation rearrangement also
increase the colloidal density of PEDOT, resulting in
higher viscosity and making the material more suitable for
3D printing*. Beyond promoting PEDOT-PSS separation,
second dopants can significantly expand the free volume
within PEDOT:PSS polymer chains, enhancing flexibility
and stretchability®’. The most well-studied second
dopants for PEDOT:PSS include polar solvents, ionic
liquids, deep eutectic solvents, surfactants, and strong
acids. Polar solvents promote the rearrangement of
PEDOT chains, which enhances charge transport, and
they are generally low-cost and easy to integrate into
solution processes. However, their rapid evaporation can
affect film uniformity if not carefully controlled, and they
may not achieve the same level of conductivity enhance-
ment as ionic liquids or strong acids. Ionic liquids, on the
other hand, can improve both the electronic properties
and the flexibility of PEDOT:PSS, often resulting in high
conductivity. Their main drawbacks are higher cost and
potential biocompatibility issues due to residual ionic
liquid, which can be a concern in sensitive bioelectronic
applications. Deep eutectic solvents offer a greener
alternative, as they are typically composed of benign, low-
cost ingredients. Although they improve processability
and film formation, their enhancement of electrical
properties is generally less dramatic compared to ionic
liquids. Surfactants lower surface tension, enabling more
homogeneous coatings and better interface contact with
substrates. Despite this advantage, they do not sig-
nificantly boost conductivity and, in some cases, excessive
surfactant content may even hinder electrical perfor-
mance. Strong acid treatments can effectively remove
excess insulating PSS, leading to a highly conductive,
PEDOT-rich film with substantial conductivity improve-
ments. However, the harsh conditions associated with
strong acids can damage flexible substrates or delicate
biointerfaces, and residual acidity may render them
unsuitable for certain bioelectronic applications.

Polar solvents

Polar solvents with a high boiling point are well-
investigated second dopants for increasing the con-
ductivity of PEDOT:PSS. When these solvents are added,
the polar groups form hydrogen bonds with the sulfonic
acid groups of PSS. This interaction triggers the dissolu-
tion and partial diffusion of PSS away from PEDOT, along
with structural rearrangement, thereby improving con-
ductivity’’. Among these solvents, dimethyl sulfoxide
(DMSO) is the most commonly used to boost the per-
formance of PEDOT: PSS-based conductive materials. In
one experiment, enhanced structural order and mn-stacking
intensity were observed after DMSO treatment, as mon-
itored by wide-angle grazing incidence scattering®®. To
compare the performance of various polar solvents, a
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PEDOT:PSS with
second dopants

PEDOT:PSS with
viscoelastic polymers

PEDOT:PSS with
conductive fillers

PEDOT:PSS with
crosslinkers

Fig. 2 Graphic illustration of PEDOT: PSS-based conductive materials. a Schematic illustration of PEDOT:PSS. Left: molecular structure; Right:
PEDOT:PSS in aqueous phase. b Schematic illustration of PEDOT:PSS with different additives in aqueous phase. Second dopants facilitate the PSS
chain separation from the PEDOT:PSS complex (blue arrow) by charge screening effect. The phase separation enables PEDOT chain arrangement and
the formation of 1 stacking (yellow dashed line), which improves the electrical transduction (yellow star). Viscoelastic polymers form hydrogen bond
with PSS chain (blue dashed line), making the complex system more viscous and stretchable. Conductive fillers enhance the charge transport (white
dashed line). Simultaneously, the fillers promote PSS removal (blue arrow) and PEDOT chain arrangement (yellow dashed line), all of which enhance
the conductivity (yellow star). Crosslinkers form a long interconnected network with PEDOT:PSS systems by hydrogen bond with PSS (blue dashed

line)

surfactant-free PEDOT:PSS dispersion was individually
mixed with 5wt% of ethylene glycol (EG), DMSO, N, N-
dimethylformamide (DMF), or glycerol for inkjet printing.
The resulting printed objects exhibited sheet resistance
values of approximately 335, 767, 1914, 2371 Q/sq for the
EG, DMSO, DMF, and glycerol inks, respectively, while
pure PEDOT:PSS ink showed a sheet resistance of around
6.2kQ/sq. This clearly demonstrates that polar solvents
can effectively reduce resistance and enhance con-
ductivity®®. Additionally, other glycol-based additives—
such as diethylene glycol, triethylene glycol, hexaethylene
glycol, and ethylene glycol monomethyl ether also
exhibited improvement in conductivity®’. Beyond this,
solvents like sorbitol®®, methanol®, and acetone™ have
demonstrated the capability to increase both crystal-
lization and conductivity of PEDOT:PSS.

lonic liquids

Ionic liquids (ILs) are organic salts that remain liquid at
ambient conditions, eliminating the need for dissolution
in another solvent. Their bulky and asymmetric organic
anions and cations hinder the lattice formation*"**, Based
on the hard-soft-acid-base principle, ILs with hydrophilic
hard cations and hydrophobic soft anions can decouple
the hydrophilic PSS- from the hydrophobic PEDOT +,
promoting the growth of conductive PEDOT+ domains.

The low binding energy between the cations and anions
enables an ion exchange with PEDOT:PSS, as shown in
the equation:

PEDQOT : PSS + Cation: Anion < PEDOT : Anion
+PSS: Cation

The strong counterion exchange not only facilitates the
separation of PEDOT and PSS but also enhances the
hydrogen bonding between colloidal particles, leading to
improved PEDOT chain arrangement, increased crystal-
linity, and the formation of band-like carrier transport
pathways. These effects are critical for improving both the
rheological properties and electrical conductivity of
PEDOT:PSS***3, Meanwhile, the ILs can increase the free
volume within the material, making PEDOT:PSS more
stretchable®'. For example, Vivian et al. demonstrated that
the ionic liquid, (3-butyl-1-imidazolio)-1-butanesulfonic
acid triflate (BIM-Tf), can screen the electrostatic repul-
sion between the PEDOT:PSS microgels, promoting the
formation of a connected macroscopic network and
increasing gel strength, as indicated by the storage mod-
ulus (@), with rising ionic strength**. Another commonly
used ionic liquid is 1-ethyl-3-methylimidazolium (EMIM):
tetracyanoborate (TCB), which induces PEDOT:PSS
gelation®®. Moreover, studies have shown that protic but



Li et al. Microsystems & Nanoengineering (2025)11:87

not acidic ILs, N-propyl pyrrolidinium (PYR3):TCB and
N-ethylimidazolium (EIM):TCB outperform EMIM:TCB
in enhancing PEDOT domain size, order, and p-doping
level®. Additional additives like lithium bis (tri-
floromethanesulfonyl) imide (Li-TESD)*, Cobalt (II)
chloride hexahydrate (CoCl,-6H,O-ChCl)*® have also
been found to improve the crystalline conformation and
transduced conductivity of PEDOT:PSS. However, the
toxicity of most ILs, which can lead to cell damage, limits
their applications in bioelectronic interfaces. In contrast,
tris(2-hydroxyethyl)-methylammonium methylsulfate
(IMTEOA][MeOSQs3]), a third-generation IL, is favored
for its low environmental toxicity, good biocompatibility,
and biodegradability*’. It has been shown to enhance
the PEDOT chain ordering, achieving a conductivity of
625 S/cm, while not causing statistically significant cell
death, detachment, or containment on human dermal
fibroblasts, human keratinocytes, human epidermal
keratinocytes, and human colon mucosal epithelial over a
2-day testing period””.

Deep eutectic solvents

Deep eutectic solvents (DES) are low-melting mixtures
formed by combining two or more components in a
specific molar ratio. DES exhibits melting points lower
than those of their individual components, primarily due
to the formation of an extensive hydrogen bonding net-
work®™*!, The cation species in DES can interact with
PSS-, thereby weakening the Coulombic interactions
between PEDOT and PSS and promoting increased
PEDOT crystallinity. And the intermolecular hydrogen
bonds between DES and PEDOT:PSS facilitate improved
PEDOT chain alignment and network formation, leading
to more efficient charge transport and enhanced
mechanical stability. Moreover, the highly polarizable
anionic and cationic species in DES have been reported to
enhance the ionic conductivity within the PEDOT:PSS
blend®**?, Compared to traditional organic polar solvents
such as DMSO and ILs, DESs are more environmentally-
friendly, cost-effective, easier to prepare, and exhibit
higher biodegradability and biocompatibility®*. Lever-
aging these advantages, choline chloride: lactic acid
(ChCLLAC) was incorporated into photoactive PED-
OT:PSS-poly(ethylene glycol) diacrylate (PEGDA) inks,
resulting in up to a ninefold improvement in electronic
conductivity (~26-36 S/cm) compared with PEDOT:PSS-
PEGDA alone. This enhancement was accompanied by
increased intermolecular interactions, as evidenced by
higher storage and loss moduli. Furthermore, the result-
ing composite material demonstrated good biocompat-
ibility, as it did not induce significant cell death in two
fibroblast cell lines over a 24-h culture period®>. Owing to
the dual electronic and ionic conductivity and extensive
hydrogen  bonding interactions in  DES-doped
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PEDOT:PSS, Li et al. developed an interpenetrating net-
work comprising PEDOT:PSS, gelatin and a DES com-
posed of glycerol and choline chloride in a 1:1 ratio. This
composite achieved an impressive modulus of approxi-
mately 0.3—1.1 MPa and exhibited high conductivity along
with an SNR of 30-40 dB™".

Surfactants

Surfactants enhance the conductivity, mechanical prop-
erties, and wettability of PEDOT:PSS through several
mechanisms. First, they disrupt the interactions between
PEDOT and PSS, thereby improving the m—mn stacking of
PEDOT chains and facilitating the removal of PSS. Second,
Second, by increasing the free volume between polymer
chains, surfactants enhance the stretchability of the mate-
rial. Third, they improved the wettability of PEDOT:PSS on
hydrophobic substrates e.g., polydimethylsiloxane (PDMS),
leading to more uniform dispersion, stronger adhesion, and
smoother films®’~°, For example, fluorosurfactant Zonyl
exhibits a synergistic effect with DMSO by not only
enhancing the conductivity of PEDOT:PSS but also
improving its wettability. This enables the facile deposition
of conductive films on PDMS, resulting in stretchable and
flexible electrodes®®. Other non-ionic surfactants, such as
4-dodecylbenzenesulfonic acid (DBSA)®’, polyoxyethylene
octyl phenyl ether (Triton X-100)°%, Tween 80°*-have also
been shown to positively impact the mechanical stability,
conductivity, and film processing characteristics of PED-
OT:PSS. Ionic surfactants tend to be more effective than
non-ionic ones because their ionic units can interact more
strongly with the charged species in PEDOT:PSS through
electrostatic interactions”'. In a study by Chen et al.,, both
cationic surfactants (butyl trimethyl ammonium bromide,
hexyltrimethylammonium  bromide, and  N-octyl-
trimethylammonium bromide) and anionic surfactants
(sodium octyl sulfate, and sodium dodecyl sulfate) pro-
moted phase separation by interacting with PSS- or
PEDOT+, and they increased the free volume for the
motion of the polymer chains by introducing soft alkyl
segments. Notably, cationic surfactants exhibited a stron-
ger effect on enhancing the stretchability of PEDOT:PSS, as
they could break the hydrogen bonds among PSS chains
and further increase segmental mobility—an effect not
observed with anionic surfactants®®.

Acids

Strong acid treatment can induce proton transfer from
the acids to the PSS groups in PEDOT:PSS, promoting
phase separation that increases solid content, elongates the
conjugated PEDOT chain length, and enhancesn—mn
stacking, resulting in enhanced conductivity and mechan-
ical stability®*®”. To investigate the effects of acid proper-
ties on the conductivity of PEDOT:PSS, researchers added
various mineral acids—sulfuric acid (H,SO,), perchloric
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acid (HCIO,), phosphorousacid (H3;POs), pyrophosphoric
acid (H4P,0,), phosphoric acid (H3PO,), nitric acid
(HNO3), hexafluorophosphoric acid (HPFg), hydrochloric
acid (HCI), and sulfurous acid (H,SO3)—at different con-
centrations to pristine PEDOT:PSS. The results indicated
that acids with high boiling point (Tb >150 °C) and low acid
dissociation (pKa<3) were prerequisites for conductivity
enhancement. Moreover, the softness parameter of the acid
anion played a critical role: anions with lower softness
parameters, due to their higher polarizability, form stronger
interactions with PEDOT", leading to more efficient dop-
ing. Since H,SO, met these criteria, 0.08 M H,SO,4-doped
PEDOT:PSS achieved the highest conductivity of
2244S/cm®. Although strong acids can significantly
enhance the conductivity, their interaction with plastic
substrates can compromise the stability of bioelectronic
devices. To address issues related to corrosion and residual
acid, milder treatments using methanesulfonic acid
(CH4SO3) or H3PO, have been employed, achieving
conductivity enhancements comparable to H,SO, while
offering better stability on plastic substrates.

Viscoelastic polymers

Viscoelastic polymers exhibit both viscous and elastic
properties when deformed. These polymers can enhance
the mechanical flexibility and stretchability of PEDOT:PSS
films by absorbing and dissipating mechanical stress,
imparting mechanical properties similar to their own. It
should also be noted that the introduction of viscoelastic
polymers can enhance the durability and mechanical sta-
bility of the conductive network in PEDOT:PSS. They can
lower the probability of cracking or damage that might
occur to the conductive network when PEDOT:PSS is used
in various situations, therefore expanding its range of
applications®’. In addition, these polymers have a sig-
nificant impact on the processing characteristics of PED-
OT:PSS. They increase the solution’s viscosity and impart
desirable rheological properties, such as shear-thinning
behavior. This means that when shear force is applied, the
solution becomes less viscous, making it easier to handle
during processes like coating, printing, or spraying. This
improvement simplifies solvent-based processing techni-
ques and can lead to more consistent and high-quality film
formation®?!. A variety of polymers -such as polyethylene
glycol (PEG)®®, poly (vinyl alcohol) (PVA)**~"% poly (e-
caprolactone) (PCL)”?, poly (lactic acid) (PLA)’*, poly-
urethane (PU)">7®, and polyethylene oxide (PEO)""78—
have been employed to enhance the elasticity and rheolo-
gical properties of PEDOT:PSS-based systems. For exam-
ple, a stretchable material fabricated by incorporating PEG
and PU into PEDOT:PSS exhibited high elongation at
break (350%), high toughness (24.6 MJ/m?), moderate
conductivity (10S/cm) as well as excellent recyclability
with no significant loss in mechanical properties and
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conductivity after 20 cycles of use. The improvement in
mechanical stability is primarily attributed to the optimized
composite design. This mechanical stability arises from the
composite design: the soft segments of PU improved the
self-healing and recyclability, and its hard segments
enhanced the strength and durability. PEG interacted with
both PU and PEDOT:PSS via hydrogen bonding, promot-
ing flexible chain mobility and energy dissipation under
stress’”. However, most viscoelastic polymers are insulat-
ing, potentially reducing PEDOT:PSS conductivity. The
balance between conductivity and mechanical as well as
rheological properties can be regulated by tuning the
PEDOT:PSS-to-polymer ratio®’. Exceptions like PEO can
enhance conductivity as well as mechanical and rheological
properties at the same time. Under nitrogen protection and
heat treatment, PEO interacts with PSS~, prompting the
partial release of PEDOT from the complex. The liberated
PEDOT chains then entangle to form interconnected net-
works, which enhance electrical transport while preserving
the viscoelastic property of the composite. However,
despite these advantages, the required thermal processing
under nitrogen conflicts with scalable manufacturing pro-
tocol, and prolonged heating may degrade the long-term
performance of PEDOT:PSS, which restricts PEO’s wide-
spread application®***®!, In a study by Plog et al,, various
viscoelastic ~ polymers-including  PEO,  poly(N-iso-
propylacrylamide) (PNIPAM) and polyacrylamide (PAM)-
were evaluated for their effects on the electrical con-
ductivity and rheological behavior of PEDOT:PSS disper-
sions. All three polymers induced shear-thinning behavior
(where viscosity decreased), a crucial attribute for many
liquid processing techniques that require high viscosity at
low shear rates (1/s). However, only 52 wt% PEO achieved
an electrical conductivity more than 15 times higher than
that of pristine PEDOT:PSS®. Similarly, carbox-
ymethylated cellulose improves both the conductivity and
stretchability of PEDOT: PSS-based bioelectronics. The
hydroxyl groups in cellulose interact with the sulfonate
groups on PSS, promoting phase separation between
PEDOT and PSS, and facilitating the formation of a more
interconnected, conductive network with enhanced resis-
tance to mechanical stress. Moreover, as a natural polymer,
cellulose is inherently more biocompatible and biode-
gradable than many synthetic polymers®~%°,

Conductive fillers

Conductive fillers offer satisfying conductivity and can
further enhance the electrical performance of PED-
OT:PSS. Their interaction with PEDOT:PSS creates an
interconnected network that not only improves electron
transport but also enhances the rheological properties and
mechanical stability of the final product®*®. Conven-
tional conductive fillers include metal salts, metal-based
nanostructures, and carbon-based nanostructures. For
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instance, Wang et al. found that a series of metal halides
(InClz, CuCl,, NiCl,, MgCl,, LiCl, and NaCl) can effi-
ciently improve both conductivity and elongation ability.
This improvement was attributed to the strong interac-
tion between metal halides and PSS-, which resulted in
the removal of PSS and the accumulation of PEDOT®®,
Additionally, the hydrophilic 2D transition metal carbide,
Ti3C, Mxene nanosheet, has been reported to enhance
the rheological properties and conductivity of PED-
OT:PSS. Inks incorporating MXene exhibit distinct shear-
thinning properties and a yield stress up to 398 Pa, mak-
ing them ideal for extrusion-based printing. Meanwhile,
hydrogels printed from these inks achieved high
conductivity of ~1525.8 S/m at low solid concentration
(>wt%), due to the phase transition and redispersion of
PEDOT:PSS induced by the Mxene interaction®. Other
metallic-based nanostructures, such as gold nanoparticles
(Au NPs)”, silver nanowires (Ag NWs)’!, and molybde-
num disulfide (MoS,)”?, have also been incorporated into
PEDOT:PSS-based materials. In contrast, carbon-based
nanocomposites are low-cost, environmentally-friendly
and easily functionalized®. These carbon-based fillers
enhance conductivity by inducing PEDOT separation
through a charge screening effect and promoting PEDOT
chain rearrangement. Various carbon-based materials,
including 0D carbon dots™*, 1D carbon nanotubes®, 2D
materials such as graphene, graphene oxide (GO)%, and
reduced graphene oxide (rGO)”’, have been investigated
to improve both the conductive and mechanical proper-
ties of PEDOT:PSS.

Crosslinkers

Crosslinkers are agents which connect two polymers
through physical or chemical interactions, altering the
molecular arrangement to enhance mechanical proper-
ties, rheological properties and conductivity. Physical
crosslinking methods for PEDOT:PSS include ionic
bonding, hydrogen bonding, m—m stacking, and metal
coordination®®, For instance, sodium trimetaphosphate
(STMP) serves as an ionically conducting inorganic
binder that improves both the conductivity and
mechanical strength of conductive materials®®. When
incorporated into PEDOT:PSS hydrogels, STMP indu-
ces sufficient physical crosslinking to improve the
hydrogel conductivity, wettability, and rheological
properties'®. Similarly, Mydhili et al. developed a
composite of PEDOT:PSS, PVA, and GO that exhibited
enhanced conductivity. This improvement was attrib-
uted to the strong m—m interaction between GO and
PEDOT:PSS, as well as hydrogen bonding between PVA
and PEDOT:PSS'". In addition to these approaches,
second dopants, strong acid treatments, viscoelastic
polymers, and conductive fillers also enhance the
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conductive and mechanical performance of PEDOT:PSS
inks by physical crosslinking.

Chemical crosslinking in PEDOT:PSS systems is
typically achieved through the formation of covalent
bonds, with radical polymerization being one of the
most widely applied strategies. In radical polymeriza-
tion, monomers polymerize in the presence of initia-
tors, commonly photoinitiators that generate reactive
species under light irradiation. These reactive species
attack or modify the functional groups on the mono-
mers to initiate a chain reaction. Different photo-
initiators induce the photopolymerization via distinct
mechanisms. The free radical photoinitiators, such as
derivatives of benzoin, acetophenone, hydroxyalk-
ylphenones, and acylphosphine, generate free radicals
upon light irradiation that attack the double bonds in
monomers, like acrylate and methacrylate derivatives.
In contrast, cationic photoinitiators such as aryl iodo-
nium salts and sulfonium derivatives produce acids
when exposed to light, which react with vinyl ethers
and epoxy resins to induce chain extension'®*7'%* The
polymerization process yields interconnected polymer
networks that physically trap the PEDOT:PSS, thereby
enhancing the composite’s structural integrity. Mate-
rials such as PEG diacrylate (PEGDA)'®, PEG dime-
thacrylate (PEGDMA)'%, gelatin methacrylate'®’, and
polymethyl methacrylate (PMMA)'*® have exhibited
good gel formation ability and have been widely applied
in PEDOT:PSS-based inks. In one study, PEDOT:PSS,
PEGDA was mixed with PEGDA of various molecular
weights (M, = 250, 575, 700 Da) and photoinitiators to
produce photocurable inks. These inks were processed
using 3D digital light printing to form flexible, shape-
defined hydrogels. The resulting crosslinked hydrogels
exhibited soft mechanical properties, with a Young’s
modulus of ~3 MPa-comparable to human skin tissue.
And because the hydrogels were formed by free radical
species-induced crosslinking at the end of PEGDA
chains, lower molecular weight (shorter chain length)
PEGDA resulted in a higher cross-link density and
smaller mesh size. The reduced mesh size limited the
hydrogel’s swelling and concentrated the PEDOT
within the network, thus increasing the conductivity'®”.
Chemical crosslinking can also be induced through
reactions between small molecules and the functional
groups of polymers. For example, adding borax into the
PEDOT:PSS/PVA hydrogels induced reversible borax/
hydroxyl bonds between borax and PVA matrix, along
with hydrogen bonds between PSS and either PVA or
borax. These interactions significantly improved the
mechanical integrity and electrical-healing ability of the
hydrogel after mechanical damages'®’.

Intensive studies have demonstrated that the combina-
tion of multiple additives, rather than a single additive,
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can synergistically enhance the conductivity, stretch-
ability, and flexibility of PEDOT:PSS-based bioelectronics.
For instance, a conductive hydrogel was developed using
PEDOT:PSS, polyacrylic acid (PAA), and MXene. In this
system, the hydrophobic aggregation microregions within
the PAA crosslinked PEDOT:PSS dissipated energy in
response to the external stress, while the 2D MXene
introduced abundant intermolecular interactions and
formed a conductive network within the hydrogel. As a
result, the resulting composite hydrogel exhibited
enhanced mechanical properties and conductive perfor-
mance’'®. In another study, an elastic, conductive
(0 >140S/cm) and highly stretchable (¢ >600%) compo-
site  material with a low Youngs modulus
(E<7MPa) was developed. In this composite, PED-
OT:PSS served as the conductive component, while PU
functioned as an elastomer. Additionally, the ionic liquid
EMIM:tricyanomethanide (TCM) not only enhanced the
mechanical and conductive properties of the composite
but also facilitated the aqueous dispersion of PU through
its ionic groups'''. A recent study demonstrated that the
multicomponent interaction within a PEDOT:PSS com-
posite— comprising graphene, sodium dodecyl sulfate
(SDS), and bis(trifluoromethane)sulfonimide lithium salt
(BSL)—enables  exceptional electrical conductivity
exceeding 4000 S/cm. This performance approaches the
conductivity range of metallic materials through a
combination of complementary mechanisms: graphene
establishes conductive pathways, SDS optimizes
component dispersion and interfacial contact, while
BSL enhances charge carrier mobility through ionic
coordination effects''?. Future work should explore
synergistic interactions among additives, considering
physicochemical properties, ratios, and printing methods
for specific applications.

Advanced fabrication techniques for PEDOT:PSS-
based bioelectronics

The widely investigated PEDOT:PSS-based bioelec-
tronics for brain monitoring and modulation are mainly
in the formats of hydrogels (Fig. 3a—c) or thin films.
Hydrogels provide excellent mechanical softness, which is
critical for interfacing with delicate neural tissues. They
also have high water content, which helps mimic the
natural environment of the brain and improves tissue
integration, reducing the risk of inflammation or scar-
ring''®, Thin-film bioelectronics are fabricated onto rigid
conductive (Fig. 3d—f) or flexible substrates (Fig. 3g—i).
The conductive PEDOT:PSS deposited on flexible sub-
strates, such as PDMS''%, can reduce the stiffness and
thus decrease the mechanical mismatch with brain tissue.
Meanwhile, the conductive PEDOT:PSS can be deposited
on traditional rigid conductive substrates (e.g., metal-
based substrates''®) when the conductive PEDOT:PSS
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film can serve as a buffer layer that enhances the charge
transfer efficiency and provides a relatively smoother,
more biocompatible interface than rigid metal substrates
for interaction with neural tissue. The next part in this
section will discuss the well-investigated 3D and 2D
technologies to construct PEDOT:PSS bioelectronics and
what requirements these technologies impose on the
properties of PEDOT:PSS materials.

3D printing technologies for bioelectronic fabrication

3D printing, also known as additive manufacturing, is a
process that constructs a wide range of three-dimensional
objects by layering materials based on a digital model.
Unlike traditional manufacturing methods, which often
involve material subtraction (e.g., cutting or drilling), 3D
printing builds objects from the ground up, offering high
versatility and material efficiency, especially for producing
complex geometries'®*. 3D printing of PEDOT:PSS-based
hydrogels enables the fabrication of intricate, flexible, and
conductive structures suitable for various biomedical and
electronic applications, including brain modulation. The
ability to tailor the properties of PEDOT:PSS-based
materials to align with printing requirements, and precise
control over process parameters, makes 3D printing a
highly promising approach for developing soft, conductive
materials with intricate designs. Three prominent printing
technologies—direct ink writing, inkjet printing (IJP), and
vat polymerization (VP), demonstrate distinct capabilities
and constraints in processing this water-soluble con-
ductive polymer.

Direct ink writing (DIW) specializes in extruding soft,
viscoelastic  hydrogels with moderate resolution
(50-400 um)*'®. DIW requires the ink with shear-
thinning behavior (viscosity: 1-1000 Pa-s at shear rates
1-100s™ "7, For printing PEDOT:PSS-based bioelec-
tronics, optimized ink formulations (5 wt% solid content)
can balance extrudability and shape retention, minimizing
lateral spreading while maintaining high conductivity and
stretchability''®''°, However, pure PEDOT:PSS has a
solid content of less than 1.3%, so it cannot be directly
used for DIW?’. It requires several ink engineering,
including solvent evaporation'*® and freeze-thawing'*', to
increase the solid content. Meanwhile, viscoelastic poly-
mers and conductive fillers can be added to the ink to
tune its rheological properties'*>. DIW devices provide
flexible process parameter control. Ian et al. investigated
the effects of printing orientation, the temperature of the
supporting platform, and nozzle diameter on the con-
ductivity of printed PEDOT:PSS products. The results
showed that the printing direction parallel with the
direction of current flow could achieve a lower resistance
than the perpendicular direction. Increasing the platform
temperature can increase the PEDOT n—mn stacking peak
intensity and crystallite size, inducing higher conductivity
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but the effects can be removed after DMSO treatment.  material deposition on flexible/metallic substrates

Additionally, the nozzle size didn’t significantly influence
the conductivity of the printed PEDOT:PSS modules'*’.

Inkjet printing (IJP) achieves high-resolution printing
(feature sizes <50 um) via precision droplet deposition
(droplet volume <10pL, spacing 1-7 um), suitable for
patterning microelectrode arrays'>*, Its non-contact

approach minimizes ink waste and supports multi-

However, stringent viscosity limits (2—-30 cP) necessitate
PEDOT:PSS dilution, compromising conductivity'*”'**,
Surfactants (e.g., SDS) stabilize jetting and improve sub-
strate wettability but may introduce biocompatibility
concerns'?’,

Vat Polymerization
polymerization (2PP),

(VP), particularly two-photon
enables fast fabrication of
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photocurable hydrogels with submicron resolution
(<1 um)—unmatched by DIW or IJP'*°. This capability is
critical for fabricating miniaturized neuromodulation
devices (e.g., fractal electrodes) requiring microscale fea-
ture control. Photocurable resins, such as PEGDA,
PEGDMA, and PVAMA are preferred in printing PED-
OT:PSS-based bioelectronics via VP owing to their high
hydrophilicity and biocompatibility'*!. To achieve rela-
tively high conductivity, the weight ratio of PEDOT:PSS
and photocurable resin is generally in the range of
2:3-1:1. A higher ratio of PEDOT:PSS may reduce the
ink’s printability, but a lower ratio may decrease the
conductivity of bioelectronics due to the insulating
property of photoresins'®3%, Among the three methods,
DIW is currently the most widely adopted 3D printing
method for fabricating PEDOT:PSS-based bioelectronics
in brain modulation. DIW dominates due to its unpar-
alleled versatility in processing shear-thinning PED-
OT:PSS hydrogels, enabling the fabrication of ultrasoft,
mechanically compliant constructs that seamlessly inter-
face with brain tissue. Unlike IJP—which suffers from
conductivity compromises due to mandatory ink dilution
and surfactant additives—DIW retains higher PED-
OT:PSS loading for superior charge transfer while
achieving moderate resolution (50—400 um) sufficient for
macroscale neural interfaces (e.g., cortical surface elec-
trodes). While VP (notably 2PP) offers submicron preci-
sion for microscale features, its reliance on photocurable
resins restricts PEDOT:PSS content, drastically reducing
conductivity. DIW’s compatibility with functional addi-
tives (e.g., carbon nanotubes, bioactive polymers) and
scalable workflow further solidify its preference for
creating implantable, tissue-integrated devices that bal-
ance conductivity, structural complexity, and chronic
biocompatibility—critical requirements absent in IJP’s or
VP’s material-process trade-offs.

2D printing technology for fabricating bioelectronics

2D fabrication methods focus on depositing uniform,
conductive PEDOT:PSS layers onto flexible or rigid sub-
strates. Among established techniques, spin coating and
electrochemical deposition dominate due to their scal-
ability, industrial compatibility, and ability to tailor
material properties for neural interfaces.

Spin coating offers a cost-effective and scalable
approach to deposit ultrathin (<100 nm), homogeneous
PEDOT:PSS films on diverse substrates (flexible or
conductive substrates)'*>. This method is particularly
suited for planar bioelectronic devices, such as elec-
trocorticography (ECoG) grids, where large-area, low-
impedance coatings are essential for high spatial
resolution and signal fidelity in cortical signal
recording.
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Electrochemical deposition (also called electro-
polymerization) enables site-specific, conformal growth of
PEDOT:PSS on conductive substrates (e.g., Pt and Auw)'3,
By directly integrating PEDOT:PSS with metallic micro-
electrodes, this technique reduces interfacial impedance
by up to 90% and significantly improves signal-to-noise
ratios'®>, These attributes make it indispensable for
chronic neural implants, such as deep-brain stimulation
electrodes, where stable, low-impedance interfaces are
critical for long-term electrical recording and stimulation
without performance degradation.

2D techniques (e.g., spin coating and ECD) excel in
depositing uniform, thin conductive layers on planar or
rigid substrates, offering high throughput, precise thick-
ness control, and compatibility with industrial workflows,
but lack structural complexity and tissue-like mechanical
compliance. 3D printing (DIW, IJP, and VP) enables
fabrication of customizable 3D architectures with soft,
hydrogel-like mechanics that better mimic neural tissue,
though at the cost of higher material complexity (e.g., ink
engineering for rheology) and trade-offs between print-
ability and conductivity. And its resolution limitations
(generally >50 um) restrict single-cell-level precision.
Thus, method selection hinges on application priorities:
3D techniques are preferred for chronic, conformal
interfaces (e.g., cortical surface conformers), whereas 2D
methods remain indispensable for acute, high-fidelity
devices (e.g., penetrating microelectrodes) demanding
subcellular feature control.

Postprocessing

Postprocessing methods are crucial for enhancing the
properties of PEDOT: PSS-based devices, such as con-
ductivity and mechanical flexibility. Among these meth-
ods, thermal annealing is the most commonly used. It can
increase the PEDOT:PSS matrices’ crystallinity and
enhance mechanical strength by increasing interlayer
adhesion'>®. This process also removes excess and bound
water, shrinking the insulating PSS regions and inducing
structural rearrangements that boost conductivity. How-
ever, controlling the annealing temperature is critical. It
should generally exceed 100 °C, with higher temperatures
requiring shorter annealing times. But excessively high
temperatures can degrade polymers, and different PED-
OT:PSS formulations with various additives have different
thermal stabilities'®. Therefore, annealing conditions
must be optimized for each specific PEDOT:PSS for-
mulation. Solvent treatment, such as acid or DMSO
treatment, can also enhance conductivity through a
doping effect illustrated in section 1.1. Additionally,
photocuring promotes the crosslinking of photosensitive
polymers, increasing molecular interactions and forming a
network that improves mechanical properties.
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Applications of PEDOT: PSS-based conductive
biomaterials for brain monitoring and regulation
PEDOT:PSS-based devices have emerged as versatile
tools in neuroscience and clinical applications, spanning
invasive, semi-invasive, and non-invasive paradigms. The
PEDOT:PSS-based materials are particularly valuable in
neural electrode design, where they enhance signal
detection and modulation capabilities—critical for eluci-
dating neural network dynamics, advancing cognitive
research, treating neurological disorders, and enabling
brain—computer interfaces (BCIs). By integrating PED-
OT:PSS as a coating layer, electrodes achieve reduced
electrical impedance, improved biocompatibility (miti-
gating immune responses), and enhanced mechanical
flexibility, ensuring better conformability to neural tissues.
Additionally, PEDOT:PSS serves as a standalone con-
ductive interface in substrate-free electrodes, further
simplifying device architecture. These innovations have
been validated across diverse modalities: invasive implants
for high-resolution neural recording, semi-invasive grids
for cortical surface mapping, and non-invasive wearables
for electrophysiological monitoring. Such applications
highlight their dual utility in both fundamental research—
such as probing neural circuit functions—and clinical
translation, including diagnostics, neuromodulation
therapies, and BCI development. As a result, PEDOT:PSS-
based electrodes represent a transformative advancement
in bridging technological performance with biological
compatibility, offering scalable solutions for under-
standing and interfacing with the nervous system'*®,

Invasive recording and stimulation

Invasive neural interfaces are indispensable tools for
high-resolution brain activity mapping and targeted neu-
romodulation. Invasive recording captures neural signals
across spatial scales—from single neuron action potentials
to synchronized assemblies'**'**—enabling precise
functional analysis for neurological disorder diagnosis and
therapeutic planning'*°. Similarly, invasive stimulation
techniques like deep brain stimulation (DBS) modulate
dysfunctional circuits through continuous/episodic elec-
trical impulses, offering clinical solutions for conditions
such as Parkinson’s disease'*'. For invasive neural
recording and stimulation, an electrode with a moderate
modulus possesses sufficient stiffness for precise insertion
into targeted brain regions while maintaining flexibility to
minimize tissue damage caused by mechanical mismatch
with the surrounding soft neural tissue. This mechanical
balance is critical for preserving structural integrity during
implantation and reducing chronic inflammatory
responses. Simultaneously, low electrical impedance
(<10kQ at 1kHz) is essential to enhance signal fidelity
during neural recording. However, conventional metal
electrodes face critical limitations: (1) Mechanical
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mismatch (Young’s modulus ~10-100 GPa vs. brain tissue
~1-4KkPa'®) induces chronic inflammation and glial
scarring, increasing interfacial impedance and signal
attenuation'*?; (2) High impedance (>1000kQ at 1kHz)
(3) Electrochemical corrosion and inflammatory cytokine
release cause neuronal loss near implants, degrading
recording fidelity over time'**, PEDOT: PSS-based elec-
trodes address these challenges through three synergistic
advantages: (1) Mechanical compatibility: a moderate
rigidity (modulus ~100-1000kPa) ensuring accurate
penetration when minimizing insertion trauma and
chronic foreign body response. (2) Electrochemical
superiority: high conductivity (>100S/cm) and low
interfacial impedance (generally <20kQ at 1kHz)
enhance SNR and CIC for stable recording/stimulation.
(3) Biostability: robust resistance to physiological degra-
dation maintains performance over months, unlike cor-
roding metal interfaces®>'**,

Single-unit recording

Single-unit recording, the most precise recording
method in neuroscience, can catch the intracellular firing
patterns of neurons and the extracellular spiking activity
of neurons in the vicinity of the deep electrodes'*>'%°,
Single-unit recording utilizes a micromanipulator to finely
control the electrode position to target the specific neu-
rons. For intracellular unit recording, the electrode
penetrates the neuron and measures the difference in
electrical potential between the inside of the neuron and
the extracellular fluid, where an external reference elec-
trode is placed. For extracellular unit recording, the
electrode detects voltage changes in the extracellular
space caused by the target neuron’s activity'*”'**, The
typical device for single-unit recording is microelectrodes
(MEAs). The ideal MEAs should have minimal size and
interface impedance to record the maximally localized
and high-quality signal. However, reducing electrode size
inherently elevates interfacial impedance due to reduced
effective surface area, thereby amplifying thermal noise
and degrading SNR'*. The application of PEDOT:PSS
coatings to MEAs improves electrode performance
through two synergistic mechanisms: surface roughening
that expands the effective contact area, and a dual
electrical-ionic conduction pathway that optimizes charge
transfer kinetics at the electrode-tissue interface, collec-
tively resulting in significant impedance reduction '*°.
Du et al. compared the neural recording performance of
bare gold electrode and PEDOT:PSS-coated gold elec-
trode. The mean impedance values of gold MEA and
PEDOT:PSS-gold MEA at 1kHz were 1449 and 52 kQ,
respectively. Despite the PEDOT:PSS-coated MEA’s
impedance remaining suboptimal, the decreased impe-
dance made the PEDOT:PSS-coated MEA showing rela-
tively distinct extracellular active potentials with
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distinguished waveforms and sortable units on each
channel when the signal recorded by gold MEA had
negligible active potentials with very low amplitude and
high noise'®'. Although the thin and conductive PED-
OT:PSS coating can lower the impedance, the rigid and
stiff metal core may still cause mechanical mismatch with
soft brain tissue, potentially leading to tissue damage or
glial scarring over time. To resolve the problem, Yuk et al.
developed a soft neural probe based on 3D-printed
PEDOT:PSS hydrogel for in vivo single-unit recording.
The dry-annealed PEDOT:PSS microstructures can be
readily converted into a soft (Young’s modulus <1.1 MPa)
and conductive (electrical conductivity up to 28 S/cm)
PEDOT:PSS hydrogel via subsequent swelling in a wet
environment. After being implanted into the mouse
dorsal hippocampus, the soft electrode could record dis-
tinctive action potentials in a freely moving mouse over
2 weeks'*. Similarly, Zeng et al. designed an integrated all-
hydrogel electrode for single neuron recording, but the
conductivity increased by nearly 150 times. The design
took advantage of the interaction between the positively
charged primary amine group on dopamine and the
negatively charged sulfate group on PSS to break the
Coulombic interaction between conductive PEDOT and
insulating PSS to promote the formation of ordered
PEDOT chains. Next, the laser was applied to induce
further phase separation to increase the PEDOT crystal-
linity. The two strategies significantly enhance the con-
ductivity of the hydrogel up to 4176 S/cm. Meanwhile, the
dynamic bonds provided by dopamine, combined with the
hydrogel’s porous structure, bolstered its flexibility and
promoted effective stress dissipation. The conductive
hydrogel was then incorporated into a 16-channel MEAs,
recording signals from individual or multiple neurons.
Unlike the rigid Ag electrode, the all-hydrogel neural
electrode didn’t cause any observable tissue damage and
inflammation response after 14-day implantation, making
it a promising tool for neural research'”. In addition to
electrical signals, the electrochemical detection of neu-
rotransmitters, particularly dopamine, plays a crucial role
in understanding neural system functions, with electro-
chemical methods serving as the primary approach for
dopamine measurement and analysis. Wang et al. devel-
oped a multifunctional MEAs with PEDOT:PSS-based
conductive materials and calcium alginate and chitosan
crosslinked network coated with a Nafion cation-
exchange membrane for synchronized measurement of
neural activity signal and dopamine level. And the com-
posite hydrogel was loaded with the anti-inflammatory
drug dexamethasone sodium phosphate to decrease the
post-implantation inflammatory reaction. The MEAs was
implanted into the ventral and dorsal hippocampal areas
of mice and could stably record the single neuron dis-
charges in 17 days and monitor the dopamine level in
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7 days. The dual-mode neural activity detection provided

new insights for detecting single neuron activity'*®.

Intracortical recording

Intracortical recording technology allows for direct
measurement of neural activity from populations of
neurons, including both action potentials (spikes) of
individual neurons and local field potential (LFP), which
reflect the slower, synchronized activity of many neurons
working together'*®. The process involves that the elec-
trodes are inserted into the target brain tissue under
control and record summed electrical activity. Intracor-
tical recording primarily relies on extracellular electrodes,
including metal probes and microelectrode arrays
(MEAs). However, as discussed previously, conventional
metal electrodes face several limitations: elevated impe-
dance in physiological environments, inadequate bio-
compatibility, and mechanical mismatch with neural
tissue. To address these challenges, researchers have
developed advanced PEDOT:PSS-coated electrodes with
enhanced performance. For example, Li et al. utilized
PEDOT:PSS-coated Pt nanoparticle composites to fabri-
cate MEAs for investigating the role of the hippocampus
and the Barrel Cortex in spatial navigation. The PED-
OT:PSS coating significantly reduced the impedance of Pt
MEAs, demonstrating a substantial decrease from 21 kQ
to about 3kQ at 1kHz'*. To improve the biocompat-
ibility and softness further, the MEA fabricated from a 3D
interpenetrating conductive polymer network was devel-
oped. The hydrogel network composed of crosslinked
PEDOT/PSS/PVA exhibited a porous structure, empow-
ering the MEA with good flexibility (Young’s modulus
about 191 kPa) and stretchability (72% strain). Then the
MEAs were implanted into the dorsal hippocampus of
rats, and the spontaneous action potentials were recorded
before and during the light stimulation. The MEAs dis-
played good biocompatibility in vitro and in vivo and kept
the neural recording capacity for up to 12 weeks'*”.
Intracortical recording is an effective tool not only for
investigating neural network dynamics and connectivity,
but also for studying abnormal electrical activity in neu-
rological disorders. Owing to the good conductivity and
biocompatibility, PEDOT:PSS-based MEAs have been
applied in monitoring the change of striatal electro-
physiological activities during epileptic seizure'>'*”, and
abnormal neuroactivity of the delta band and beta band in
Parkinson’s disease model mice'®, Multimodal detection
of neural electrophysiological signals and neuro-
transmitters is meaningful to study the neurodynamic
process in detail. Lu et al. prepared MEAs based on the
composite of PEDOT:PSS, Pt NPs, and MWNCT for
electrical signal detection and modified with Nafion film
for dopamine detecting. The m—m conjugation between
the conjugated PEDOT and MWNCT made the
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PEDOT:PSS with good arrangement on the electrode,
which increased the electrodes’ conductivity and charge
transfer ability. These properties enable the electrode to
achieve a detection limit of 0.05puM for DA detection,
with a wide linear range of 0.05 to 70 uM. For in vivo
validation, the optimized electrodes were surgically
implanted in specific brain regions of sleep-deprived rat
models targeting the right lateral cortex and caudate
putamen (CPU) for simultaneous recording of dual-mode
neural signals. The synchronous measurement of neuro-
chemical and neurophysiological signals provided a good
reference for multimodal neural activity detection for
neurologic disease diagnosis and monitoring'®’.

Intracortical stimulation and recording

Simultaneous intracortical stimulation and recording
allow researchers to both stimulate and record neural
activity within the same brain region or across multiple
regions at high spatial and temporal resolution, providing
a powerful technique to investigate the functional prop-
erties of neural circuits, brain plasticity, and the causal
relationships between neural activity and behavior'®. For
intracortical electrical stimulation, small currents are
applied through electrodes to make the neurons depo-
larized or hyperpolarized*®'. Simultaneously, neural
activity (e.g., spikes and LFPs) is recorded from the same
or nearby electrodes. MEAs serve as the standard tool for
invasive brain stimulation and recording, leveraging their
multi-site architecture to enable high-density electro-
physiology and spatially targeted neuromodulation. For
electrical stimulation, two parameters govern perfor-
mance: charge storage capacity (CSC) and charge injec-
tion capacity (CIC). CSC has a minimum threshold of
0.5 mC/cm” for effective stimulation, quantifying the total
charge stored at the electrode-electrolyte interface'®*. CIC
demonstrates an electrode’s capability to cause stimula-
tion, where CICmax is the utmost charge quantity
allowable for injection or transmission, beyond which
irreversible electrochemical reactions, risking electrode or
tissue damage, may occur'®*'®*, Reportedly, applying a
PEDOT:PSS coating enhances the CSC and CIC of silicon
MEAs, thanks to its porous structure and large effective
surface area. After depositing PEDOT:PSS, the CSC went
up to 1.00 mC/cm® from 0.14 mC/cm? Additionally,
PEDOT:PSS modification raised the MEAs’ CICmax, as
seen in the electrode potential increasing from —1.54 to
—0.20 V, ensuring safe stimulation (>—0.6 V). The MEAs
can deliver electrical stimulation to effectively control
mice’s movements. Plus, the implanted MEAs can accu-
rately record spike potentials and LFP with high efficiency
due to decreased impedance'®*. Although the PED-
OT:PSS deposition can enhance MEAS’ ability to perform
stimulation and recording, the MEAs are still rigid and
have a high Young’s modulus (up to 1 GPa), causing a
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mechanical mismatch with brain tissue and brain damage.
To solve the problem, Gary et al. coated a layer of poly(2-
hydroxyethyl methacrylate) (pHEMA) hydrogel on top of
the PEDOT:PSS, which was deposited on gold substrates.
The resulting MEAs increased CSC (~12 mC/cm?) and
CICmax (3.3 mC/cm?) compared with a bare gold elec-
trode. The MEAs had a suitable Young’s modulus
(322 kPa) to conform to the soft brain tissue, achieving
electrical stimulation and spontaneous recording on the
dentate gyrus region of the hippocampus in free-moving
rats for 21 days'®. Another strategy to reduce brain
damage is to perform the intracortical stimulation and
recording via less invasive way. Ilke et al. developed high-
density (40 um pitch) high-capacitance (>1 nF) electro-
corticography (ECoG) MEAs based on PEDOT:PSS,
which could induce deep brain stimulation and related
signal recording by being placed on the cortical surface.
The high-volume-capacitance coating allows the electro-
des to deliver larger amounts of charge within safe limits,
generating strong electric fields in deep tissue, with cur-
rent amplitudes between 45 and 60 pA targeting depths
from 220 to 280 pm. The bipolar stimulation configura-
tion confines the electric field between the electrodes,
reducing current spread and enabling precise spatial
tuning of neuronal responses (Fig. 4a—c)'°®. Although
simultaneous intracortical stimulation and recording is a
powerful technique in neuroscience and neuroengineer-
ing, enabling closed-loop systems for neural circuit stu-
dies, one severe challenge arises due to the interplay
between stimulation and recording processes. The sti-
mulation pulse creates a high-amplitude electric field,
inducing currents in nearby recording electrodes, causing
electrical artifacts. Liu et al. developed a new paradigm for
neuron stimulation and neuron activity recording to avoid
the stimulation artifacts. The intricate implantable
microbe system was composed of microscale light-
emitting diode (micro-LED) and PEDOT:PSS-coated
diamond film to achieve optogenetic stimulation and
electrical activity monitoring in the deep brain of mice
(Fig. 5a—c)%’.

Semi-invasive mapping and stimulation

Semi-invasive brain mapping and stimulation methods
enable neuromodulation with minimal disruption to
brain tissue, which bridges the gap between fully inva-
sive techniques and non-invasive techniques. The
methods are widely used in clinical and research settings
for diagnosing neurological disorders, mapping brain
functions, and developing brain—computer interfaces
(BCIs). Compared to fully invasive brain modulation,
semi-invasive methods realize large-scale modulation
with less invasiveness. Meanwhile, semi-invasive meth-
ods achieve relatively higher spatial resolution and
sensitivity than non-invasive ways in which signals pass
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through the skull and scalp, causing attenuation, and
slurring®%1%%,

Cortical mapping

Electrocorticography (ECoG) serves as a principal
technique for semi-invasive brain mapping, utilizing
electrode arrays positioned either directly on the cortical
surface (subdural) or above the dura mater (epidural) to
capture electrophysiological activity with high spatial and
temporal resolution'®®. Modern ECoG systems employ
high-density electrode grids or MEAs engineered to meet
two critical requirements: (1) micron-scale spatial reso-
lution for precise mapping of localized cortical activity,
and (2) low interfacial impedance (ideally <10kQ at
1kHz)"”° to ensure optimal SNR for reliable neural signal
acquisition. These electrode arrays must additionally
maintain conformal contact (modulus: ~10-100 kPa) with
the brain’s complex surface topography. Recent advances
in material science have demonstrated the efficacy of
PEDOT:PSS-based ECoG electrodes, which offer superior
performance characteristics including significantly
reduced impedance, good conformity, enhanced bio-
compatibility, and scalable fabrication through solution-
processable manufacturing. Mehran et al. developed
PEDOT:PSS-based electrode arrays that exhibited more
than tenfold lower impedance and a narrower impedance
distribution compared to Pt electrodes. These arrays
demonstrated enhanced differential power detection and
achieved precise spatial resolution, mapping cortical
activity at distances as small as 400 pm, outperforming
clinical Pt electrodes in patient studies’’’. Oh et al.
advanced DIW-based bio-fabrication by developing 3D
PEDOT:PSS-ionic liquid colloidal (PILC) electrodes,
where ion-exchange-induced hydrogen bonding network
formation between ionic liquids and PEDOT chains
yielded tunable rheology for precise printing while
enhancing electrical conductivity (286 S/cm) and flex-
ibility (105kPa storage modulus). A post-fabrication
purification process via centrifugation eliminated resi-
dual ionic components, achieving <5% cytotoxicity, while
the optimized architecture enabled dose-dependent
neural response amplitudes to varying stimulation inten-
sities*”. To achieve recording with high spatial resolution,
high electrode density, and small electrode size is neces-
sary. Li et al. engineered a flexible 14-channel MEA array
on a 60-pm-diameter substrate based on PEDOT:PSS and
MWCNT, achieving high-density cortical mapping
through micron-scale spatial resolution and low inter-
facial impedance (<20 kQ at 1 kHz). Implanted across rat
cortical networks spanning somatosensory, parietal asso-
ciation, and visual cortices, the array demonstrated dif-
ferential electrocorticography (ECoG) signatures between
baseline and epileptiform states, revealing state-specific
alterations in theta-band power (about tenfold increase
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during seizures). This minimally invasive platform enables
precision  neuro-diagnostics, showing translational
potential for both epilepsy focus identification (validated
against histopathology) and functional network mapping
in neurodegenerative disorders'’?. Recent advances in
multimodal neurotechnology integrate transparent
microelectrodes with optical imaging modalities, enabling
simultaneous electrical recording and cellular-resolution
visualization of neural circuits’. Mary et al. engineered a
cortical interface using PEDOT:PSS on parylene-C sub-
strates, achieving dual functionality through unencum-
bered optical access (920 nm) for two-photon imaging
and low interfacial impedance (25 kQ at 1 kHz) for stable
electrophysiological monitoring'”®. In a similar develop-
ment, Gerwin et al. implemented a novel photolitho-
graphic  patterning strategy utilizing fluorinated
photoresist with optimized gap exposure protocols, which
preserved PEDOT:PSS conductivity (3.5kQ at 1kHz)
while maintaining 75% optical transparency across visible
wavelengths’. Building upon the proven efficacy of PED-
OT:PSS-based cortical interfaces, recent structural engi-
neering efforts focus on optimizing electrode
microarchitecture. Ji et al. compared the performance of
PEDOT:PSS modified flat electrodes and wrinkled elec-
trodes. There was little difference in impedance between
the wrinkled electrode and the flat one, while the wrinkled
electrode exhibited higher electrochemical stability than
the flat electrode. In vivo experiment, both MEAs
achieved similar ECoG recording ability. The authors
attribute the constrained performance enhancement to
suboptimal surface area amplification (33—42%) achieved
through current wrinkle geometries, proposing a multi-
parameter optimization framework combining liquid
elastomer composition tuning, rigid overlayer thickness
control, and surface functionalization to achieve inter-
facial area expansion in their future work'®>. Rachel et al.
engineered a highly ordered PEDOT-based block copo-
lymer brush architecture (PSS-b-PPEGMEMA) via
surface-initiated atom-transfer radical polymerization (SI-
ATRP) strategy, achieving a unique combination of
mechanical compliance (Young’s modulus: 1.7 + 0.6 MPa
in aqueous conditions) and electrochemical performance
(impedance: ~100kQ at 1kHz). The molecular-scale
alignment of polymer brushes created open ion/electron
transport pathways, coupled with enhanced interfacial
ordering, which synergistically improved charge transfer
kinetics and stability—retaining 95% capacitance over
3500 electrochemical cycles, outperforming conventional
crosslinked films that degraded after 2500 cycles. Cru-
cially, the dense brush morphology exhibited superior
conformal adhesion to biological surfaces (0 air gap for-
mation) compared to spin-coated analogs, which suffered
from delamination on soft substrates. This structural
precision, validated by nanoscale imaging and
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Fig. 4 PEDOT:PSS-based bioelectronics for invasive, semi-invasive, and non-invasive brain modulation approaches. PEDOT:PSS-based
bioelectronics for invasive (@a—c), semi-invasive (d—f), and non-invasive (g-i) brain modulation. a—c¢ PEDOT:PSS thin-film microelectrode arrays (MEAS) for
brain stimulation and single-unit recording'®. Copyright 2022, The American Association for the Advancement of Science (Fig. S4). a The implantation
process of a surface MEA (for surface stimulation) and a depth neuro-probe (for single-unit recording). Using a carrier glass pipette, the shank extension of
the MEA was partially inserted into the brain, with ten electrodes reaching up to 500 pm below the pial surface. A micrograph of the MEA is shown
(middle). b lllustration of the implanted MEA positioned both inside and on the brain surface, with PEDOT:PSS electrodes highlighted in blue. ¢ Spike
waveforms computed by averaging 50 traces recorded with the depth probe at 160 um below the pial surface from a single neuron. d—f Block-Brush
PEDOTPSS film for ECoG recording'”. Copyright 2024, John Wiley and Sons (Fig. S5). d Schematic illustration of a 16-channel array implanted on the
surface of the rat brain for barrel cortex recording under air-puff whisker stimulation. @ Microscope image of the electrode array on the surface of the brain.
The Block-Brush structure produced by SI-ATRP exhibited excellent conformity with the brain surface, whereas the electrode film fabricated by spin coating
(SpinGA) presented an air gap. f Stimulation responses recorded from six individual low-impedance channels in the Block-Brush array. The dashed line
indicates the timing of air-puff stimulation. g-i PEDOTPSS hydrogel-based electrode for EEG'®’. Copyright 2023, Springer Nature (Fig. S6). g A photograph
of a subject undergoing EEG monitoring. h lllustration of the EEG electrode. i EEG waveforms recorded using hydrogel, wet, and dry electrodes. The signals
from the hydrogel electrode closely resembled those from the wet electrode but differed from those recorded with the dry electrode
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electrochemical impedance spectroscopy, establishes a
new paradigm for durable bioelectronic interfaces where
molecular-level control directly translates to stable
device-tissue integration and long-term functional relia-
bility (Fig. 4d—f)'"*.

Cortical stimulation and mapping

Cortical stimulation and recording technologies deliver
electrical stimuli to specific cortical regions while cap-
turing the resulting neural activity. For safe, effective, and
reliable operation, electrode arrays should exhibit excel-
lent biocompatibility, mechanical flexibility, high CIC and

volumetric capacitance, and low impedance. George et al.
developed a biohybrid electrode by combining Aloe vera
(AV) gel with PEDOT:PSS, creating free-standing, con-
formable films with hydration-tunable mechanical prop-
erties. These electrodes exhibited dynamic softening upon
water absorption, enabling them to adapt to the rough,
porous skull surface, while maintaining structural integ-
rity after dehydration. The resulting conductive films
demonstrated exceptional electrochemical performance,
including a volumetric capacitance of 1.3 mF—over 200-
fold higher than gold electrodes (5.5 pF)—supporting the
hypothesis that the AV-PEDOT:PSS (AVCP) films achieve
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Fig. 5 PEDOT:PSS-based bioelectronics for multimodal brain modulation. a-c PEDOT:PSS-based microprobe system for optical stimulation and
neurological activity sensing'®’. Copyright 2020, Springer Nature (Fig. S7). a Schematic illustration of the microprobe system for optical stimulation
and electrochemical sensing in deep brain tissue. b Position heat maps of animal activity, where hotter colors indicate longer duration at a given site.
The map reveals that mice exhibit clear place preferences during the optogenetic stimulation period. ¢ Spontaneous current spikes recorded during
optogenetic stimulation. d-i A transparent electrode array based on PEDOT:PSS crosslinked with PEGDE and silk fibroin (P-PSF) for dual-modal neural-
vascular activity probing'”®. Copyright 2021, John Wiley and Sons (Fig. S8). d The transparent and conformable electrode was placed on the rat brain.
e Time domain of neural electrical signals recorded from CH1-CH2, CH2-CH3, and CH3-CH4 showing changes during and shortly after
photothrombosis (PT) stroke. f Schematic illustration of the transparent P-PSF electrodes for integrated vessel imaging and blood oxygen
measurement under electrical stimulation. g Optical coherence tomography image of P-PSF electrodes (red dotted lines) positioned on the
neurovascular system in the rat brain. h Relative changes in deoxy-Hb level in response to electrical stimulation induced by the P-PSF electrode
compared to the referenced Au-SEBS electrode. i Statistical analysis of the time of arrival (ToA) and rise time upon stimulation

high capacitance through bulk charge storage mechan-
isms, in contrast to the surface-limited electrical double-
layer capacitance of Au interfaces. In vivo testing show-
cased the electrodes’ bidirectional functionality: they
successfully induced focal seizures in mice by delivering
high currents (~90mA) and simultaneously recorded
evoked neural activity, highlighting their potential for
integrated neural stimulation and recording applica-
tions'”>. The multimodal integration of high-density
electrocorticography (ECoG) arrays with advanced neu-
roimaging modalities such as, two-photon calcium ima-
ging or functional magnetic resonance imaging (fMRI)
enables correlative analysis of electrophysiological

dynamics and mesoscale neural circuit mechanisms,
bridging the critical gap between cellular-level activity and
whole-brain network interactions to advance mechanistic
understanding of cognitive processes'’®. Zheng et al.
advanced neural interface fabrication through a coagula-
tion bath-optimized DIW process, producing DBSA-
doped PEDOT:PSS hydrogels with dual-phase molecular
engineering: DBSA-mediated selective leaching of insu-
lating PSS chains and solvent-assisted reconfiguration of
PEDOT into m-conjugated crystalline domains. This
yielded hydrogels with enhanced electrical conductivity
(600 S/cm) and mechanical flexibility (Young’s modulus:
1.5 MPa), enabling the creation of a four-channel micro
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ECoG (HECo0G) array featuring 200-um-resolution elec-
trodes that achieved high-performance stimulation
metrics—CIC of 6.4mC/cm? and low interfacial impe-
dance (2.0 kQ) at 1 kHz). A thermal dry annealing protocol
further enhanced substrate adhesion strength, facilitating
the integration of calcium indicators (GCaMPé6s) for
multimodal cortex-wide interfacing'”’. Cui et al. engi-
neered a multifunctional neural interface by integrating
PEGylated silk fibroin (PSF) with PEDOT:PSS (P-PSF)
through molecular interactions between the ethylene
glycol/epoxy moieties of PSF and sulfonate groups of PSS,
forming an interpenetrating polymer network. The P-PSF
electrodes exhibited exceptional electromechanical per-
formance, combining high stretchability (=260% strain),
transparency (>85% transparency across 400—1500 nm),
low sheet impedance (160 +56/sq), and long-term
stability (1.4-fold change of sheet impedance over
4 months in PBS solution). Their superior CIC (3.2 mC/
cm?) surpassed Au electrodes by three orders of magni-
tude, enabling precise neuromodulation. Being placed in
the cortical region of the rat’s brain, the P-PSF electrode
could efficiently deliver electrical stimulation. During
stimulation, P-PSF elicited immediate hemodynamic
responses—time of arrival (ToA) <0.1s and rise time
(0.8 s) fully synchronized with the 0.83 s stimulation per-
iod, as evidenced by deoxygenated hemoglobin (deoxy-
Hb) dynamics. In stark contrast, Au electrodes showed
delayed activation (ToA: 0.6s; rise time: 3.7s), high-
lighting P-PSF’s enhanced electrode-tissue coupling for
real-time, artifact-free neurovascular interrogation (Fig.
5d-i)'”%, In a recent study, Young et al. developed a
flexible, transparent PEDOT:PSS neural implant with
MRI compatibility due to its lower conductivity compared
to metal electrodes, minimizing RF-induced heating and
image artifacts. Despite
PEDOT:PSS-EG’s reduced conductivity, its high surface
area enhanced interfacial double-layer capacitance
(0.7 mC/cm?) and lowered impedance (25kQ at 1 kHz),
enabling reliable electrophysiological recording. This
system supported 30-channel recording under stimulation
and artifact-free MRI, allowing simultaneous neural
interfacing and imaging'”. The integration of simulta-
neous cortical stimulation and imaging offers a powerful
approach to precisely visualize and investigate how sti-
mulation influences neural activity, underlying brain
networks, and behavioral outcomes.

Non-invasive mapping and stimulation

Non-invasive paradigms are the main tools to monitor
and modulate cortical plasticity in healthy awake human
cortex'®®. Electroencephalography (EEG) is a widely
applied non-invasive mapping method to record and
amplify the electrogram of the spontaneous bioelectrical
signals from the brain neural activity'®’. In EEG,
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electrodes placed on the scalp measure the absolute
postsynaptic potentials produced by neurons, as well as
the currents flowing in and around them'®?, Compared
with invasive and semi-invasive signal recording tech-
nologies, EEG provides a safe and feasible approach to
acquire the inherent rhythmic electrical activity of brain
cluster cells, making it valuable in understanding brain’s
cognition mechanism, diagnosing neurological dis-
orders, and developing brain—computer interfaces'®".
However, EEG signals are generally weak and suscep-
tible to interference from other electrophysiological
sources. To ensure signal quality, EEG electrodes must
combine high conductivity, stability, and low contact
impedance (ideally <10kQ within the 0.5-70 Hz fre-
quency range). To be noted, impedances below 100 Q
are unacceptable, as they often indicate a shunt or short
circuit caused by conductive gel bridging (salt bridges)
on the scalp'®®. Zhao et al. developed an ultrathin
(100 nm), highly conductive, and conformable skin
electrode using a PEDOT:PSS-transferred CVD gra-
phene film (PTG) for electrophysiological applications.
To enhance conductivity and mechanical stretchability,
sodium dodecyl sulfate (SDS) and bis(trifluoromethane)
sulfonimide lithium salt (BSL) were incorporated into
the PEDOT:PSS solution. The optimized PTG film
achieved a conductivity of ~4142 S/cm and a reduced
impedance of 32 kQ at 100 Hz (vs. 45 kQ for Ag/AgCl).
Under 40% strain, PTG exhibited fewer cracks and less
distinct parallel wrinkles than pure PEDOT:PSS,
attributed to enhanced PEDOT alignment via mn-m
interactions with graphene. AFM characterization
revealed a Young’s modulus of ~640 kPa, aligning with
human stratum corneum compliance (~150kPa),
ensuring mechanical compatibility with skin. In a 12-h
EEG monitoring test on a volunteer’s scalp, PTG elec-
trodes maintained stable recordings during sleep, exer-
cise, and calm recovery. Alpha and delta wave intensities
were strongest during exercise, consistent with physio-
logical activity, validating PTG’s reliability for long-term
monitoring under dynamic conditions''”. The research
group later designed a sandwich-structured electrode,
confining PEDOT:PSS between two graphene oxide
(GO) layers. The design achieved high conductivity of
3727 S/cm, enabling overnight EEG recording as a
volunteer went through light sleep to deep sleep and
returned to light sleep. Meanwhile, the appropriate
transparency (80% at 550 nm) of the electrodes can be
applied in functional near-infrared spectroscopy (fNIRs)
for recording the change of hemoglobin at the same
position of EEG recording, which provided reference for
multimodal brain activity monitoring'®*.
Brain—computer interface (BCI), also called brain-
machine interface (BMI), is a direct communication link
between neural activity generated by the brain and an
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external device, such as a computer'®>. According to the
signal acquisition modal, the BCI can be divided into
invasive BCI and non-invasive BCI'®®, Considering the
feasibility and safety, EEG based non-invasive method is
most commonly used for BCI tests. The conventional
electrodes for BCI include wet electrodes, dry electrodes,
and semi-dry electrodes. Wet electrodes require con-
ductive gel to improve signal quality and are widely used
in clinical settings due to their high SNR'®”. Conductive
polymer gels are usually applied as the channels in wet
electrodes to offer an intimate interface between solid
electronics and soft biological tissues. Yang et al. devel-
oped an injectable EEG electrode using a shear-thinning,
self-healing PEDOT:PSS/PVA/borax hydrogel formed via
shaking-induced crosslinking. The hydrogel exhibited
softness (Young’s modulus ~2.5 MPa), high stretchability,
low impedance (~10kQ at 0.1Hz), and high SNR
(~14 dB), making it suitable for BCI applications. In tests
with ten volunteers exposed to 500 visual stimuli, the
hydrogel achieved accuracy and information transmission
rates comparable to commercial wet electrodes. It
retained performance after ten uses or 4-month storage
and was easier to clean than conventional conductive
pastes, positioning it as a practical substitute for com-
mercial gels in BCI systems'®”. Although a wet electrode
can achieve high SNR, the gel has to be cleaned after
testing, which is time-consuming. In contrast, dry elec-
trodes do not require gel, making them more user-
friendly for non-clinical or wearable BCI applications'®®.
However, they often exhibit lower SNR due to increased
skin-contact impedance. To address this issue, semi-dry
electrodes have been developed that use a minimal
amount of liquid or gel to enhance conductivity while
remaining less messy than wet electrodes. Xue et al.
designed a semi-dry, double-layer hydrogel electrode
featuring a conductive layer for ion/electron transport—
incorporating PEDOT:PSS and KCl electrolytes—and an
adhesive layer that ensures secure skin attachment. The
conductive layer is crosslinked with sodium alginate (SA)
and polyacrylamide (PAM) to enhance roughness, with its
modulus tunable to 20 kPa by adjusting the SA-to-AM
ratio for long-term comfort, and includes glycerol to
retain hydration (over 50% water retention after 3 days).
EEG signals are transmitted via chloride ion migration
from the skin to Ag/AgCl electrodes. This innovative
formulation achieved low impedance (<5kQ at
0.5-50 Hz) and enabled stable, continuous EEG mon-
itoring for 12 h (Fig. 4g—i)'*’.

Despite significant progress, challenges remain in scal-
ing PEDOT:PSS-based technologies for clinical applica-
tions. Ensuring long-term stability and addressing
biocompatibility concerns are critical. Moreover, inte-
grating multifunctionality—such as combining electrical
and optical capabilities—offers a promising pathway for

Page 22 of 28

innovation. Emerging fabrication techniques, including
4D printing and hybrid nanocomposites, are expected to
further enhance device performance. Overcoming these
hurdles could enable PEDOT:PSS-based bioelectronics to
revolutionize neural interfaces, providing unprecedented
insights into brain function and paving the way for
advanced therapies and diagnostics.

Conclusions

PEDOT:PSS, as an outstanding organic conductive
material, has emerged as a transformative tool in bioe-
lectronics. It enables the fabrication of customized
structures for specific applications and facilitates the
integration of PEDOT:PSS with other materials to
enhance biocompatibility and functionality. PEDOT:PSS
has been extensively studied and utilized in neural inter-
faces for recording and stimulating brain activity. Its
widespread adoption is primarily due to its biocompat-
ibility, flexibility, and softness, making it well-suited for
interfacing with the soft and delicate brain tissue. Addi-
tionally, PEDOT:PSS exhibits relatively high conductivity
and low impedance that can be further enhanced with
additives, improving signal fidelity for neural recording,
neurotransmitter detection, and targeted brain stimula-
tion. Furthermore, PEDOT:PSS can be processed using
solution-based techniques, including 3D printing and 2D
deposition, enabling the fabrication of application-specific
structures and seamless integration with other materials
to improve functionality. Moreover, its optical transpar-
ency offers a unique advantage for integration with other
stimulation and detecting technologies, such as optical
stimulation and fNIRs, enabling multifunctional cap-
abilities for stimulation, recording, and visualization of
neural activity.

Although PEDOT:PSS exhibits great promise in devel-
oping bioelectronics for brain modulation, several chal-
lenges limit its stable and long-term application. (1) In
vivo degradation: A major limitation of PEDOT:PSS is its
degradation in biological environments. The high hydro-
philicity of PSS chains can cause swelling or delamination
of PEDOT:PSS films in the brain’s aqueous environment,
leading to device failure. Crosslinking strategies have been
explored to improve stability by introducing chemical
bonds that interact with PSS chains'®®. For example, 3-
hydroxymethyl-3-methyl-oxetane has been reported to
enhance the water-resistance of PEDOT:PSS films by
crosslinking with PSS''. Additionally, encapsulating
PEDOT:PSS with a thin layer of biocompatible, water-
resistant polymer could enhance its long-term stability.
For instance, a passivation layer composed of primer and
epoxy-based negative photoresist has been applied on top
of the PEDOT:PSS layer to prevent water penetration'*>,
(2) Poor adhesion to substrates: PEDOT:PSS films often
suffer from weak adhesion, leading to delamination,
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particularly under mechanical stress, which poses chal-
lenges for chronic implants. Adhesion can be improved by
adding surfactants to the PEDOT:PSS solution or by
treating the substrate surface with methods such as
plasma treatment'®* or polydopamine treatment'?*, both
of which enhance wettability and bonding strength. (3)
Lack of standard processing protocols: To optimize the
conductivity and mechanical properties of PEDOT:PSS,
additives, such as acid, DMSO, or ionic liquids, are
commonly used. However, these additives can introduce
toxicity and variability in fabrication, making it difficult to
develop biocompatible and reproducible bioelectronics.
To address this issue, excessive additives can be removed
through techniques such as centrifugation®, and stan-
dardized fabrication protocols should be established to
ensure consistency and safety. Considering the rapid
progress in PEDOT: PSS-based conductive biomaterials
for neural interface, future efforts are needed to address
existing challenges and drive advancements in the field.
(1) Enhancing fabrication techniques and optimizing the
formulation design: While 3D printing technology has
shown great potential in printing intricate structures with
tailored properties, most studies still rely on traditional
2D printing methods. Techniques such as spin coating,
commonly used for PEDOT:PSS processing, are limited in
their ability to produce complex, high-resolution struc-
tures. In the future, more advanced technologies,
including 3D, 4D even 5D printing, can be leveraged to
create sophisticated and densely packed MEAs for precise
neural recording and stimulation®. Additionally, follow-
ing quality-by-design principles, the process parameters
of advanced printing technologies should be optimized
based on the specific properties of different PEDOT:PSS-
based inks to maximize critical quality attributes. More-
over, standardized protocols for PEDOT:PSS processing
should be established to ensure consistent device perfor-
mance across and reproducibility. (2) Development of
multifunctional electrical interface: Current PEDOT:PSS-
based devices for neural modulation primarily focus on
electrical interfacing. However, recent studies have begun
exploring the integration of PEDOT:PSS-based electrical
modulation with optical modulation as well as imaging
techniques''>'7”'#*, This multifunctional approach aims
to improve our understanding of brain function, advance
treatments for neurological disorders, and enhance brain-
machine interfaces (BMlIs) by leveraging the strengths of
multiple modalities within a unified platform. In the
future, PEDOT:PSS-based neural interfaces can incorpo-
rate microfluidic channels for localized stimulation-
triggered drug delivery, enabling simultaneous electrical
stimulation and pharmacological intervention for neuro-
logical disorders'®®>. Moreover, adaptive closed-loop brain
state—dependent stimulation offers a promising strategy
by dynamically adjusting stimulation parameters in real
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time based on the brain’s activity or state'”®. Future
research should focus on integrating PEDOT:PSS neural
interface with closed-loop systems with advanced data
processing systems to achieve precise, personalized, and
real-time brain modulation. Such advancements could
lead to more effective treatments for neurological dis-
orders, including Parkinson’s disease and major depres-
sion disorder. (3) Considerations about clinical
translation: For the successful clinical application of
PEDOT:PSS-based neural interfaces, several critical con-
siderations must be addressed to ensure their safety,
efficacy, and long-term stability. Key considerations
include biocompatibility and cytotoxicity, electrochemical
stability and durability, electrical performance and signal
fidelity, mechanical stability and durability, environmental
and thermal stability, long-term in vivo testing, and reg-
ulatory compliance. One significant challenge is the sen-
sitivity of PEDOT:PSS to environmental factors,
particularly humidity, which can alter its morphology and
performance. Optimizing the material composition can
help enhance stability. For example, Seong et al. demon-
strated that crosslinking PEDOT:PSS with
3-glycidyloxypropyltrimethoxysilane reduces the styrene
sulfonate content and increases polymer crystallinity,
improving stability in aqueous environments''>. Addi-
tionally, selecting an appropriate sterilization method is
also critical to maintain the functions. Ilke et al. reported
that autoclaving is a viable sterilization method for
PEDOT:PSS electrophysiology devices, preserving mor-
phology and causing minimal impact on electrical prop-
erties'””. Radiation sterilization is another commonly
used method. But different PEDOT: PSS-based electrical
composites exhibit varying sensitivities to heat, moisture,
and radiation. Therefore, sterilization protocols should be
carefully optimized based on the specific composition and
application of the device.

Achieving these objectives requires continuous advan-
ces in PEDOT:PSS composition optimization, neural
interface structural design, and integration with other
cutting-edge technologies, such as 3D printing and data
processing. Additionally, refining testing methodologies is
essential to ensure reliability and performance. We believe
that further progress in these fields will lead to the
development of safer, more stable, and multifunctional
neural interfaces, making them accessible not only for
scientific research but also for practical clinical
applications.
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