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PERSPECTIVE

Multimodal Platforms for Light-Mediated Organic
Bioelectronics

Giovanna Gentile, Mehdi Ravandeh, Luisa Petti, Francesca D’Elia,*
and Francesca Santoro*

The development of bioelectronic devices has significantly advanced

the field of clinical diagnosis and therapy. Recent progress in light technology
has attracted considerable attention as a promising approach for wireless
modulation of biological functions. In addition to classic electrical interaction,
the integration of optics in bioelectronics introduces new complementary
paths for interfacing cells. In this perspective article, the working principle of
optobioelectronics, is discussed highlighting the advantages of using organic
materials. Then, an overview of the achievements are provided in terms

of electrical and molecular regulation of biological processes, with a special
focus on devices based on poly(3-hexylthiophene) (P3HT) and poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS). A multimodal
platform that combines different classes of light-responsive organic materials
to create a highly dynamic interface is finally envisioned. It is suggested

1. Introduction

Born in the late 18th century,*?! bio-
electronics aims to integrate biological
systems with electronic devices to mon-
itor and regulate various biological ac-
tivities, ultimately diagnosing and treat-
ing pathological disorders while restor-
ing lost physiological functions.*! The
fabrication of the first microelectrode in
the 1950s paved the way for bioelec-
tronic devices that interface with elec-
trogenic cells (Figure 1).6%1 The de-
velopment of electrodes with micron-
scale dimensions allowed for the replace-
ment of patch clamp and cellular elec-

that this approach will enable the seamless integration of bioelectronics
with biological tissues and the creation of a stable communication pathway.
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troporation techniques, enabling non-
invasively stimulation and recording of
action potentials in cardiac cells and
neurons with single-cell resolution.[12!
Depending on the desired type of stimulation, different materi-
als have been employed to realize bioelectronic devices in various
configurations, ranging from multi-electrode arrays to field effect
transistors.!3"17] Additionally, efforts have been made to design
micro- and nanopatterned substrates with 2.5D/3D topographies
to enhance cell-electrode coupling, thereby improving the effi-
ciency of cell-chip communication.['8-21]

These advancements have been applied in both in vitro funda-
mental research and in vivo therapeutic applications. Beginning
with the first cardiac pacemaker in 1958, numerous cutting-edge
implantable bioelectronic devices have been developed for spe-
cialized biomedical purposes, and the number of studies and ap-
plications in this field is expected to grow significantly in the com-
ing years.[?223] According to the Global Bioelectronics Market 2024
report, which analyzes manufacturers, regions, types, and appli-
cations with forecasts extending to 2030, the global bioelectronics
market was valued at USD 16.39 billion in 2023 and is anticipated
to reach USD 23.72 billion by 2030. Despite these advancements,
cell interface technologies have primarily made a notable clinical
impact due to the various unresolved biological and technologi-
cal challenges that must be addressed to achieve precise, reliable,
and long-term tissue recording and stimulation without causing
adverse effects within the biological system.[1723-25]

Organic semiconductors, discovered in 1977, have shown
great potential for these applications due to their biocompati-
bility, low mechanical stiffness, stability, and mixed conduction
properties.26-28] These characteristics enable a more biomimetic,
tissue-like assembly, facilitating long-term integration and
minimizing the immune response to foreign devices.[*?3 For
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Figure 1. Key steps in the development of light-mediated organic bioelectronics. A series of strategies were developed over the years to improve the
recording and stimulation of cellular electrical signals. Material science gave a boost to the development of bioelectronic devices with the discovery of
photovoltaic materials in 19541421 and conductive polymers in 1977.143] The combination of these concepts led to the first interfacing of electrogenic
cells with optoelectronic devices in 2012 for vision restoration!* and in 2014 for light-mediated neuronal stimulation.[*’! A new type of organic device,
Organic Photo-ElectroChemical Transistor (OPECT), was introduced in 2018 as a high-performance platform for numerous biological detections, other
than neuromorphic devices.[*] The first optobioelectronic prosthesis was implanted in 2020 and involved the use of light-sensitive conductive polymers
to rescue visual functions.[*’] Taking together these advances with the knowledge on cellular mechano-transduction and wearable electronics will soon
provide us with the next-generation of organic optobioelectronic devices with multimodal actuation of cellular behavior. Milestones in the world of
bioelectronics are indicated by the filled circle, while major advances in optobioelectronics are shown with an open circle, and discoveries in material

technology by an inverted arrow.

example, organic electrochemical transistors (OECTs) have re-
cently emerged as powerful bioelectronic devices with their ca-
pability to transduce biological signals.l>!) However, it was nearly
three decades after their initial development before OECTs were
used in an in vivo application.l*]

Advancements in optics and materials technology have intro-
duced a new paradigm in the field of bioelectronics.[3>33) Start-
ing with the fabrication of the laser in 1960, several highly
complex optical elements have been introduced to control the
spatial profile of light beams and allow the generation of
both static and dynamic light patterns, finding applications in
high-resolution microscopy,**! endoscopy,**! phototherapy,¢!
and optogenetics.''l On the materials side, research in opto-
bioelectronics was boosted by the ability of photovoltaic tech-
nology to stimulate electrogenic cells and the retina, demon-
strating the potential of organic semiconductors in organic
optobioelectronics.’’~3%] By leveraging light, it is now possible
to remotely modify the properties of specific photosensitive con-
ductive electrodes, enabling electrical, mechanical, or biochemi-
cal actuation of cells with high spatial and temporal resolution,
without the need for potentially damaging voltages or genetic
modifications. Furthermore, the dynamic tuning of these opto-
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bioelectronic devices more effectively mimics the native biologi-
cal environment.[384041]

This perspective provides an insight into the multiple applica-
tions enabled by light-sensing bioelectronics and an overview of
organic materials and devices developed in the field, which have
found application in the biomedical field for both electrogenic
and non-excitable cells. Last, we provide a critical discussion on
the upcoming challenges in the research area, with an outlook on
new opportunities toward the clinical and industrial translation
of this emerging technology.

2. Light-Mediated Actuation of Cellular Activity

The core element of a light-responsive bioelectronic device is
the semiconductive material, which acts as both a light ab-
sorber and a transducer. When a photo-responsive material im-
mersed in an electrolyte solution is exposed to light, three key
mechanisms can be activated (Figure 2): photo-thermal, photo-
electrical, and photo-chemical.l*®->% These processes play differ-
ent roles in modulating cellular activity.

In the photo-thermal process (Figure 2a), photon energy is
converted into heat, leading to an increase in the temperature
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Figure 2. Schematics of light-mediated cell stimulation in bioelectronic devices. When organic films immersed in a cellular environment are exposed to
light, four main processes occur at the cell-electrode interface: a) photothermal, b) photocapacitive, c) photofaradaic, and d) photochemical.

of the surrounding environment. If cell membranes are in close
proximity to the material, this temperature rise can influence
cell proliferation and metabolic pathways. Additionally, the elec-
trostatic properties of electrogenic cell membranes are tempera-
ture dependent. Specifically, an increase in temperature induces
a depolarizing current—an inward flow of positive ions—that en-
hances double-layer capacitance and reduces impedance. This
membrane depolarization, in turn, triggers intracellular signal-
ing pathways primarily mediated by calcium ions.>'->3]

The working principles of electrical actuation are based on
the injection of current from an electrode into a physiological
medium to alter the membrane potential of nearby excitable cells.
In photoactive bioelectronic devices, light absorption is translated
into the generation of current at the electrode interface via capac-
itive or faradaic processes.*®! This current can create a voltage
gradient in the extracellular space that polarizes the cell, thereby
actuating voltage-gated channels and leading to action potentials.
In photo-capacitive mechanisms (Figure 2b), light induces the re-
versible formation of electrochemical double layers ** while in
photo-faradaic mechanisms (Figure 2c), light triggers redox reac-
tions that may or may not be reversible.!

In the photo-chemical mechanism (Figure 2d), light generates
excited states, mainly charged states, which give rise to specific
chemical reactions at the surface. For instance, oxygen rapidly
forms reactive oxygen species (ROS), which play a crucial role in
regulating many cellular processes like cell differentiation and
signaling.>¢-8]

3. Organic Opto-Bioelectronic Devices

The development of electronic devices has traditionally relied
on inorganic materials such as silicon and metals due to their
high conductivity, ease of handling, abundance in nature, long-
term stability, manufacturing reliability, and energy efficiency.
However, when transitioning to biological applications, these ma-
terials face a significant challenge: integration with living tis-
sues. Their mechanical properties differ greatly from those of
biological tissues: silicon semiconductors have a Young’s mod-
ulus of ~130 GPa, whereas biological tissues range from 1 kPa
to 20 GPa.>®] This mismatch results in poor cell-chip coupling
and an increased risk of immune response.[1:62]

A promising alternative for bio-interfacing is soft organic ma-
terials, though they are typically insulators. This has driven re-
cent research toward developing new classes of organic materi-
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als for bioelectronics, such as conjugated polymers (CPs) and hy-
drogels, which combine conductivity with favorable mechanical
properties.[+27:63641 Moreover, in optoelectronics, organic materi-
als have a distinct advantage over inorganic counterparts, as they
exhibit high optical absorption coefficients, making them ideal
for thin, flexible films.[®°]

While several conductive and semiconductive polymers have
been identified for bioelectronic applications (summarized in
Table 1), current opto-bioelectronics research is focused on poly-
thiophene derivatives.

In particular, P3HT and PEDOT:PSS are extensively studied
due to their high conductivity, thermal stability, biocompatibil-
ity, and the possibility to tune their optical and electrical proper-
ties through doping and structural modifications.”!! These char-
acteristics make them highly suitable for bioelectronic and op-
toelectronic applications, including devices such as biosensors,
cell interfaces, and phototransducers.?7273] On one hand, PE-
DOT:PSS stands out due to its exceptional electrical conductivity,
mechanical flexibility, long-term stability, also in humid environ-
ments, and ability to be processed in water. Moreover, PEDOT
can be synthesized in various forms such as nanofilms, nanorod
arrays, and nanofiber mats, offering flexibility in device design
and integration.[”*] On the other hand, P3HT is the most widely
used p-type semiconducting polymer in optoelectronics and elec-
tronics due to its wide availability, low cost, and easy processabil-
ity. Beyond its electrical applications, P3HT is increasingly be-
ing explored in bioelectronics, particularly in the phototransduc-
tion of ROS.[”>! This study will specifically explore the latest ad-
vancements in using these two materials for opto-bioelectronic
applications.

4. Light-Actuated Bioelectronics with CPs: The
P3HT Case

P3HT is a polymer belonging to the thiophene-based materials
family. Its unique optoelectronic properties stem from the weak-
ness of 7 bonds, allowing electrons in these bonds to be excited
by photons in the visible range. Initially, this excitability made
it valuable for photovoltaic applications, but after confirming its
biocompatibility, researchers began exploring its potential for in-
terfacing with biological systems at different levels: in vitro, in
vivo and ex vivo.l”*78] This interface offers the advantage of opto-
electrical stimulation, enabling precise modulation of biological
activity.’”] Several studies have demonstrated how this material
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Table 1. Properties of conductive polymers commonly used in bioelectronics.
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Polymer Key Properties Applications Advantage Disadvantage Refs.
PEDOT:PSS High conductivity, OECTs, biosensors, and drug High stability, excellent Limited photoactivity [66]
processable in water, delivery biocompatibility, and
(PEDOT:PSS) electrochemical responsiveness
P3HT Semiconductive, Optically driven neurostimulation, Photoresponsive, good Lower conductivity, less [67]
photoactive, soluble in biosensors, film-forming properties, model stable in ambient
organic solvents antibacterial /anticancer system for organic conditions, moderate
surfaces, organic photovoltaics semiconductors biocompatibility
Polypyrrole Conductive, biocompatible, Muscle/neural stimulation, tissue Easy synthesis, flexible, and Can degrade under [68]
and mechanically flexible engineering scaffolds, known biointegration prolonged stimulation
biosensor
Polyaniline Tunable conductivity, low Biosensors, electrochemical Tunable electronic properties, Poor solubility, lower [69]
flexibility devices, and environmental inexpensive, and chemically biocompatibility, rigid
sensors robust
Phenyl-C61-butyric Electron acceptor, often Organic photovoltaics, High electron mobility, used in Poor biocompatibility, [70]

acid methyl ester

paired with P3HT

photodetectors, and electron
transport in blends

blends for charge separation

typically used only in
composites

can influence cellular behavior. Furthermore, P3HT can be used
to either stimulate or inhibit cell proliferation and differentiation,
directing cellular activity in a controlled manner.l”67980]

The use of P3HT has already been shown to be suitable for
theragnostic applications, which consist of the ability to local-
ize and treat specific cells. In the work of Han et al., core-
glycoshell theragnostic nanomaterials based on fluorescent gly-
coprobes and P3HT were developed for the treatment of cancer
cells.Bl Core—glycoshell theranostic dots can be endocytosed by
cells, and upon stimulation with a broadband light, they pro-
duce a concentration of ROS that destroys these cells. Ciocca
et al. achieved similar results with neuroblastoma cells (SH-
SYS5Y) using a spin-coated film made of P3HT as the biohybrid
interface.[®2 The application of a specific and repeated light stim-
ulation protocol, consisting of the alternation of 1 s of white light
and 1s of dark for 30 min twice a day, inhibited the cells prolif-
eration, making P3HT even more suitable for the treatment of
cancerogenic cells (Figure 3a,b).

Cell proliferation can be inhibited not only in human cells
but also in bacteria. CPs have emerged as important materials
for the photothermal treatment of bacteria, providing a valuable
tool when antibiotics alone are insufficient for pathogen control
(Figure 3¢,d).2%]

In biomedicine, CPs also play a role in drug delivery systems,
offering the potential for targeted and controlled drug release
in response to light stimulation. This is particularly relevant in
the field of dermal drug delivery, where drug confinement min-
imizes the risks of side effects.®*) One example is the develop-
ment of dermal patches made of polycaprolactone and P3HT
fibers, which, when stimulated by light, promote skin regener-
ation (Figure 3e,h).[%]

Tissue regeneration can be achieved through drug treatments
at specific sites or by using induced pluripotent stem cells. Ab-
del Aziz et al. demonstrated that the timing and the effectiveness
of human adipose derived stem cells differentiation can be influ-
enced by using a thin P3HT film. Upon green light stimulation,
P3HT is excited and, in turn, modulates cell membrane potential
and Ca’* concentration.l””!
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The employment of P3HT for tissue regeneration is fur-
ther confirmed by the work of Campione et al., which high-
lights not only its optoelectrical properties but also its surface
characteristics—such as topography, stiffness, surface free energy,
and roughness-as key factors in promoting the osteogenesis of
human adipose-derived mesenchymal stem cells.[®] Addition-
ally, P3HT serves as a bioactive stimulus, as demonstrated by
Moccia et al. where the neovascularization is induced through
the activation of the transient Receptor Potential Valloidin 1 by
the optical excitation of the organic semiconductor (P3HT).*’]
These are just a few examples in the literature of the applicability
of P3HT polymer in different fields.

5. Other Opportunities for Light-Actuation with
Conductive Polymers: The PEDOT Case

PEDOT:PSS is a p-doped composite material in which PEDOT
(the conductive backbone) provides electrical conductivity, and
PSS acts as a counter-ion to balance the charge and improve
the water solubility and processability of PEDOT. As a result,
the blend forms a soft conductive polymer with tunable me-
chanical properties, mixed ionic and electronic conductivity, and
excellent processability.”2#] The advantages of PEDOT:PSS in-
clude high conductivity, transparency, mechanical flexibility, and
biocompatibility.>%°] Moreover, due to its excellent processabil-
ity, it can be easily deposited in thin layers by using techniques
such as electrodeposition and spin coating, as well as patterned
through lithographic methods.®%°921 PEDOT:PSS is a versatile
material that combines numerous advantageous features, mak-
ing it highly suitable for a wide range of organic electronics and
bioelectronics applications.

In the electrodeposited version, for example, the PEDOT:PSS
film is highly effective in maintaining stemness and promot-
ing neurogenic differentiation, making it a promising mate-
rial for neural tissue engineering.”®) The high conductivity of
PEDOT:PSS has already enabled efficient electrical commu-
nication with biological tissue, and as an interface, it sup-
ports the development of neuronal networks.®* Its potential
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Figure 3. P3HT applications. a) Schematic of two different architectures of the bio—photoelectrolytic platform. b) Current clamp measurements for cells
cultured on P3HT and on a control device exposed to light illumination (shaded green area). c) Structure of nanoparticles. d) Time-killing curves for
P3HT nanoparticles against E. coli. e,h) Schematic of the working principle of the cell scaffold constructs (e), growth rate of cells on them with and
without light stimulation (f), and confocal microscopic micrographs of cells grown on the scaffold with (g) and without light stimulation (h). a,b) are
reproduced under the terms of the CC-BY license.[32] Copyright 2023, The Authors. Published by Wiley-VCH GmbH. c,d) are reproduced under the terms
of the CC-BY license.[33] Copyright 2021, the Authors. Published by MDPI. e~h) are reproduced with permission from.[8] Copyright 2012, The Royal

Society of Chemistry and Owner Societies.

application results are even more reliable when considering its
long-term implantation properties and its use with bioelectronic
devices.[1*%] Although PEDOT:PSS itself is not light-responsive,
several strategies have been adopted to combine it with light-
actuable materials, leveraging the unique properties of the re-
spective polymers.[®] For example, Corrado et al. demonstrated
the chemical functionalization of PEDOT:PSS with azobenzene
moieties. Their use as a gate electrode in OPECT can emulate
the visual pathways of the vertebrate retina.®®! These materials
modulate current flow in response to light irradiation, enabling
dynamic control of electrical signaling in biological tissues. Simi-
larly, Kalachyova et al. exploited this chemical functionalization to
modulate the conductivity of PEDOT:PSS through light-induced
changes in the azopolymer component. Light exposure triggers
the isomerization and redistribution of azopolymer chains, in-
fluencing the island-like distribution of PEDOT and thereby

Adv. Mater. Interfaces 2025, 2500181 2500181 (5 0f10)

modulating its conductivity (Figure 4a,b).””] These advances

represent a significant step toward the realization of dynamic
and responsive bioelectronic devices for a variety of biomedical
applications.

Another approach is implemented in the work of Terenzi et
al., who fabricated organic light-deformable conductive bilay-
ered materials by spin-coating a first layer of azobenzene-based
polymer, followed by a second layer of PEDOT:PSS. The light-
responsive conductive interfaces can be reshaped by light into
pillar-like structures, which are a well-known cell-instructive in-
terface. The azopolymer/PEDOT:PSS substrate also facilitates
the successful formation of supported lipid bilayers (SLBs),
which are essential element for mimicking cell membranes
and enabling biorecognition. Most importantly, these SLBs re-
main intact during substrate deformation, ensuring continu-
ous functionality.®®! These methods allow for the preparation of

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. PEDOT:PSS for light-mediated bioelectronics. a) Surface morphology of the patterned PEDOT:PSS thin film with and without laser inscribed
pattern. b) Comparison of the surface morphology profile and the corresponding conductivity map. c—e) Schematic of the hydrogel-integrated optoelec-
tronic biointerface (c) and of electrophysiology patch-clamp measurement system (d) used to record the activity of primary hippocampal neurons (e).
f) Structure of the wearable APLED. g,h) Photograph of the three-color light-emitting film attached to the arm (g) and real-time pulse measurement
(h). a,b) are reproduced under the terms of the CC-BY licensel®”! Copyright 2018, The Authors. Published by the Royal Society of Chemistry. c-e are
reproduced with permission.l1% Copyright 2022, Wiley-VCH GmbH. f-h) are reproduced under the terms of the CC-BY license.l'®"l Copyright 2024, the

Authors. Published by Wiley-VCH GmbH.

composites that couple the electrical conductivity of PEDOT:PSS
with the light-sensitive properties of azopolymers, opening new
avenues for advanced materials in bioelectronic applications.
PEDOT:PSS can be also directly coupled with P3HT to build
optoelectronic biointerfaces.[*>1%] In particular, Han et al. coated
a P3HT layer with conductive PEDOT:PSS hydrogels. The re-
sulting devices enabled the stimulation of individual hippocam-
pal neurons under low light intensities and facilitated light-

Adv. Mater. Interfaces 2025, 2500181 2500181 (6 0f10)

triggered control of the beating frequency of cardiac myocytes
(Figure 4c—e).l1%

Another way of utilizing light while taking advantage of the
softness and transparency of PEDOT:PSS is through All Poly-
mers Light-Emitting Diodes (APLEDs), which are now consid-
ered an ideal platform for wearable bioelectronic devices.”?) An
example is the work of Zangh et al. that reported the fabrica-
tion of a stretchable APLED based on PEDOT:PSS electrodes and
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light-emitting polymers. This flexible bioelectronic device can be
applied to the skin and is capable of measuring human heartbeats
(Figure 4{~h).11

6. Outlook

The studies presented highlight the transformative potential of
light-responsive conductive polymers for different ranges of ap-
plications. These materials can simultaneously influence elec-
trophysiological and proliferative cellular activities while modu-
lating mechanical responses. This multi-functionality becomes
particularly significant when different surface topographies are
applied, offering the possibility to design complex shapes across
multiple scales, from nano to macroscale.

We envision a future where bioelectronic systems are con-
structed from modular building blocks that can be selectively
activated to elicit specific cellular behaviors. These behaviors
may arise from a single stimulus—mechanical, electrical, or
biochemical—or from synergistic combinations of these inputs.
Light plays a pivotal role in this vision, serving as the cornerstone
of technology. Its unique capacity for spatiotemporal control en-
ables precise, on-demand stimulation, making it ideal for seam-
less integration into biological environments.

The materials studied thus far address critical challenges, in-
cluding stiffness mismatches, biorecognition, and 3D structur-
ing. However, the complexity of biological systems presents a
major hurdle: the biological environment is inherently dynamic,
characterized by continuous structural and functional reconfig-
uration. Consequently, there is a pressing need for bioelectronic
devices that are not only functional but also adaptive—capable of
maintaining their performance while responding to the evolving
properties of the tissue they interface with. Light-responsive ma-
terials offer a compelling solution to this challenge. For instance,
azobenzene-based polymers exemplify the potential of such ma-
terials. These polymers have been successfully integrated with
organic semiconductors in bioelectronic devices, demonstrating
biocompatibility and structural modifications that promote cell-
instructive behavior.'21%3] Moreover, there are several ways of
patterning them, including 3D printing, making them highly
versatile.[104105]

Looking forward, we propose that future research should pri-
oritize the development of materials that integrate electrical con-
ductivity with reshaping capabilities, particularly using additive
manufacturing techniques. Coupling organic electronics with ad-
vanced 3D printing could provide new opportunities for precise
spatial control over bioelectronic device components and circuits.
Engineering light-responsive, conductive, and reshapable poly-
mers compatible with such manufacturing methods would en-
able the rapid and cost-effective fabrication of flexible bioelec-
tronic devices. These innovations would reduce intrinsic inter-
faces, enhancing seamless integration with biological tissues.
Such devices would interact with cells in a multimodal fash-
ion, adapting their behavior based on the specific triggers pro-
vided. Moreover, bioprinting, combined with the deposition of
(bio)electronic inks, could improve biorecognition at the fabrica-
tion stage. Tissue engineering efforts should also consider em-
ploying human-induced pluripotent stem cell-derived cells, as
these are likely to be found for clinical application in the near
future.
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This next generation of bioelectronic devices will initially pro-
vide profound insights into the mechanisms governing cellular
and tissue behaviors, elucidating the intricate interplay between
stimuli and biological responses. Ultimately, they will evolve
to actively control these processes, unlocking new possibilities
in regenerative medicine, therapeutic implementations, and ad-
vanced tissue engineering.

Acknowledgements

G.G. and F.D.E. contributed equally to this work. F.S. and F.DE. acknowl-
edge the support of the European Research Council starting Grant BRAIN-
ACT (No. 949478). G.G. and L.P. acknowledge the internal funds from the
Free University of Bolzano- Bozen, as well as the Institute for Biomedicine
of Eurac Research, that co-financed the Ph.D. project of G.C.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

bioelectronics, conductive polymers, light-responsive materials, P3HT,
PEDOT:PSS

Received: February 26, 2025
Revised: April 12, 2025
Published online:

[1] M. Faraday, Phil Trans R Soc 1839, 129, 1.

[2] G.C. Pupilli, E. Fadiga, Journal of World History 1962, 7, 547.

[3] P. Jastrzebska-Perfect, S. Chowdhury, G. D. Spyropoulos, Z. Zhao,
C. Cea, ). N. Gelinas, D. Khodagholy, Adv. Funct. Mater. 2020, 30,
1909165.

[4] ). W. Phillips, A. Prominski, B. Tian, View 2022, 3, 20200157.

[5] D. A. Koutsouras, G. G. Malliaras, G. Langereis, Bioelectron. Med.
2024, 10, 19.

[6] G.Ling, R. W. Gerard, J. Cell. Comp. Physiol. 1949, 34, 383.

[7] G.Marmont, J. Cell. Comp. Physiol. 1949, 34, 351.

[8] A.L.Hodgkin, A. F. Huxley, Series B-Biol. Sci. 1952, 140, 177.

[9] A. Opantar, E. D. Glowacki, V. Derek, J. Neural Eng. 2024, 21,
046049.

[10] L. Lu, ACS Appl. Bio Mater. 2023, 6, 1701.

[17] K. Deisseroth, Nat. Methods 2011, 8, 26.

[12] ). Wang, W. B. Jung, R. S. Gertner, H. Park, D. Ham, Nat. Biomed.
Eng. 2025, 1, 11.

[13] C. Sekirnjak, P. Hottowy, A. Sher, W. Dabrowski, A. M. Litke, E. .
Chichilnisky, J. Neurophysiol. 2006, 95, 3311.

[14] S. Vassanelli, In Nanotechnology and Neuroscience: Nano-electronic,
Photonic and Mechanical Neuronal Interfacing, Springer, New York,
USA 2014.

[15] T. D. Kozai, Z. Du, Z. V. Gugel, M. A. Smith, S. M. Chase, L. M.
Bodily, X. T. Cui, J. Neurosci. Methods 2015, 242, 15.

[16] J. ). Jun, N. A. Steinmetz, J. H. Siegle, D. |. Denman, M. Bauza, B.
Barbarits, T. D. Harris, Nature 2017, 551, 232.

[17] N. A. Steinmetz, C. Koch, K. D. Harris, M. Carandini, Curr. Opin.
Neurobiol. 2018, 50, 92.

[18] R.Elnathan, M. G. Barbato, X. Guo, A. Mariano, Z. Wang, F. Santoro,
C. Chiappini, Nat. Rev. Mater. 2022, 7, 953.

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85UBD1 7 SUOWIWOD dA1TES1D 3cedljdde au) Ag peuIsnob a1e Sopile YO '8sN JO S3|nJ o) Afeiqi auljUO AS]IA UO (SUONIPUOD-PUB-SWBIW0Y" A3 |IM A e .d]1]BulUO//Say) SUORIPUOD Pue SIS 1 a4} 89S *[5202/90/8T] Uo Ariqi auljuo As|im ‘BuebuiesBunuyosy Jeenuez AiseAiun usydey Yy Aq T8T00SZ0Z IWPe/Z00T OT/I0p/W0d A8 Im A e1q 1 pul JUO"peoueApey/ SNy WO1) papeojumod ‘0 ‘0SEL96T2


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED

SCIENCE NEWS

ADVANCED

MATERIALS
INTERFACES

www.advancedsciencenews.com

[19]
(20]
(21]
(22]
(23]
(24]
(25]

26]
(27]

(28]
(29]

(3]
(31]
(32]
(33]
(34]
(33]
36]
(37]
(38]
(39]
(40]

(47]

(42]
[43]

[44]
[45]
[46]
[47]
(48]
(49]
(5]
(51]
[52]

(53]

Adv. Mater. Interfaces 2025, 2500181

J. Abu Shihada, M. Jung, S. Decke, L. Koschinski, S. Musall, V.
Rincén Montes, A. Offenhiusser, Adv. Sci. 2024, 11, 2305944,

X. Yang, C. Forro, T. L. Li, Y. Miura, T. ). Zaluska, C. T. Tsai, B. Cui,
Nat. Biotechnol. 2024, 42, 1836.

S. Shukla, J. L. Schwartz, C. Walsh, W. M. Wong, V. Patel, Y. P. Hsieh,
Z. )ahed, Microsyst. Nanoeng. 2024, 10, 184.

M. A. Huynh, T. H. Nguyen, T. K. Nguyen, N. T. Nguyen, ACS Appl.
Electron. Mater. 2023, 5, 5777.

C. Forré, S. Musall, V. R. Montes, |. Linkhorst, P. Walter, M. Wessling,
F. Santoro, Adv. Healthcare Mater. 2023, 12, 2301055.

K. M. Szostak, L. Grand, T. G. Constandinou, Front. Neurosci. 2017,
11, 665.

Y. U. Cho, S. L. Lim, J. H. Hong, K. ). Yu, npj Flexible Electron. 2022,
6,53.

X. Guo, A. Facchetti, Nat. Mater. 2020, 19, 922.

E. Zeglio, A. L. Rutz, T. E. Winkler, G. G. Malliaras, A. Herland, Adv.
Mater. 2019, 317, 1806712.

V. R. Feig, H. Tran, M. Lee, Z. Bao, Nat. Commun. 2018, 9, 2740.

J. Liu, X. Zhang, Y. Liu, M. Rodrigo, P. D. Loftus, J. Aparicio-
Valenzuela, Z. Bao, Proc. Natl. Acad. Sci. USA 2020, 117, 14769.

A. Nawaz, Q. Liu, W. L. Leong, K. E. Fairfull-Smith, P. Sonar, Adw.
Mater. 2021, 33, 2101874.

A. Saleh, A. Koklu, I. Uguz, A. M. Pappa, S. Inal, Nat. Rev. Bioeng.
2024, 2, 559.

H. ). Kim, W. Sritandi, Z. Xiong, J. S. Ho, Biophys. Rev. 2023, 4,
011304.

Q. Jin, ). Wang, M. Cheng, Y. Tian, Y. Xie, |. Deng, L. Li, Nanoscale
2024, 16, 20451.

J. Tang, ). Ren, K. Y. Han, Nanophotonics 2019, 8, 2111.

F. Duerr, Y. Meuret, H. Thienpont, Opt. Express 2013, 21, 31072.

J. Morstein, D. Trauner, Curr. Opin. Chem. Biol. 2019, 50, 145.

D. . Medagoda, D. Ghezzi, Commun. Mater. 2021, 2, 111.

E. Joseph, M. Ciocca, H. Wu, S. Marcozzi, M. A. Ucci, K. Keremane,
T. M. Brown, npj Biosensing 2024, 1, 15.

D. Ghezzi, M. R. Antognazza, M. Dal Maschio, E. Lanzarini, F.
Benfenati, G. Lanzani, Nat. Commun. 2011, 2, 164.

M. Nowakowska, M. Jake3ovd, T. Schmidt, A. Opancéar, M. Polz, R.
Reimer, M. Ucal, Adv. Healthcare Mater. 2024, 13, 2401303.

Z. Liu, Y. Liu, Y. Chang, H. R. Seyf, A. Henry, A. L. Mattheyses, K.
Salaita, Nat. Methods 2016, 13, 143.

D. M. Chapin, C. S. Fuller, G. L. Pearson, J. Appl. Phys. 1954, 25, 676.
C. K. Chiang, F. Jr, R. C., Y. W. Park, A. ). Heeger, H. Shirakawa, E. J.
Louis, A. G MacDiarmid, Phys. Rev. Lett. 1977, 39, 1098.

L. Wang, K. Mathieson, T. I. Kamins, J. D. Loudin, L. Galambos, G.
Goetz, D. V. Palanker, J. Neural Eng. 2012, 9, 046014.

V. Benfenati, N. Martino, M. R. Antognazza, A. Pistone, S. Toffanin,
S. Ferroni, M. Muccini, Adv. Healthcare Mater. 2014, 3, 392.

J. Song, P. Lin, Y. F. Ruan, W. W. Zhao, W. Wei, J. Hu, F. Yan, Adb.
Healthcare Mater. 2018, 7, 1800536.

J. F. Maya-Vetencourt, G. Manfredi, M. Mete, E. Colombo, M.
Bramini, S. Di Marco, F. Benfenati, Nat. Nanotechnol. 2020, 15, 698.
E. Bystrenova, M. Jelitai, I. Tonazzini, N. Lazar, H. A., S. M., P, F.
Biscarini, Adv. Funct. Mater. 2008, 18, 1751.

M. R. Antognazza, D. Ghezzi, D. Musitelli, M. Garbugli, G. Lanzani,
Appl. Phys. Lett. 2009, 94, 243501.

V. Derek, D. Rand, L. Migliaccio, Y. Hanein, E. D. Gtowacki, Front.
Bioeng. Biotechnol. 2020, 8, 284.

M. G. Shapiro, K. Homma, S. Villarreal, C. P. Richter, F. Bezanilla,
Nat. Commun. 2012, 3, 736.

J. L. Carvalho-de-Souza, J. S. Treger, B. Dang, S. B. Kent, D. R.
Pepperberg, F. Bezanilla, Neuron 2015, 86, 207.

Y. Jiang, ). L. Carvalho-de-Souza, R. C. Wong, Z. Luo, D. Isheim, X.
Zuo, B. Tian, Nat. Mater. 2016, 15, 1023.

2500181 (8 of 10)

(54]

(53]

[56]
[57]
(58]
[59]
(60]

(61]
(62]

(63]
(64]

(63]
(66]

(67]
(68]
(6]
[70]
(71
[72]
(73]
(74]
[75]
[76]
[77]
(78]
[79]
(80]
(81]
(82]
(83]
(84]
(85]

(86]

www.advmatinterfaces.de

M. Han, S. B. Srivastava, E. Yildiz, R. Melikov, S. Surme, |. B. Dogru-
Yuksel, I. H. Kavakli, A. Sahin, S. Nizamoglu, ACS Appl. Mater. Inter-
faces 2020, 12, 42997 .

D. Rand, M. Jakesovd, G. Lubin, I. Vebraite, M. David-Pur, V. Derek,
T. Cramer, N. S. Sariciftci, Y. Hanein, E. D. Glowacki, Adv. Mater.
2018, 30, 1707292.

N. Gamper, O. Zaika, Y. Li, P. Martin, C. C. Hernandez, M. R. Perez,
M. S. Shapiro, EMBO J. 2006, 25, 4996.

P. Chowdhury, P. Fortin, G. Suppes, S. Holdcroft, Macromol. Chem.
Phys. 2016, 217, 1119.

S. Bellani, A. Ghadirzadeh, L. Meda, A. Savoini, A. Tacca, G. Marra,
M. R. Antognazza, Adv. Funct. Mater. 2015, 25, 4531.

M. A. Hopcroft, W. D. Nix, T. W. Kenny, J. Microelectromech. Syst.
2010, 79, 229.

C. T. McKee, J. A. Last, P. Russell, C. J. Murphy, Tissue Eng., Part B
2011, 17, 155.

T. Someya, Z. Bao, G. G. Malliaras, Nature 2016, 540, 379.

T. Ware, D. Simon, C. Liu, T. Musa, S. Vasudevan, A. Sloan, W. Voit,
J. Biomed. Mater. Res., Part B 2014, 102, 1.

Y. P. Mamunya, V. V. Davydenko, P. Pissis, E. V. Lebedev, Eur. Polym.
J. 2002, 38, 1887.

P. Gkoupidenis, Y. Zhang, H. Kleemann, H. Ling, F. Santoro, S.
Fabiano, Y. van de Burgt, Nat. Rev. Mater. 2024, 9, 134.

Y. Lin, Y. Li, X. Zhan, Chem. Soc. Rev. 2012, 41, 4245.

M. Seiti, A. Giuri, C. E. Corcione, E. Ferraris, Biomater. Adv. 2023,
154, 213655.

R. Wei, M. Gryszel, L. Migliaccio, E. D. Gtowacki, J. Mater. Chem. C
2020, 8, 10897.

M. H. Borges, B. E. Nagay, R. C. Costa, ). G. S. Souza, M. T. Mathew,
V. A. Bardo, Adv. Colloid Interface Sci. 2023, 314, 102860.

E. N. Zare, P. Makvandi, B. Ashtari, F. Rossi, A. Motahari, G. Perale,
J- Med. Chem. 2019, 63, 1.

C. Pitsalidis, A. M. Pappa, A. . Boys, Y. Fu, C. M. Moysidou, D. van
Niekerk, R. M. Owens, Chem. Rev. 2021, 122, 4700.

G. Kaur, R. Adhikari, P. Cass, M. Bown, P. Gunatillake, RSC Adv. 2015,
5, 37553.

W. Li, Y. Li, Z. Song, Y. X. Wang, W. Hu, Chem. Soc. Rev. 2024, 53,
10575.

R. Balint, N. ). Cassidy, S. H. Cartmell, Acta Biomater. 2014, 10, 2341.
K. Namsheer, C. S. Rout, RSC Adv. 2021, 11, 5659.

H. Lee, Y. Won, J. H. Oh, J. Polym. Sci. 2022, 60, 348.

N. Martino, P. Feyen, M. Porro, C. Bossio, E. Zucchetti, D. Ghezzi,
M. R. Antognazza, Sci. Rep. 2015, 5, 8911.

D. Ghezzi, M. R. Antognazza, R. Maccarone, S. Bellani, E. Lanzarini,
N. Martino, F. Benfenati, Nat. Photonics 2013, 7, 400.

J. Barsotti, S. Perotto, A. Candini, E. Colombo, F. V. Camargo, S. Di
Marco, G. Lanzani, ACS Appl. Mater. Interfaces 2023, 15, 13472.

I. A. Aziz, L. Maver, C. Giannasi, S. Niada, A. T. Brini, M. R.
Antognazza, J. Mater. Chem. C 2022, 10, 9823.

P. Feyen, E. Colombo, D. Endeman, M. Nova, L. Laudato, N.
Martino, D. Ghezzi, Sci. Rep. 2016, 6, 22718.

H. H. Han, C. Z. Wang, Y. Zang, ). Li, T. D. James, X. P. He, Chem.
Commun. 2017, 53, 9793.

M. Ciocca, S. Marcozzi, P. Mariani, V. Lacconi, A. Di Carlo, L. Cin3,
T. M. Brown, Adv. NanoBiomed Res. 2023, 3, 2200127.

N. Elgiddawy, S. Ren, W. Ghattas, W. M. E. Rouby, A. O. El-Gendy,
A. A. Farghali, H. Korri-Youssoufi, Sensors 2021, 21, 1715.

Y. Tao, H. F. Chan, B. Shi, M. Li, K. W. Leong, Adv. Funct. Mater. 2020,
30, 2005029.

G. Jin, M. P. Prabhakaran, D. Kai, M. Kotaki, S. Ramakrishna, Pho-
tochem. Photobiol. Sci. 2012, 12, 124.

P. Campione, M. G. Rizzo, L. V. Bauso, . lelo, G. M. L. Messina, G.
Calabrese, J. Func. Biomater. 2025, 16, 10.

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

35UD 1T SUOWIWOD dAIER1D 3|cedl [dde ay) Ag pausanoh afe sajoie O ‘38N JO SanJ 1oy Akeld 1T auluQ AS[IAA UO (SUO T IPUOD-PUR-SWLR)WOY" A3 1M ARIq Ul UO//SAdNL) SUORIPUOD pUe SWS | U39S *[5202/90/8T] Uo ARlgiauluQ A1 ‘Buebuiesbunuyosy Benuez AsAIuN Wydey Uimy Ag T8T00SZ0Z IWPR/Z00T OT/I0p/Wod B | 1M Afeiq 1 pul U0 paoueApe//Sdny Wolj papeojumod ‘0 ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED

SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

www.advmatinterfaces.de

[87] F. Moccia, S. Negri, P. Faris, C. Ronchi, F. Lodola, Vasc. Pharmacol. [97] Y. Kalachyova, O. Guselnikova, P. Postnikov, P. Fitl, L. Lapcak, V.
2022, 144, 106998. Svorcik, O. Lyutakov, RSC Adv. 2018, 8, 11198.
[88] H. Shi, C. Liu, Q. Jiang, ). Xu, Adv. Electron. Mater. 2015, 1, [98] L. Terenzi, Z. Gao, M. Ravandeh, C. Fedele, L. H. Klausen, C. L.
1500017. Bovio, F. Santoro, Adv. Healthcare Mater. 2024, 13, 2303812.
[89] L. Koschinski, B. Lenyk, M. Jung, I. Lenzi, B. Kampa, D. Mayer, V. R. [99] M. . I. Airaghi Leccardi, N. A. L. Chenais, L. Ferlauto, M. Kawecki,
Montes, J. Mater. Chem. B 2023, 11, 9639. E. G. Zollinger, D. Ghezzi, Commun. Mater. 2020, 1, 21.
[90] ). Li, J. Cao, B. Lu, G. Gu, Nat. Rev. Mater. 2023, 8, 604. [100] M. Han, E. Yildiz, H. N. Kaleli, S. Karaz, G. O. Eren, |. B. Dogru-
[97] S.J.Yoon, ). Ha, H. Lee, J. T. Park, B. H. Lee, K. I. Jang, Y. K. Lee, npj Yuksel, S. Nizamoglu, Adv. Healthcare Mater. 2022, 11, 2102160.
Flexible Electron. 2024, 8, 22. [101] Z. Zhang, W. Wang, Y. Jiang, Y. X. Wang, Y. Wu, J. C. Lai, Z. Bao,
[92] D. A. Koutsouras, P. Gkoupidenis, C. Stolz, V. Subramanian, G. G. Nature 2022, 603, 624.
Malliaras, D. C. Martin, ChemElectroChem 2017, 4, 2321. [102] F. Mauro, C. F. Natale, V. Panzetta, P. A. Netti, ACS Appl. Mater. In-
[93] A.Pisciotta, A. Lunghi, G. Bertani, R. Di Tinco, L. Bertoni, G. Orlandi, terfaces 2024, 16, 29823.
G. Carnevale, Front. Physiol. 2022, 13, 930804. [103] S. De Martino, W. Zhang, L. Klausen, H. Y. Lou, X. Li, F. S. Alfonso,
[94] G. Cellot, P. Lagonegro, G. Tarabella, D. Scaini, F. Fabbri, S. lannotta, B. Cui, Nano Lett. 2019, 20, 577.
L. Ballerini, Front.Neurosci. 2016, 9, 521. [104] F. A. Pennacchio, C. Fedele, S. De Martino, S. Cavalli, R. Vecchione,
[95] Y. Huang, L. Tang, Y. Jiang, CCS Chemistry 2024, 6, 1844. P. A. Netti, ACS Appl. Mater. Interfaces 2018, 10, 91.
[96] F. Corrado, U. Bruno, M. Prato, A. Carella, V. Criscuolo, A. Massaro, [105] C. Rianna, A. Calabuig, M. Ventre, S. Cavalli, V. Pagliarulo, S. Grilli,

F. Santoro, Nat. Commun. 2023, 14, 6760.

P. A. Netti, ACS Appl. Mater. Interfaces 2015, 7, 16984.

Adv. Mater. Interfaces 2025, 2500181

Giovanna Gentile is a biologist. She received her M.Sc. in Functional Genomics from the University of
Trieste, Italy, in 2018. After graduation, she obtained an internship at the Institute for Biomedicine, Eu-
rac Research, Bolzano, Italy, where she then continued as Junior Research until 2021. She is currently
enrolled in the 3rd year of the Ph.D. program in Advanced System Engineering (Inf/Ing-01) atthe Free
University of Bolzano in collaboration with the Institute for Biomedicine, Eurac Research, Italy. Her
Ph.D. project focuses on the use of semiconductive organic polymers for the in vitro optical stimula-
tion of neurons and cardiomyocytes.

Mehdi Ravandeh is a biophysical chemist specializing in the engineering of bioelectronic devices and
artificial cell membranes. He received his BScand MScin Chemistry in Iran before earning his Ph.D.
from the University of Greifswald, Germany, in 2021. Following his Ph.D., he conducted postdoctoral
research at Leibniz Institute for Plasma Science and Technology in Greifswald and at the Neuroelec-
tronic Interfaces group, Forschungszentrum Jiilich. He is currently a postdoctoral researcher in the
Bio-Inspired Computation group at the University of Kiel, working on the ERC-funded SYNNEURON
project.

Luisa Petti earned her M.Sc. in Electronic Engineering from Politecnico di Milano in 2011 and her
Ph.D. in Electrical Engineering from ETH Zurich in 2016 with a thesis on metal oxide thin-film transis-
tors for flexible electronics, which was awarded the ETH medal. After a post-doc at ETH Zurich, she
worked as a Scientist at Cambridge Display Technology Ltd and FlexEnable Ltd. In 2018, she joined
the Free University of Bozen-Bolzano, where she currently holds an Associate Professorship in Elec-
tronics. Her research focuses on the design, fabrication, characterization, and validation of flexible,
sustainable, and bio-interfaced electronic devices.

2500181 (9 of 10)

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85UBD 1T SUOWILIOD BAEBID) 3|qedt|dde sy Ag pausenob ae sap e YO ‘8sn J0 SN 104 AkelqiT auluO AS|IAA UO (SUOTIPUOD-PUR-SWLRYWOD" A 1M ARIq 1 BU1UO//SdNY) SUORIPUOD Pue SWi | U1 89S *[6202/90/8T] U0 Arigiauliuo Aa|im ‘BuebuesBunuyoey Jornusz AseAlun usydey ymy AQ T8T00SZ0Z IWPe/Z00T OT/I0p/Wo0 A3 1M Aeiq | puluo paoueApe//Sdiy WOo1) pepeojumod ‘0 ‘0SEL96T2Z


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com www.advmatinterfaces.de

Adv. Mater. Interfaces 2025, 2500181

Francesca D’Eliais a biotechnologist specializing in the processing of smart polymers. She earned
her degrees at the University of Salento and a Ph.D. from Scuola Normale Superiore of Pisa. After a
collaboration with NEST Competence Center on Nanotechnologies and ESAOTE S.p.A. as a research
fellow, she worked as a process engineer responsible for the metrology area at Camgraphic Srl. In the
meantime, she enrolled in the II-level master’s in Knowledge Exchange and Impact. She is currently a
Shea postdoctoral fellow in the Neuroelectronic Interfaces group at the Department of Bioelectronics
ofthe Forschungszentrum Juelich.

Francesca Santoro, born in Naples in 1986, is a biomedical engineer specializing in neuroelectronics.
She earned her degrees at the University of Naples Federico Il and a Ph.D. from RWTH Aachen and
Forschungszentrum Jiilich in 2014. After a postdoctoral fellowship at Stanford University, she became
a Principal Investigator at the Istituto Italiano di Tecnologia, founding the “Tissue Electronics” lab.
Now a professor at RWTH Aachen and Forschungszentrum Jiilich in Neuroelectronic Interfaces, she
has received awards including the MIT Technology Review Under 35, an ERC Starting Grant, and the
Falling Walls Breakthrough Award. She has authored more than 75 peer-reviewed publications.

2500181 (10 of 10) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85UBD1 7 SUOWIWOD dA1TES1D 3cedljdde au) Ag peuIsnob a1e Sopile YO '8sN JO S3|nJ o) Afeiqi auljUO AS]IA UO (SUONIPUOD-PUB-SWBIW0Y" A3 |IM A e .d]1]BulUO//Say) SUORIPUOD Pue SIS 1 a4} 89S *[5202/90/8T] Uo Ariqi auljuo As|im ‘BuebuiesBunuyosy Jeenuez AiseAiun usydey Yy Aq T8T00SZ0Z IWPe/Z00T OT/I0p/W0d A8 Im A e1q 1 pul JUO"peoueApey/ SNy WO1) papeojumod ‘0 ‘0SEL96T2


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de



