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Abstract

Bioeletronics is a scientific branch that aims at the direct coupling of biomolecular fungiti®with
standard electronic or optical devices. As often occurs for new research disciplines, the main
limitations of this field are the material needed to interface soft living entities, mainly regulated by
ionic current or chemical reactions, with tianorganic devices, which mainly transmit signals
through hole or electron currents. The development of conducting polymers enabled the bridging of
the inherent gap between these two separate worlds: owing to their biocompatibility, tunable
conductivity,soft nature, ease of fabrication and low temperature processability, together with their
capability to resist to corrosion in liquid environments and be tailored according to the required
application, conducting polymers replaced the traditional inorgdeatronic materials.

Among several conducting polymers, the intrinsically conductive pohghylenedioxythiophene)
(PEDOT), doped with poly(styrenesulfonic acid) (PSS), or PEDOT:PSS, is one of the most
representative and used, having an excellent darand thermal stability, reversible doping state
and high conductivity.

This thesis work relies on the use of PEDOT:PSS as semiconducting material for biological interfaces
and biosensors. All PEDOT:P&fased Organic Electrochemical Transistors have bealized to

study cell tissue integrity, the amount of oxygen dissolved in solution and cytokines/analytes released
from stem cells undergoing osteogenic differentiation. On the other hand, PEDOT:PSS thin films
have been employed as gold electrode cgatfarin-vivo, chronic recordings of the spiking activity

of peripheral nerves.

In detail, it was demonstrated that OECTs have the potential tdimsalmonitor growth and
detachment of both strozarrier and nédarrier cell lines, according to the fEhing of the active

area of the device, influenced by the cell tissue: the comparison of the implemented vertical and
planar configurations proved that, in the latter, ions cross twice the cell layer forming on the device,
thus doubling the cell effechahe OECT response time and enabling the detection of eviearrer

cells, such as human embryonic fibroblast (NH3). Planar OECTs were then employed to assess
silver nanopatrticles (AgNPs) toxicity effects on human colorectal epithelial cells-@acal NIH

3T3, representing the intestinal and skin barrier, respectively, since AgNPs are commonly found in
food packaging and cosmetics. The +ale monitoring of citratecoated AgNPs (toxic) and the
passivated (I-inercaptoundecyl)hexa(ethylene glyc@BGsOH)-coated ones (netoxic) allowed

further insights and informations of citrateated AgNPs uptake by the cells and their toxic actions.
On the contrary, E€@H-coated AgNPs were demonstrated to be-toxic towards both cell lines,
showing a response comparable to untreated samples.

Moreover, PEDOT:PSS OECTs were also been employed as oxygen sensors, demonstrating their
capability to detect oxygen amount daiksed in KCI or even cell culture medium solutions, in the
oxygen partial pressure (above the solution) range&#0This paves the way for sensors able to
study cell culture grown in hypoxia conditions or analyse tumour properties related to difssugat t
oxygen partial pressures (that are in the range between 10% and 0%).

Furthermore, the gate of PEDOT:PSS OECTs were biofunctionalized to impart specificity on the
OECT sensing capabilities: in detail, a chemical functionalization strategy, involNdng (
Aminopropyl)triethoxysilane (APTES) molecules, biotin units, streptavidin proteins and a final
biotinylated capture antibody towards the selected analyte/cytokine, was developed and
characterized. The resulting device showed a proof of concept detetadinndamental cytokine

for cells undergoing osteogenic differentiation (namely, Bone Morphogenic Protein 2), thus
introducing the possibility for reaime monitoring of cell differentiation process.
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Besides, PEDOT:PSS thicknesantrolled films were elctrodeposited on gold electrodes as
biocompatible, lowimpedance and soft interface between the animal nerve and the metallic layer. In
detail, the introduction of the plasticizer polyethylene glycol (PEG) enhanced the elasticity of the
final film while keeping good conductivity and leimpedance properties, as highlighted by
electrochemical impedance and atomic force microscopy measurements under tensile strain. A final
in-vivo chronic recording of the renal sympathetic nerve activity of a rat was pedoproving the
efficiency of the device.
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| ntroducti on

Bioelectronisis a scientific branciwhich aims at the interfacing of the electronic world of sensors,
actuators, transistors and logic circuits, with the biological systems, consisting of cells, tissues,
proteins, bacteria. The capability to interact with biology gisafectrical signals as a mean to
investigate or stimulate living organisms allows for infinite possibilities to gain further insights on,
as well as to control, biological events. This paves the way to the development of a broad range of
powerful and inteesting biomedical applications, such as smart prostheses, neural implants,
biosensors, wearable electronics and many others, having the potential to improve the quality of life
of millions of people.

However, the difficult interfacing of the biological@electronic worlds relies on the communication
bet ween fisofto |iving biological entities, wh
chemical reactions in |iquid environment, and
electron and hole currents. Materials are then the main limitations for the development of these new
technologies. The rising of semiconducting polymers, with their ability to conduct both electronic
and ionic (bio)signals, thus bridging the gap betweesdhwo diverse worldsspread completely

new possibilities, lading to the growth of Organic Bioelectronics.

Among the different conducting polymers used, the commercially available pely(3,4
ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS), is the gold standard
material for bioelectronic studiemnd applications, due to its properties: in detail, PEDOT:PSS
presents high electrochemical and thermal stability, water dispersibility, good and tunable
conductivity and good filaforming propertieg'* For these reasons, several powerful and potentially
commerciable applications have been developed with this polymer, such as organic electrochemical
transistor{OECT), biosensors, organic electronic ion pump (OEIP), implantable electrodes.

The aim of this thesis is to employ PEDOT:PSS features towards the realization of new smart
biosensing devices, characterizing their electrical and electrochemical performances. In particular,
organic electrochemical trassors and electrodes have been fabricated and studied in which the
PEDOT:PSS behave as soft and biocompatible interface between the biological element and the
electronic device.

This work has been carried out at the Department of Physics and Astrondhey @hiversity of
Bologna, and in part at the Institute for the Study of Nanostructured Material of the National Centre
of Research in Bologna and, during a secondment, at the Department of Chemical Engineering and
Biotechnology at the University of Camtlge, in the United Kingdom. Moreover, fruitful
collaborations with the Department of Industrial Chemistry of the University of Bologna, The
Department of Biomedical and Neuromotor Sciences in Bologna, the Florey Institute of Neuroscience
and Mental Healtlof the University of Melbourne in Australia, the Department of Physics and centre
for Plastic Electronics of the Imperial College in London (UK), the Biological and Environmental
Science and Engineering Division of the King Abdullah University of SciendeTachnology in

Thuwal (Saudi Arabia) helped to realize these studies.

In the first Chapter, an overview on Organic Bioelectronics is reported, focusing on its development
and the rise of conducting polymer as smart interfacing material for severatbmaleapplications
(surfaces, scaffolds, biosensors, electrodes for sensing and stimulations).

In the second Chapter, conjugated polymers and their properties are introduced and, in particular,
PEDOT:PSS features and its technological applications irbithedectronic field are explained:
organic electrochemical transistor working principles, biosensors and electrodes are summarized.
Materials, fabrication and characterization technique, together with the experimental setups and the
biological componentare explained in detail in the third Chapter.

1



Last three Chapters report the results obtained in this thesis.

In the fourth Chapter, PEDOT:P3fased organic electrochemical transistors (OECTS) were
investigate as smart devices for cell tissue integrityitaong. In detail, the Chapter starts with the
fabrication of a sample holder for OECTSs, which mimic cell culture Petri dishes, enabling to perform
reattime measurements inside the incubator, sequentially over several devices. Then, vitality tests on
the cell cultures are reported. Finally, OECTs are employed to continuously study both barrier and
non-barrier cell layer formation and disruption, showing how the geometry influence the chosen cell
monitoring. Furthermore, the OECT ability to assess celltihe@anditions when stressed by the
introduction of nanopatrticles in the cell media was investigated.

In the fifth Chapter, PEDOT:PSS coated stretchable electrodes are studied as a means to record neura
activity from a peripheral nerve. In detail, thegtlaizer polyethylene glycol (PEG) was introduced

in the PEDOT:PSS, testing the elastic and electrical properties of the new composite compared to the
pristine PEDOT:PSS ones. Moreover, also the electrode features anterdwmngtability were
evaluated. Inhe end, the electrode was implanted and used to measiive chronic nerve spiking

activity in a freemoving rat.

OECTs as sensors were investigated in the sixth and last Chapter. The first Section reports the
characterization of an all PEDOT:PSS OHGiTsensing oxygen dissolved in solution, together with

a first preliminary measurement in a biological liquid environment. The second Section is instead
focused on the functionalization strategy of the gate of an OECT, in order to realize a biocompatible
electrical device able to monitor cytokines or analytes released from stem cell undergoing osteogenic
differentiation. Several techniques and electrical characterizations are employed to study the
biofunctionalization unit, with a final proof of conceptperiment for Bone Morphogenic Protein 2

(a cytokine crucial at earlier stage of the differentiation protedssgction.



Chapter 1

Or gaBiiacel esctroni c

1.1 Development of organic bioelectronic

Electrical signals to investigatedbbogical systems are currently usedotatain further and usefull
insights on signaling principles of living organisma/hat is now considered a powerfull but standard
tool, has its origins in the experiment of Luigi Galvani, at the University of Bologna. He performed
various experiments the 18" century, electrically inducing muscular activities on a detached leg of
afrog, thatrepresent a starting point of Bioelectronics. Indeed, he was a pioneer in using bioelectricity
to investigate tissue of living organism.

Bioelectronicia sci enti fic branch that | UPAC defines
to microelectronics s utlhothersworl,ia®wraenWotfgarsy Gépald b
(another hystorical bi oel ectronic pioneer) in

biomolecular function ungtof high molecular weight and extremely complicated molecular structure
with electronic or °Flpstdeficitaond introducastsodkey pant of thisfigld, c e s
namely Adirect coupligd and A hsithg mtimateihtegatioh ar
between electronic and biomolecular principles in this field, while the latter reports the comaplicat
biological structures this scientific branch has to deal with (i.e. proteins, cells, baétérdded,
biological systems are regulated by multipleemical, electricahnd electrochemical signals, that
control life cycle of individual cedl but also the behaviour of multicellular systems, for example
organs or tissue3hese signals can be carried insidediganism by the blood stream, along neurons

or transported by cluster of cells, linked one anott#sually a broad range of proteins or ions allow

for the transmission of signals along these pathways, further confirming the complexity of biological
systemsBioelectronic aims amneasuringand stimulating these multiple biologicagjsals.

Nowadays, different electronic and electrochemical devices offer improved healthcare, enviromental
protection and accelerate scientific reseategkmong them, there are biosensfnsglucose (or other
interesting analytes) monitoring, pacemailaard defibrillators that helped saving unncountable lives

and biomedical instruments providing insights on agfhmunication among each other and with the
external enviroment.

As often happens with emerging technologies or disciplines, materials are the main limitation for the
development of newioelectroniaevices?, due to the need of softness, biocompatibility, biostability

at the biological interface, together with the properties to transduce signal across biotic/abiotic
interface!! As an example, neuralterfaces require low invasive and letegm electrodes to record

and stimulate brain/nee activity. For this purpose, conducting polymer coatings have been used to
endow metallic electrodes with many advantages, such as electrical impedance reduction, better
mechanical properties and the possibility to deliver drugs. These features cedtribubetter
stimulation/recording ability, improved lfeme and reeduced inflammation response of the
implanted ared® The rext paragraph will focus on organic materials properties and features, needed
for bioelectronic pplications, while conjugated polymer (and in particular Poly(3,4
ethylenedioxythiophene) poly(styrenesulfonate), PEDOT:PSS), will be discussed in Chdpter 2.
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particular, conjugated polymer properties led to the development dDrifjenic Bioelectronics,
which deals with the use of carbbased semiconductors (in form of polymer or small molecules)
into electronic or optoelectronic devices at the interface with bidtbgy.

Owing to the powerfull applications anthe great potential in scientific researches, sanitary and
biomedical fieldtogether with theeconomic opportunities relategsearch interest in bioelectrogic

and organic bioelectrorsdield ia growing at increasing rate. Figure dreports the number of
pubblication per year regarding these topics frb®8 to 2015 in the Web of Scienté Core
Collection Databasdt should be noted the huge amount of absolute pubblicatidbioelectronic

topic, starting from 1990, while organic bioelectronic field started to gain interest quite recently, in
2005. This year could be seen a threshold also for bioelectronics enagjemhose pubblication
almost doubled and started having an exponential trend in the new millenium, due to the diffusion of
organic semiconductors for different applications, such as organieelngitting diodes (OLEDS),
organic thin film transistors (OFTs) and organic photovoltaics (OPVs) (Figure 1.1b).

a) b)
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Figura 1.1: Pubblication per year regarding (a) Bioelectraifibe reporteenes plusthe ones published without explicitily using the
word bioelectronics) and (b) Organic Electronics from 1985 to 2848tce: Web of Scient® Core Collection Database.

1.2 Organic Materials: Conducting Polymers

As reported above, materials are often the maiidtion for new technologies development. This is
the case for Bioelectrorscthere is amechanical and electrical mismatch between standard inorganic
electronic devices and living biological systems. Electronic devizet) as transistors, electrodes
and so on, are our way to measure and transmit signals or information, using electron and hole
currents. On the other hand, the biological world, i.e. cells, DNA, neurons and microorganisms,
usually communicate throught ionic current or chemical reactimagjng interaction with known
electronics quite difficultln addition even in presence of devices able to transduce the signals across
the biotic/abiotic interface, currently used inorganic semiconductors or electronic devices have
limited conversion inacqueous environment due to the Debye screening effect caused by the
formation of an electrical double layer on the sensing material suffdndeed, electrostatic
interactions in a |iquid media are known to e
distance at which the detector can probe a target analyte and limiting its application in biomedical
analysis'® Moreover there is a big difference in the mechanical properties of siliased devices
and the biological system$or examplehuman br ain Youngos-ordeoa ul us
magnitude smaller than silicon one (170 GPa), which may lead to strain and mismatch between the
surfaces in chronic implants.
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The gap between inorganic electronic and the bioloiicag entititesneeds to be filled by materials
whose properties are able to interfaces#two separate work] such have proved to be conducting
polymers Indeed,as itwill be further discussd in the next chapterconductirg polymershave a

broad range of physical arathemical design space influencing parameters @aimpact on cell
growth and function: thus, an appropriate fabrication can ensure that the supporting/interfacing
material do not adversely affectogt maybeimprove, sustainor enhance) biological standh
behaviort®

1.2.1 Properties of Conducting Polymers

Conducting polymex (CPs) (also called synthetic metalsr conjugated polmeysare organic
polymers typically containing a linear backbone with repeatedswifitorjugated monomey with

highly reversible redox behavior and properties resembling both metal and plasti@ ltmesost
commonly diffused are polyaniline (PANI), polypirrole (PPy), poly(ethylenedioxithiophene)
(PEDOT), polythiophene (PTh) and polyfuran (i The great interest and poputy gained by
bioelectronicfield in last years is also due to the powerfull electrical and optical features owned by
this class of materials, which were previously only seen in inorganic nasng the different
propertes, one of the most remarkabéetiheir ability to be nanostructurally tailored depending on the
required application, using innovative synthetic transformatandeposition techniqse® Other
interesting features are thdiiocompatibility andi s of t 06 nat ur e, i n contr as
standard inorganic material for electronic applicati@asy andow temperature processability, the
possibiity to control chemical structures and film morphology, together wtithir tunable
conductivity and the corrosion resistance (biological interfacing often means the need to work in
acqueous environmentf®?1These features enable conducting polyst@have a better mechanical
compatibility and structural tunability with Bagical living systems, an easy and wide range control
overphysical or chemical properties, using surface functionalizabodoping techniques, and the
capability to be assembled deposited resembling biolagil structuregfibrous, comformable, 3D
porous)>”2124 This resulted in the replacement of traditional inorganic electronic materials with
conducting polymers, having variety of meaningfulapplications in a twad range of fields,
including energy storage, enviromental remediation, medical and biomedical appliétions
particular, conducting polymers have especially spread in biolectronic owing their promising
biointerfacing capabilitied as a matter of fact, electrodes coated with doped CPs are used to record
neural activity?” 2° and polymetbased devices are exploitas biosensor¥ *2in form of electrodes

or transistorsastissue engineerinfims33 and scaffold¥2>andasdrug deliverysystems® Further
insights and example®n CP bioelectronic applicatiswill be coveredn paragraph 1.3.

It might be usefull to introduce a comparison between two main representing matarialganic
semiconductors andonducting polymersinorganic silicon (Si) and the conjugd polymer
poly(3,4ethylenedioxythiophene) (PEDOT), bothtype doped (silicon with boron (Si:B) and
PEDOT with poly(styrene sulfonate) (PEDOT:PSS)) and in contact with an electrolyte solution.
Figure 1.2 shows a schematic of the suggested scenarie wisetvated iors reported to have a
relative scaleSilicon is composed by a network of covalent bonds, each atoms sharing valence
electrons with four neightbors; on the other hand, PEDOT:PSS has covalently bounded (macro
)molecular blocks(typically planar, rigid aromatic repeated units that create a macromolecular
conformation)which are held together by weak van der Wadkrmolecular association®gether

with dipolar andelectrostatic interactionffor doped materials)These forces are reponkgbof
organic matenmindl repofes@nnat hee main difference
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Stemming from this bondings are also the main features of CPs, that can be summatizét as:

1 CPs allow a facile chemical and film morphology modificatoreachthe requiredeatures
depenénton the material applicatioBasic polyners can beonsideredlank canvas, using
organic chemistry to tailor molecular design wégveralp o s si bi | i t i
conjugated backbone or the side groups, one can modify-)eleiironic, mechanical or
biological properties. For example, by adding biorooles into the backbone or choosing
selected materials at the starting point of the systhiéssspossibile to further improve the
compatibilitybetween biological systems and the resulting final organic matiaagover
thin film morphology and trasport properties can be modifiebdanging theize andbr shape
of the side chains, while their composition can influence aqueous and ionic uptake.

€S- Sin:

Doping.Organic materials can be eithetype or ntype dopedthusbeing able to achieve a

broad range otonductivty (from insulating material almost towards metallic behavior).
Differentely from their inorganic counterparts, doping mechanism relies on redox processes
(oxidation/reduction)eading to charge carrier formation, upon charge transfex.doping
process produces charge carriers in the form of positive or negative pdiadinal ions),
bipolarons (dications or dianions) or soliton in the T latter are present only in degenerate
polymers, which he&e two identical identical structures in tiggound state, while polarons

and bipolarons are observed in both degenerate anedegmmerate (having different
structures, i.e. quinoid and benzoid, with different energy at the ground state) polymers. Upon
doping, changes occur in the geometric stmgcaf CPs (e.qg., from benzoid to quinoiBr
example, Figure 1.2 sh@that removing an electron from the PEDOT thiophene chain leads

6



to the modification of part of the chain from an aromatic to a quinoid structure (as will be
further explained in Chapt@).Polarons and bipolaromase delocalized on the polymer chain,
allowingthe electronic conductivitysincen-doping is not as stable as the positively charged
form for CPs, pdopingis more commoly found in reasearch fieldfgr examplePPy or
PEDOT).

1 Once doped, organic materials can support hetgge) or electron (1type) transport at room
temperature, or even be classified as ambipolar (being abl@portoth). Noteworthy, they
can transport also ions, which is allowed by the large spaceeestvnolecules in their
structure (due to van der Waals interactiodgjditionally, the hydrophilic nature of CPs
permits water uptaking and swelling, enhancing ion transpoteover, the high polaron
density of CP systems increasen penetration close the polymer backbone thanks to the
Coulombic attractin.

1 Swellingabilities. CPs can undergo swelling/sieelling, according to changing in their redox
state.Electrochemical driven expansion/reductioinCP dimensionfias been investigated
with the am of the development of a new generation of actuators, whosaifferent
mechanisma are illustrated and explained in Figure.lCkidazing the conducting polymer,
thus extracting electrons from its polymer chain, leads to the introduction of small enions
its matrix to keep the neutrality, which can be later expelled applying negative voltages
(electrochemical reduction). Aniedriven actuation allows swelling (expansion in volume)
upon oxidation and dswelling (dimension decresing) upon reductioniegrted in Figure
1.3 ac. On the contrary, if anions incorporated during polymerizaitiotne CP matrix are
large enough, they are immobilized and trapped inside the polymer structure. In this case
swelling may occur when cations move from solutior itlie conducting polymer upon
reduction to compensate the charge (catiomen actuation).

Swelling by ionic species
(Oxidized state)

Deswelling (Reduced state) Further swelling (Reduced state)

Figura 1.3: Schematic representation of the electrochenezhanical mechanism, regulating actuation in CPs (swellirayigéing
capabilities). (a, ¢, e) Redox pathway leading to increase/reduce CP volume® (b, d).

1 CPs carbeprocessed at low teregature, exploiting the weak interactions that keep molecular
blocks togethelindeed, a mild heating or the addition of a solvent can overcome these forces,
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thus depositing a film from vapour or solution on different selected substrates (i.e. glass,
plastic, textileyarng using low cost techiniques and materials.

1 ReversibleElectrachemical Oxidation/ReductionThis clearly represesitone of the main
features for organic materials, allowing for the development of a wide range of appdication
Since geometric structure changes occur in the polymer upon charge carrier formation
(benzod to quinoid modifications), the original structure can be recovered electrochemically
reducing it to its undoped state (driving ions in the semiconducting material film). This
electrochemical doping/dedoping capability (within the electrochemical windle@m by the
electrolyte)is based on electrochemigdliven ion uptaking andan be used to affect its
electronic conductivity and, subsequently, film morphology and microstructure, together with
optical and mechanical propertie€onversely,in silicon, the presence or creation of
electronic charges do not change lattice structure, in which atoms are strongly bonded one
another in a 3D template. Owing to the reversible electrochemical features, CPs have been
employed fobiosensors! 3 electrochromic device®, andactuators for artifical musclés.

1 Organic materials allow for oxidieee interfaces withthe electrolyte.As can be seen from
Figure 1.2, on silicon, cleaved and exposed to the atmosphere, is present an oxide layer, while
for CPs van der Waals interactions lead daavell-defined and intimate interface withe
agueous environment, without dangling bonds or oxides. This enables direct contact and ion
exchange between liquid biological environment and the material, while axisleas a
physical2D barrier, leading to an ion accumulation at the electrolye/oxide interface in silicon.

1 Stricly connectedto the previous feature, is the ability of CPs to bulky interact with the
biological environmentsincenot only the surface, butéhwhole volume of the polymer film
is involved intheion exchange with the electrolyte, enabling a 3D interaction between them.

1 As we stated above, they have better mechanical biocompatibility with biological surfaces,
due to their fstod ttoh enaitruareg a cioanpmaa teedr i a l i

1 Finally,they are often transparent, allowing for optical transmission imaging and micrescopy
based techniques to study interactions between biological species and devices/films.

1.2.2 Interaction with biology

Hu ma n k endedvordo interface biological living systems with modern electratéctsl with
Gal vani 6s e x p'ecenturyasmie stated abbvienel noipacts on a wide range of
fields, induding philosophy, biology, chemistry, physics and medidiméeed new tools for treating
deseases odisabilities have been developéw the latterdiscipling improving human hadth
conditions(pacemakers, cochlear implant, ddwpin stimulation) Moreover electrical experiments
on living tissues, cells and brdéinerve have shed light dmological systenbehavios and properties,
previously unrevealedzurthermore, together witim vitro studies using electronics interfaagith
cell coltures for drug screening and preclinical tests, the pharmaceutical induaneeexploring
Aibi oel ectronic medicineso, watidn Hromt impéanteal idewvices o e
instead of traditional drug administration.

Clearly, these applicatiomsquire highquality, biocompatible and reliable interfadetween livng
tissues and inorganic electrogi@rovided by the conducting polymeiss previously explained,
iOr gani ¢ Bi termktomedtby Benggrensand, TichtBahlfors in their reviey is the
discipline thatbridges the electronic world of orgarsemiconductebased devices with ¢hworld
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of biology. Thiscrosstalkworks in two directions, as depicted in Figure 1.4: on one aidmlogical
process or reaction can transfer a signal to an organic electronic (feviegample an enzimatic
reaction that leads to a current modulatiora polymeric tansistor); on the opposite, an organic
electronic device can stimulate a biochemical reaction or proceshdimolarization of a conducting
polymer electrode stimulates a neural potential acfiéhin the former, the device acts as a sensor
transducing an analyte/ion/chemical variation in an electric output, while iattbgtlbehaves as an
actuator, electrically stimulating a biological response.

Biological systems Electronic Devices

Sensing

3
; _~ Diagnosis =\
Q%» Diagnosis m U
|

Tissue/organs Cells (e.g., neurons)

%

Conjugated Polymers Electrodes Transistors

i v
Bacteria ohora Synthetically tunable
@‘ Ay Processable .
_,{l_) Electrical
. Soft/compliant
Antibodies Enzymes lon/electron conducting
0 Biocompatible

0 -
i Chemical -’

Actuation lon pumps Memristors

Metabolites Therapy

Nucleotides (e.g lactate)

Figura 1.4: Scheme representing the bidirectional interaction between electronic devices and biological systems in bigeEutronic
gap betweethe two different worldis bridged by conducting (conjugated) polymers, whose unique featloesthe development
of stateof the-art devices used for sensing and actuation in biomedical, reasearch and sanitaty fields.

~

Regarding the sensingeverahatural biomaterialprovedbbeable o fAr ecogni zed on:
example enzimes that metabolized drdies, antigens that specifically bind with antibodies or
oligonucleotides hybridizing with complementary stran€@mmonly, such biomaterials are
exploited as transducers, @bed with electronic devices to built biosensors: thus, the biochemical
interactions between the recognition element and the ligand are used to provide specificity, while the
devices allow for the translation of the binding event into an electronic mbisoraput?**? The

main challenge in this coupling is to maximmthe information transfer between the two elements
which is the reason for the conducting polymer wsgecad use in this fieldeing able to interact

with thesebiomaterials Biosensors will be further explained in paragraph 1.8t8yiding also

different example At the same time, sensimga n s t a n d: ssmicanductipg paymerhave
beenindeedused as interfada electrophysiologpetween rigid inorgdan eledronics and soft neural

tissue in order toimprove the quality oheural signalrecording?®#* with the final aim to also
stimulate neural systems. Indeed, as introduced above, electronic devices can be used to stimulate
biological eventsin particular,conducting polymers have attracted great interest for8uglc t i v e 0

9



applications*?* In paragraphs 1.3.1 and 1.3.3 two main applications of CPs faulation will be
discussedi.e. substrates for tissue engineering control and electrodesulstimulation.

When interfacindpiological systems with conducting polymgtse main important feature that needs

to be taken into account is the biocompatibility of the material, which can differ vastly, due to the
synthesis route of the organic polymer and the overall characteristic of the polymer itself, such as
acidity, surf@e charge, roughneasdchemical compositioh The route of synthesis of the asen
material can leave residuals inside the polymer (monomers, solvents, detergents, or excasgive dop
ions), thatseeping out from the filnmay lead toxic effeston cells during experimentRegarding

the pdymer characteristics, surface topographigich can range from micrometer to nanometer, may
influence celsurface interactiof Moreover, this interactigras well agell adhesion and interfacing
properties can be affedtalso by the absorption and organization of proteins on the surface.

A wide range of biocompatible studies have been done, using various kinds of vitality tests, in order
to assess the biocompatibjliof different pristinely doped or undoped conducting polyrfi&fg,
Moreover,the biocompatibility of the surface can be dramaticcaly alterecobyingthe polymer
surface with matrix proteinsyhich was provedhy Langer and Ingber in 1994° as well as changing

the structure of the polymer in order to mimick and match tissue and organs. Strategies towards
carefully designed nanopatterned surfatasd 3D scaffold with porous structutés! have been
explored and are currentlynvestigated to further improve cgiblymer matching and
biocompatibility.

1.3 Applications

In this Section some of the most innovative and efficapplicationsbrought by organic materials
will be discussed.

1.3.1 Biocompatible surfacesnd scaffold$or activecell tissueengineering

Tissue engineering or regenerative medicine is a discipline that aims abpiegelunctonal
biological substitutesable to restore, maintain or even improve tissue functions and features,
combining polymer films or scaffolds, with cells and biological molect#é$%°2*indeed, polymers
haveseveral interesting properties desired for tissue enginerioly,asprocessindlexibility , better
mechanical compatibilityredox stability, reversible oxidatipbiodegradability (often tunablend
biocompatibility.Moreover in the form of scaffold, polymers can better resemble biomedical tissue
or embed cells ding their growth, having mechanical strenght and suitable porosity for the
transportation bnutrients and was®.However, it is still a challenge to combine such properties
with the dility to enhance cell proliferatioor guidecell differentiation For thispurposeconducting
polymershave been investigatesince their conductivity allowsto subject cells to an electrical
stimulation being thus able to promote cellular activitiesr this reason, CPs are especially usefull

to interface with electricadensitive cells/tissues, i.e skeletal muscle, necasliac muscleskins
andbones: for examplet was discovered that biomaterial with CPs can enhance cell adhesion and
proliferation of C2C12 myoblasts, H9c2 cardiac cdlSC96 Schwann cells and mesenchymal stem
cells*21555€The broad range @fpplicatiors of such organic materiaigill be discussed later in this
paragraph focusing formerly on various kind of conducting biomater falrvicated by different
techniques: a brief summary is reported in Figure 1.5.
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Figura 1.5: Schematic of conductive polymers ametatedbiomaterials with their possible tissue engineering applicatins.

The first man examplethat redok-induced modificationf surface properis can control cell
behavior was reported by Langer andvoarkers in 1994° They observed that g endotheli&

cells spread normally and synthesized DNA when cultured on fibrormmdited oxidized
polypirrole, while their extension and DNA syesiis were inhibited switching the polymer to its
neutral state. Sincthe application of the same potential to cells cultured on indium tin oxide
substrates had no effects on their behavior and shape, they conclude that conducting polymers can
provide norinvasive substrates to control adheresils.

Nowadays,PANI, PPy, Hh, PEDOT and their derivatives are the most attractive and used
conducting polymers for tissue engineering purpodas to their further ability to electronically
control physical and chemical properties by surface functionalization or using moleatleartte
entrapped or inserted as dopants in the polyaréiNoteworthy, different conducting biomaterials
can be created starting from this pristine conducting polymers, which can be gmupedain
categories, namely thin films, blends or composite films, copolymer films, nanofibers, hydrogels,
composite 3D scaffoléf.

Thin films
CPs can be used fan vitro culture due to their ability to support adhesion, proliferation and

differentiation of different cell type$® proving their cytocompatibility?® Moreover,
biocompatibility was also confirmed in animal models, as demonstrated by no tissue response or
inflammation in in vivo studes®®® Conducting polymer carbe synthesized chemically or
electrochemically, with the latter method usually leading to a conducting film ovee@rode As

an example, PPyanoparticles werelectrically depositedroan indiumtin oxide glass slide and
preosteoblast MC3TFEL1 cells were cultured on top of it. It was proved that combined electrical and
mechanical stimulation promoted MC3E3 proliferation and differentiation, highlighting that
nanePPy membrane allow for bone tissuepaie stimulatiorf! On the other handin situ
polymerizatiorwas exploited to create a layley-layer PANI copolymer on polyethylene teraphtalate
film, used to show that electrical stimulation increa#ieel mineralization oboth bone marrow
stromal cells (BMSCs) and preosteoblast q@lI€3T3-E1) 52

Blends or composite films
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It is often difficult to fabricate pure conducting polymer film from pristine CPs, due to their
brittlenes$® Therefore, conducting polymer blends using other degradable polymers are widely
exploited to develope biomaterials for tissue engineeemngexample is provided by the work of
Marzocchi et al®? in which PEDOT:PSS wasimply spin coatd or an additional electrodeposited
layer was added om the previously spin coated one: these films were then useer wifferent
oxidation state as cell growth substrates, for human gliobastoma multiforme cells (T98G) and
primary human dermal fibroblasts (hDFhey found that the cell growth rate was influenced by the
electrochemical state of the polymer and that difect was celtlependat. Indeed, T98G growth

was enhanced in reduced samples, while hDF growth was improved on the oxidized substrates,
indipendentely of the substrate preparattihher common blending are created mixing synthetic and
natural polymes, such apolylactide PLA), poly(lactic-co-glycolic acid) PLGA), polycaprolactone
(PCLD), chitosan and silk fibroin, with CPs likeARII and PPyFor example, conductive PPy/paby(-

lactic acid) (PDLLA)composite films and nerve conduits were made efittulsion polymerization
anddip-coating methodfor nerve regeneration studjess willbe shown latein this paragrapf*

Copolymer films

Conductingpolymer nondegradability often limits-wivo applications? thus aniline/pyrrolebased
copolymer were functionalizewith hydrolyzable groups to dde@ conducting biomaterials that
were both electroactive and erodible (biodegrad&bléor example, Gharibi et al. realized
electroactive polyurethane/siloxane/aniline tetramer composite films, with enhanced mechanical
properties thanks to the siloxane introduction, together with electroactivity and antioxidant properties
given byaniline tetramef!’

Nanofibers

Collagen, one of the main protsiof extracellular matrix (ECM), takes the form of nanofiber. In
order to mimic the ECM structure, nanofibrqualymeric scaffolds have been realized throughout
many techniques, including electrospinning, molecular assembly and phase seffftation.
Electrospinning is the ost widely used technique for such purpose: the resultingsfiigow high
surface area and porosity, with tunable diameter between nanometers or micréimeters.

Ku et al. show that myoblast and neurons can be guided by fibrous strucure: aligned structure were
able to ehance their proliferation and guide cells towards differentiation. Thus;ovasled,
alligned conductive nanofibers werabticated, such for example PCL/PANI nanofibersing a
magnetic fieldassisted electrospinning process for a blend of PCL andrmamsulfonic aciedoped
PANI, mixed in 1,1,1,3,3;Bexafluore 2-propanol (HFIPY?

Hydrogels

Several kind of hydrogel with different structures and properties have beer’¥iadeg to their
rubbery nature(that closely resemble soft organic tissyetunable properties and excellent
biocompatibility’® "’ Furthermore, injectable hydrdgéhave been strongly used in tissue engineering
field owing to their ability to encapsulate celfs?such the ones based on gelagiand PANI (GP),
realized by Li and cavorkers®® Unfortunately, chemical gelatinatidmased hydrogels often contain
monomers, initiators or agents that can be toxic for cells (such as glutaraldehyde or isogyanate).
Therefore, physidacrosslinked hydrogels areanore suitable for cellular applicatiorsince they
undergo mild gelation processing without any ciirsising agent$282 For example, an injectable
electroactive hydrogel was synthetized by thermosensitive gelation, one of the most popular synthesis
method for physicatonsuctive hydrogef&,chemically grafting an electroactive tetraanline segment
onto the chain end of a thermosensitive Pluronic F127 (REt&anline hydrogef?

Composite 3D scaffold
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In the past decade, concerns regarding the physiological and biologigahdeof 2D celkulture

model lead to the development of Bibdelsin tissue engineering replace 2D planar substrate

The ECM organizes cells into a functional tissue, providing a physical scaffold with its topography,
structure and composition, thaggulats cell functions supplying the necessary biochemical cues.
When processed in scaffolds with a porous architec@iPe have the ability to better support 3D cell
growth, mimicking the ECM behavidrn particular, skeletal and cardiac muscle cells with aligned
structure cantsongly benefit from designing scaffolds that resemble rasisues and are kbto

guide their 3D alignment. For example, Wang ef%legalized scaffolds composed of an aligned
nanofiber yarn (NFY) core and a photocurable hydradell mimicking native skeletal muscle
structure. They successfully demonstrated éifighed NFYguided C2C12 myoblast (seeded within

the coreshell scaffoldsplignment, elongation and differentiation, while a suitable 3D environment
for nutrition exchange and mechanical protection was provided by the hydrogel shell.

Conductive biomaterials allow for a broad range of applications, being able to electrinalilate

and improve specific cell functions: they have been widely exploited in the regeneration of electrical
signatresponsive ced| including bonecardiac,muscle, nerve and skin

Bone tissue engineering

Conducting biomaterials were shown to enhaheeadhesion and proliferation of MC3E3 cells,
osteoblastike Sa0S2 cells, C2C12 cells, and mesenchymal stem E2IRPEDOT:PSS scaffolds
with pore diameter of 50m allow cell growth and matrix deposition within the void spaéegure
1.6ab), permitto enhance gene expressienels (ALP, COL1 and Runx2), promote osteocalcin
deposition and increase extracellular matrix mineralizatioMC3T3-E1 cells(as shown in Figure
1.6b), being able to induce the differentiation of osteogenic precursor cell into ostedWtarsisver,
among the benefits of the CPs $odlfs, there is the capability of electrical stimulation of the tissue
engineered substrates: for this purpose a hepaed PPy/PLLA conducting film have been used
for osteoblastike SaSO2 growth, using eleical stimulation to promote osteogenic differentiation,
which was proved by higher calcium and phospate level than the control group and by the regulation
of the osteoblastpecific markers espression level (BMPALP and Runx2§’

Cardiac tissue engineering

Heart excitatiorcontractions coupling works thanks to the propagation of electrical signals by means
of cardiac cells in aynchronized fashioff. Wang anl co-workers realizedby electrospinning
PLA/PANI conductive nanofibrous sheets that showed high cell viability and the capability to
promote differentiation of H9c2 cardiomyoblastayoring celli cell interaction, maturation with
more secred proteins and spontaneous beatifigrimary cardiomyocyte®
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Figura 1.6: a) Scanning electron microscopy (SEM) images of PEDOT:PSS cunductive scaffolds with 50um size pores, obtained

through ice templaté® b) SEM images of PEDOT:PSS scaffolds with MC3E3B cells cultured within, after 1, 7 and 28 days after
the seeding: it can be noted that cell number and matrix deposition were increased over the time, finally formingert2&dayaf®

Skeletal muscle tissue engineering
Even though muscles have thality to regenerate, nder severe conditions, such as strong trauma,

muscle functiorcan be lostSkeletal muscles tissue engineering, aiming to restore thest@ohs)
consists in then vitro prefabrication oimuscle tissues through differentiation of muscle precursor
cells or stem cells, using a supporting scafféloreover, thetypical anisotropic structure of
elongated myofibersan be mimicked bthe aligned structure of scaffoldemposed by nanofibers
For exampleChenet aldemonstrated thabnductiveand highly aligned®CL/PANI nanofibersvere
able to guidanyoblast orientatiomnd promote myotube formation and maturation, much more than
nonconductive PCL fiber and randeatigned conductive PCL/PANas shown in Figure 177.
Myofibers are the fundamental structural units of skeletal muanl@sire formed by myoblast fused
togethelin an elongated and multinucleated myotyBe&ure 18a). For this purposeas citetbefore,
Wanget al designed corshell composite scaffoldsf aligned NYFs(Figure 18b), demonstrating
that cultivated C2C12 myblasts weagaidedto align and elongatéowards myotube formatigmlso

for long-term cultivation(Figure 18c).8°

Random PCL Aligned PCL  Random PCL/PANI Aligned PCL/PANI

MHC

MHC/nuclei

Figure 1.7: Immunofluorescence image$ myotubes differentiated after 5 dags randormaligned PCL fibers, aligned PCL fibers,
randomaligned PCL/PANI3 fibers and aligned PCL/PANI3 fihewghere MHC and nuclei werenmunostained green and blue,
respectively?
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Native skeletal muscle tissue

Aligned myofibers within
extracellular connective tissue

Figure 1.8: a) The native structurefekeletal muscle tissue, consisting in aligned myofibers surrounded by extracellular connective
tissue.b) Coreshell sheet scaffold, resembling the extracellular connective tismade with aligned nanofiber yarns (NFYSEM
images of NFYs core and shell of theaffold. c)Merged image of NFtores with cultured and aligned C2C12 cadigyanizing into

myotubesinside the hydrogel sheet. 8l side view of the realized coshell scaffoldcontaining myotube§5.

Nerve tissue engineerig

Neurons are electrically excitable cells able to transmit signals at a quick patferent conducting
polymer, such as PPy and RA have been developed as conductive scaffolds to improve and guide
nerve tissue regeration % Furthermore, electrical stimulah wasshown to be effective for nerve
regeneration and neuronal functiér® Indeed, PC12 cells seeded onto conductive PBYLA
conduis showecdenhancegercentage of neurdigearing cells and median neurite length, upon the
increase in PPy content and the application of electrical stimul@@@mVfor 2h), as could be seen
from the FigureBa-h. Thus,a PPY(5%)YPDLLA nerve conduitwas implantedn rat to bridge a
10mm defect of the sciatic nery@esentingunctional recoveringvith performances similao the
autologous graft goldtandard? Finally, alsotemplate alignment plays an important role: aligned
conductivePPy nanofibes presented neiles oriented along one directiavith longer maximum
length compared to the ones cultured on randtigned counterparts. Again, it was shown ftioat
both aligned and random nanofibéme electrical stimulation enhaeed maximum neuritéength®’

Skin tissue engineering

Human body is protected from external damage and microbial invasion by theAsiong the
different biomaterials that have beerdr wound dressingwing their antibacterial propertié,
conductive materials have been demonstrated to promote cellular actinigieding fibroblast and
keratinocytes®°°Moreover,some conducting polymers also presented antibacterial properties, such
as PANI, thus rendering them suitable faound healing application&?1%! For example,
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anibacterial and conductive injectabldenzaldehydéunctionalized poly(ethylene glyceto-
poly(glycerol sebacate) (PEG3\)/quaternized chitosag-PANI (QCSP)hydrogelsveredeveloped

and used for wound healinguch hydrogelswith 1.5% of crosdinker, showedin vivo excellent

blood clotting capacitand enhanced wound healitg

Conducting polymers clearly demonstrated to be suitable smart materials that may be used to restore
electricatsensitive cells and tissuatiusmore researason the synthesis and functionalization of

.

these biomaterialis continuelycarried on

. . . (h)
Figure 1.9: Fluorescent imagesf PC12 cells stained for actin (red) and nuclei (blse@dednto PDLLA(a), 5% PPY/PDLLA(c),

10% PPY/PDLLA(e), and 15% PPY/PDLLAQ) conduitswithout electrical stimulationand intoPDLLA(b), 5% PPY/PDLLA(d),
10% PPY/PDLLA(f), and 15% PPY/PDLLAh) conduitswith electrical stimulationsf 100mV for 2h Scale bar:200n#f

1.3.2 Biosensors

The first biosensor was developed by L. C. Clark and C. Lyons in,#96at succeded in
continuously recordinglood chemistry in surgical patierftsr hundreds of hours. Indeed, a system
with external electrodes was used to study blood pH, oxygen and carbon demsabms together
with intravascularelectrodes a&pableto detect hydrogensenseoxygen tensionchanges ando
indicate ascorbate dilution curveSincethat year, many other stepand studies have been made
monitoring metaboliteésuch agylucose, neurotransmitteatibodies, hormones, antigerm)other
biological analytes exploiting biosensorg$or different applications in medical diagnosis, drug
discovery, environmentaind food safety fields%*
Biosensors are devices composed of biological seeéémgentscapable of producingensitive and
selective analytical signalsior e pr eci sel y, | UP Adevcetbat uses spscifia b i
biochemical reactions mediated by isolated enzymes, immunosystems, tisgaeelles or whole
cells to detect chemical compounds, usually by electrical, thernogtical signal® This definition
highlights the two main componermsa biosensor, i.€1) abiological sensing elemerthat interacts
with thethe bioanalyténolecule/chemicabf interest producing ahemical signalconnected t@2)
atransducerwhich converts the response into a measurmaligut thatshould be proportional to the
concentration ofhattargetbionalyte/molecule/chemic@Figure 1.10a).
1)Theformer al so <c al | e d thé lecognitiom signemelich imparts selectivity to
the sensor but codlbe vulnerable toharsh environnmental condition (temperature, pH, ionic
strength)% For this reason, they are oftiixed in a suitable matrix, such as membranes, gels, carbon
or polymeric films exploiting different techniques such as physical adsorption, dnossg, gel
entrapment, covalent coupling, ét€1° The final activity andbehaviour of the immobilized
16




molecules will depend on threaction condition anthethod chosen for the immobilization, but also
on surface area, porositigydrophilic character of the matrt® Great interest have been directed
towards conducting polymers asitablematrix, looking forrapid electron transfer at the electrode
surfacegnhanced speed, sensitivity and versgtilftthe biosensors for a broad rangaoélytes-®

2) The transducer, which convettse biochemical signahto an electronic outputisually responds
in a way that the signadan then be electronically amplified, storeddsplayed. The appropriate
transducing system, which candreelectrochemicalspectroscopic, thermal, piezoelectisurface
acustic wave technology!!'2can beintroduced in the sensor structure depending on the nature of
the biochemical interaction with thological element$®®

As stated aboveCPs are extensively coupledth biologicalelements to build biosensors, acting as
matrix toentragimmobilized biological molecule@hus coupled with a biorecognition elemeaoit)
working as transducer tmtegrate the signal produced by the biochemssaising mechanism.
Indeed,CP electrical and optical properties may change upon the specifimdgibetween the
recognition element and the target molecttésMoreover, smetimes they caract both as
biorecognition and transductioelement giving a continuous and selectivetection of bie
interactiont®114115Theirwide-spread use for biosensing is due to thrdierent propertiethat render
CPs suitable for interfacing with biological active elemefiexibility in the available chemical
structure (modulating in accordancechemical and physical features of the poly)nigre possibility

to modify the polymer binding protein molecul@s/en during the electchemical synthesis, thus
controlling film thickness, the distribution of immobilizedoleculesand moleculesactivity);
biocompatibility with biological molecules in nedtracqueous solutionghe capability of being
reversbly doped and undoped (that leads to conductivity and/or spectroscopic va)jdtierability

to efficiently transfecharges produced by biochenio@actions to an external electronic cir¢tlie
ease of depositiorin particular,electrodeposition has been widely used to deposit thin polymeric
films due to the possibility of immolyite enzyme$'® that providegood detectality and fast
responsavith the redox reaction occurring in the bulk of the polymer matrix. FigurdIefibris a
schematic of the electron pathway for an amperometric biosengloesean appropriatenzyme
catalyzeghe biochemical reaction.

A first division of biosensors made of CPan be madaccording tahe transducing systerthey
provide for thesensing and transmittirgf the starting chemical signadlated tdheanalytedetection
There are different categoriegmperometric (measuresurrent), potentiometric (potential),
conductometric (change in conductivity), optical (light absorbance or emission), calorimetric (change
in enthalpy), and piezoelectric (mechanical stre$8e most important and diffused biosensor
categoriewvill be discussed beloytogether with some examplé&s'5:116

a) b)
® @ .Ana!_vff'
Analyte p Product
@ o, Lnzyme ¥ QD
e e e
Sensing v v -
E® S S =
Biochemical Conducting ———— Conducting
(ch:f;r.wiu('er Signal Polymer Polymer
) Electronic (oxidized) v (reduced)
signal
€ A\ electrons

Electronics current

Figure 1.10: a) Biosensor representative schematic, reporting its two main components: a biological sensing element (i.e. enzyme,
antibody) and a transducer. Blectrontransfer schematiof an enzymdoased amperometric sensors. The entrapped enzyme is used
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to catalyse a redox reaction for a specific analyte, transferring an electron to the CP, which leads to the its recuicgoin cAn be
measured as electronic put at the polymer edge%.

Electrochemical Biosensors

Electrochemicabiosensors usually convert a biochemical reactidargiet species into an electrical
signal which exhibits changes in current, potential or conductiifyhus, this type of biosensors
can be divided in 3 main categorieshich are voltammetric/amperometric, potentiometric and
conductometric/impedimetribiosensors further described belowElectrochemical methods are
interesting due to theery low detection limits they offer, the high selectivity and the small amount
of volume required for the detection paflectrochemical devices usually consist in tarothree
electrode systems: a typical three electrode cell is formealviegrking electrod¢WE), where the
detection occursa reference electrod®E), usually a silvesilver chloride one (Ag/AgCl); and a
platinum wire as a counter electro&E). A potential is applied relative to tHRE, while a current
flows betweenCE and WE affected by the electrochemical reacttbat occurs on the WE surface
andby the electrod/electrolyte interface layethis allow for thearget species detection.

AmperometriéVoltammetricMethod

An amperometrigvoltammetric)biosensomeasures theurrent flov produced upon the oxidation

or reduction of a product or a reactéiar example the redox reactiaf a substrate in an anzyme,
such as shown previously in Figure 1.10Mually under a contafgweepedapplied potentialThe
main factor affecting amperometric sensor performaisctbe electron transfer between th&abdic
molecule (usually oxidase dehydrogenasednd the electrode surface, often exploiting a mediation
or a conducting polyméf® Thepolymer matrixpartecipates the electron transfer procesiowing

the design of reagentless biosenstitasoperating in the absence of natural cosubstratewever,

the role & CPs in not fully understoodBeveral polymers have been used for enzyme or molecule
immobilizationand their presence and deposition can affect biosensor sensitivity and reRpdose.
mediators, such as ferrocene, Prussian Blue, viologen or deriviadive$een introduced iimprove
electron transfer or reduce interferences, thus improving sensor sensitivity and sefé¢tiityese

are incorporated as dopants, entrapped, or chemically conjugated to the mbridther

An example oamperometric biosensasing conducting polymeis the cholesterol biosensoir S.
Singh et aP? who co-immobilized (using covalent linkage through glutaraldehyd@plesterb
oxidase, cholesterol esterase and peroxidase onto electrochemically fabricated polyanili@nfilms.
the other hand, an example of an enzyfree amperometric biosensor using C&=eported in the
wor k of Pr of .aful PEDDTRSEased ogyaniz elgrtrochemical transistor has been
developeds ascorbic acifPA) sensorusing the transistanherent amplification to further increase
the amperometrioutput®® In this caseAA oxidation takes place at the BB T:PSSgate or channel
(depending on thapplied electrical potential on the gate: on the gate for positive potential and on the
channel for negativene) reducing in both cases the current flowing in the chawhelh is linearly
dependento the logarihm of the concentratiqrallowing the sensor calibration.

PotentiometridViethod

Potentiometric biosensoastenuse ionselective electrodes as physicalntsducerandare based on
the measurement of the potential while drawing negligible (almost zero) ctffréwen if
potentiometry is a lessised detection methodor biosensors with enzymes immobilized in
eledrodepositedpolymer, they provide some advantages over amperometric detelcitaed
potentiometric method seems to be less affected by the aging podddespolymer layers that
contain the entrapped enzynteor examplea polypyrrolebased electrodeith glucose oxidases
(GOx) bound on topave been demonstrated to haveducedate of degradation of polymer matrix.
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Potentiometric biosensomnsade of CPs can also be fabricated exploiting pH sensitivity of polymers
such aghe interaction oammonia(NHz) with PPy that was used to builthaurea biosensowyith
ureasémmobilized in the polymer layéer?

Conductometri@and ImpedimetridMethod

Conductometridbiosensorsely on the measurement of the conductance variation of the biological
elementarising between two metal electrod€onductivity biosensorwith conducting polymers
were fabricated for penicillt3® and also for glucose, lipids, urea and hemoglofuitlowing the
concept thathe enzymecatalyed reactiorof the biomolecule changes the pH and/or redox potential
of the polymer matrix environment, tggring a electrical conductivityariation*?* For example,
ureaseimmobilized on PPy layerdeposited on gdl film electrodes was used to sense urea
concentration in thenaM range measuring conductance, capacitance and admittance.

Regarding the impedimetric biosensors the experimental approach is to pethelststem with a
smallamplitude ACpotential, observing the AC current response of the syétsing only one
frequency or sweeping on a broad rangje¢ impedance is thus calculated dividing the potential by
the currentThen,depending on the presence or absence of specific recogelgiments, two types

of biosensors arebtained: in the first one, the impedance change relies on the binding of targets to
receptors, such as antibodies and nucleic api@dviously immobilized on the electrode surfaoe;

the second onadsorption or dmrption of target specigas a result of growtheadsto surface and,
consquentely, impedance variatiocis$?°Electrochemical impedance spectroscopyneprewill be
better explaineth Materials and Methods Section.

Optical Biosensors

Optical biosensorsely on the measurement of adsorbed or emitted digattoa certainbiochemical
reaction In thesesensors, light waves are often guided using optical fibers toward suitable detectors
for the signal quantificatiarOptical biosensors have been exploited for the detection,qfdband

CO». Moreover, also glucose sensing was performed with optical heBiohal et aldeveloped an
optical glucose sensowusing U\tvisible spectroscopy after the immobilization of GOx
polyhexylthiophene by angmuirBlodgetttechniquet?®

Calorimeric Biosensors

Calorimeric biosensors are based on the pringiéeall biochemical reactions involve an enthalpy
variation, which can be detected and measurngdhle biosensor. For exampl®osbach and
Danielssonin 1981 realized an enzyme thermistor which a thermistor device measured the
temperature change occurred after an enzyme redéfion.

PiezoelectricBiosensors

When an anisotropic natural crystabkubjectedo mechanical stresBere is the generation of electric
dipoles.Oncean analytes adsobedonacrystal the total masmicreases, thus altering the oscillation
frequency. This is the principle on which piezoelectric biosensors are based. Such rkigithad
have been uiited for ammonia, methane, carbon mxde, nitrous oxidehydrogen and other
organophosphorous compours#sising.

Since conducting polymebased biosensors have been widely used for different purposes and
research fieldseveral devicelasses/configureitns have been developed, according forréguired
features and the final application. Inglthesis, some of the mdimsensing devices will be discudse
and shown: electrodeorganic field effect transistors (OFBTion-selective organic field eft
transisors (ISOFETSs), electrolytegated field effect transister (EGOFETS) and organic
electrochemical transistors (OE§) 137128

Electrodes
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Electrodes coated with CPs are commonly used as biointerface, in most cases to readetiocal
potential changesspecially for neural implan{son-specificelectrical sensing). Noteworthy, they
are alsocapable ofsensein amperometri® or potentiometri€3® mode, a variety of biologically
relevant analytesand recorgbotentialdependent oxidation or reduction of biomolecular species (for
examplevia thefastscan cyclic voltammetryCP catingresemble the standard polymer coating
introduced forneuralrecording electrodesagit will be discused in paragraph 1.3.3), whereby
specificity can be imparted adding a transduction or a functinalization,|agean iorselective
membrane or aantibody towards a specific antig¢Moreover, he use of CRoating albws foran
effective capacitancthatis 2 order of magnitude higher compared to the onmeethllic electrode
sinceionic speciesan penetrate in the film bulk and electronic casrwan be transported inside it
Among several applicationgnmunosensors have gained great interest for many years due to the
possibility to provide quick, selective, reliable and sensitimanunological responses. In these
systems, antibodies are ustm impart specificitytowards the selected antigém the sensing
mechanismthe common approadh the secalled enzymdinked immunosorbent assay (ELISA).
Then,several chromatographic and/or photometric technigteesddedn orderto combine analyte
sensing with the signal recordings a matter of fact, ELISA has been coupled with amperometric
electrodes using the enzynseto amplify the primary signahnd detecting at the electrode the
enzymatic reaction specidsnzyme conjugate commonly horseradh peroxidasgHRP), glucose
oxidase (GOx) and catalasggimmobilized either in the bulk or at the surface of the polyt#er.

One problem in the use of mediators, antibodies and enzymes is their leakage into the analyte solution
To face this problenDarainet al polymerized carbxylterthiophene monomer (TCAP) on screen
printed carbon electrodeasing carboxyl grous as immobilizing sites for HR&® amide bonds3?
Then, the electrode wésnctionalized with streptavidin (covalently bound to TCAP), biotin and the
selected antibody antabbit IgG (RIgG).The analyte contagdknown concentration of RIg&OXx,
glucose and RIgG moleculél.O> (producedby RIgG-GOx) oxidizes HRPto different extent,
depending on RIgG concentration. THRP oxidation leve{reduction of HRP at cathodic potentials)
is then recorded at the electrode #melcatalytic current is thus usasl sensingarameter.

Organic Field-Effect Transistors (OFETS)

Whereas electrodes can be considered as passive devices for biosensing, transistors have beel
evaluated for their ability to amplify and transduce biological sighals.

OFETs were first introduced in 1980y N a r a 0 s agpd aveunpw reaching perfances and
interestlevels comparablavith their inorganic conterpart$® Typical organicp-type or ntype
semiconducting materials (with differechemical and physical propertigbat have beensedfor

OFET include polymers such as polyligxylthiophene) (P3HT) and alkgubstituted
triphenylamingoolymers (PTAA), but also some oligomers like pentacene and its soluble derivatives,
as webbxashUopfHene (U6T).

OFETs are three terminal devigavith contacts usuallynade in metalhamed source (S), drain (D)

and gate (Gandwith an organicsemiconducto(OSC)film connecting S and Drepresenting the
channel of the devic@vith thelength Lbeingthe distance between S adoBds, while the width W

is the geometrical width of the pad itselihile the gate is separatigdm the channel by ansulator

A representative schematic seiown in Figure 1.11Different dieletrics have beensedsuch as
vacuum, oxides, polymers or s@ésembled monolayet€ usally having high capacitance eitloese

to ahigh dielectric constant drecause itvasin the form of a thin film-33
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Organic ElectroChemical Transistor Organic Field-Effect Transistor
(OECT) (OFET)

Classic OFET
Classic OFET operating in aqueous medium

operating in dry state
= - // Electrolyte \
/ i E lectrolyte\ —_— > ' VI_J
= \ Drain 0S¢ Source | Drain | 0SC Source |

Insulator
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e Substrate Substrate
lon-Sensitive OFET Electrolyte-Gated OFET
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Figure 1.11:OECT and OFET r@hitecturedor possible different bi@nsors. The red circle reported in each schematic stantte
interfaces involved in the biosensing detection of the target analyte/biomdicule

OFET working principle ishefollowing: when the gate is negatively (positively) biageg) in ap-
channel (n-channnel) device, fredholes (electrons)in the OSC are attracted towardhe
semiconductor/insulator interface in order to compensatadgative (positive) charge induced by
the bias at the gate/insulator interfac&his creates a conductive channelt the
semiconductor/insulator interfacBhus, when a negative (positiygtentialis appliedat the channel
edgeqVas), holes (electrons) amtroduced from the source, leading to a current flow inside the OSC
channe(accumulation mode)rhe gate voltage is usedrtdulate the transistourrent(capacitive
coupled with the OSC channgbut in particular the voltage required to switch the defrimen its
Aof f o t o isctakedthteshold volsagemd is a key parameter di¢ transistor, together
with the charge carrier mobility and the charge current modulation ratio between the twdstates
the contrary, if gate voltage biases are reversed fqu-tihennel and «thannel devicethe relative
mobile charge carriersholes and electrons respectively, are pushed towards the bulk of the
semiconductor, thus depleting the channel of the transistor and decreasogrtteglrain current,

las (depletion mode)Since the OFET characteristic curves are affected by the dielesulaior
interface or by the grain boundaries, this device is a perfect transducer forapigmtion'?® To
further understand this working behaviaure can refers to Figure 1.12, reporting the bdiagram

of a netallic gate, an insulatand an OS@-channel when no bias is impogédgure 1.12aand for
accumulation(Figure 1.12b)and depletio(Figure 1.12c) modedt can be noted that the field
generated by the negative gate potemidlicesa band bending ithe semiconductoln particular,

a negative ¥s allows the confinemerdnd accumulationf positive chargescreating a conductive
channelperpendiculato the pictured plane whideads to a twalimensional (2D) transpb(Figure
1.12b)**® Differently, a threedimensional (3D) transport occurs whegs ¥ 0, cause it involve the
chargesn the whole ptype OSC film introduced with doping prossesand related to impurities or
structural defect@hat are not easilgontrollablg that must be an order of magnitude lower compared
to thar amount in the on stat¥&/hena positive potentialk applied, itinduces the bartdiending on
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the oppositeway, causing an acceleration of the charges towards the bulk of the material, thus
closing/destroying the chann@tigure 1.12c)Noteworthy, the 2D transport inside the charmoelurs

only when the kectric field generated by §¢¢is much highethan theone generated bydv(gradual
channel approximatiort§® All the voltagepotentials are usually appliedth respect to the grounded
source, which is called common source configuration.

Ves< 0 Vs> 0
accumulation mode depletion mode

New (]
LUMO v V_
p-type ¢-\
active ¥

layer

Vgs =0

Y77

W} HOMO

1 + + / ne
Gate

contact OsSC

Gate [+ +
Dielectr. V7

2D-tfransport
region

(a) (b) (c)

Figure 1.12: Band diagram of anetatinsulator(p-type) semiconductor structure under (a) zgate potential (Ws= 0), and in (b)
accumulation (¥s< 0) and (c) depletion @¢> 0) moded33

In OFETSs the OSC should béghly resistive whemo bias is applied (3= 0), in order to have low

las in the off state; on the contrarthe current should be as high as possible oncérdhnsistor is
turned orfor Vgs < 012 As introduced before, the switching between the two states is obtained
capacitive accumulation of chargas the dielectric/semiconductor interfareluced by the gate
voltage.Chargeaccumulation results proportional both tgs¥nd the capacitance tfe insulating

layer (G), highlighting whyhigh capacitancg thus high dielectric constanand/or low thickness
dielectric layers(r), are requiredMoreover, using high capacitarscene can reduce power
consumption and operating voltagetioe device®

The use of OFETSs as chemicahsers rely on the exposure of the OSC dirdctlthe gas or solution
under analysis, acting &ectronic transport material and sensing element. The interaction with the
analyte leads to variations in OSC properties, i.e. carrier mobility, on/off ratio and threshold voltage,
that can be correlated tbhe analyte concentratiomhe same principle works whenrecognition
elementwhich is able to electrochemically react with the target anakytategrated in the device
structure or chemically anchored on the OSC surfadenpart selectivity This functionalization
helps toovercomeOFET selectivity limitationsallowing for labelfree and repeatable sensimgy
different fields, ranging frommmonia®’ and peroxide€'s®to a broad range of biomoleesl

| on-SelectiveOrganic Field-Effect Transistors (ISOFETS)
One of the most common OFBBsed biosensarchitecture is thimn-selective OFET (ISOFEF:
here, the gate electrode and the dielectric layer are not in direct contact, but they are instead separatec
by an electrolytesolution containing the analytén ISOFET a reference electrode is used as gate,
dipped into the electrolyteas reported in Figure 1.11. Thetential at theslectrolyte/ dielectric
interface is the drain current regulatand exploits the presence of ions in the electrolyte solution)
and the detection occurs making the insulator sensitive (functionalizédidhg target analyted
typical ISFET example wadeveloped by Bartic et 4P that fabricated a pH sensor with a silicon
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nitride deposited on P3HTyar. Even thouglpH variation in the range from 2 to 10 were detected,
high voltages (10V) were required fdhe device operationpreventing its use in acqueous
environmers. Thus,a thin tantalum oxide (B&®s) layer was introduced as gate, Wip purposs:
enhance the capacitance, thus loweringwioeking voltage, and increase the sensistitttyThe
authors exploited tki device as glucose monitor, immobilizi@Ox in the dielectric layerin
presence of glucose, gluconic acid was generated, whtahnled to local pH changes, resulting
drain current variations. The glucose sensor provédve afinad et ect i on | itTmit of
Since the main limit of ISOFET is the need akference electrogfé®a new interestingSFET-like
sersing approacliihat overcome this limit has been proposed, thealed Carge Modated (CM)
OFET. In this configurationthe gatesensing area and the channel pingsically separated by an
insulator layer, with a floating gate, coupled to a control dggraand in contact with the sensing
area, thatallows the device polarizatioWith this architecture, reported in Figure 1.18B8\A
detection was performed in the sub nM ratfge.

Electrolyte-gated Organic FieldEffect Transistos EGOFETS)

Another interesting approach is obtained in the EGOFET sengloese the dielectric is replaced by
anelectrolyte used to produce the gating for the device, as can be seen in Figuiidh&.4dbstitution

of the dielectric with thelectrolyte,reduces the voltage require to operate the OFEEGOFET
working principle is based atme formation upon gatingpf a DebyeHelmoltz double layeat the
interface electrolyte/OSC filimas well as at electrolyte/gate interfacbe highcapacitance of this
electicd oub |l e | ayer -crEdldws the devie to viofk with Bumlt Vgsand Vas For
example, in a ghannel EGOFETupon negativegate polarization, # anions migrate towards
electrolyte/semiconductor interface, while cations are attraotede gate electrogddorming the
double layemt both interfacesas shown in Figure 1.13Bs stated by Steths model , t he
double layer at the gate/electrode interface is composed by electrons in the metal tyabdayets

of cations, theeompact (Helmholtzlayer and the diffuse on@he Helmholtz layer is composed in
turn by asinglelayer of sovent molecules and single layer of solvated ionshile the diffuse layer
hasfree cations (anionsjhat decrease in number with the distafoen the gate (semiconductor).
Potential dromccurs at the interfaces only inside the double layer, which acts as a dipole and impedes
any electrical currentlow across the interfaces. Thus, EDL is compared to a capasitmse
capacitance results progional to the charge separation.

Several electrolytes have been uBBREEGOFETS, including liquid¥* polymers!*®ionic liquids4®
polyelectrolyte¥*’ and ionic gelg®® In particular, ionic gels have been exploitedhave shorte
polarization timegabout 1ms}*®since one of the main drawback of EGOFETiheir low switching
speed between on and off states, due to the low ion mobilities in the electtblyte.

However, it must be taken into account thiaganic semiconductarandeven more semiconduist
polymersarenot impermeable to ionsghus it is possible toonsidetthat electrostatiat the interface)

and electrochemicdinside the material bulkjloping occur simultaneoush®!*° Electrochemical
dopingcan increase the switching time and degradate the polymer.gdiyslectroiites have been
used ot overcome this issue, thattkthe fact that anions groups are linked to the polymer backbone
and are not allowed to enter in the semiconductor matetial.
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Figure 1.13: a) CMOFET configurationwith gate sensingrea and the channel physically separated by an insulatorda#OFET
schematic and illustration of the ion distributiand the potential spatial distribution in the electrolytieon the application of a
negative bias on the gatg814?

Organic Electrochemical Transistors QECTS)

The first organic electrochemical transistor was developed by Wrightakin the early 8042 and
nowadays OECTs are gaining much intechgtto the new and innovative opportunities related to
printed electronicsAs presented in Figure 1.1OECTsare fabricated with the same geometry as
EGOFETs using an electrolyte solution to contact gate and semiconductor channel. However,
OECTs employ a permeable conducting poly@ersemiconducting channel, such as PANI, PPy,
polycarbazole, PEDOT:PSS and other polythiophene derivaiiMés.to the permeability of the
polymer usedthe whole material bulk interact with the electrolyte solution and can be used for the
detection (whilein EGOFE™® only a charge accumulatiort ¢he electrolyte/channel interface
occurred. Thus,reversibledoping and dedoping of the polymer resulbuik changes in the channel
conductivity,giving a very high transconductange. high amplificatiorproperties for low voltage
application dictated by thevolumetric capacitance?®153Transcoductance isin important figure

of merit of the OECTrepresenting the efficiency @6 transduction mechanism argdcalculated as

the first derivaive ofthe transfer curveg ~ —— 154

OECT working principlecan bedescribedeferiing to Bernards anhflalliarasmodel*>® according to
their work, the device is divided into two circuiés ionicand an electronic one. The former takes in
accoun ion flow in the gateelectrolytechannelstructure while the latterdescribes the electronic
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charges (electrons or holes) in themiconducting channéfFigure 1.14a)This modelis based on
capacitive processgwhere ions pushed in the chanalgctrostatically compensate the presence of
opposite charge'$® without exchangig charges with the semiconducting film, thus without
electrochemical reactions between channel and electrfyfeurther insight on OECTmodel and
features will be described iBection2.5.1. Herethedescriptionis limitedto the introduction of two
different OECT regimes of operation, the Faradaic andRavadaic (capacitivep’

1 Faradaic regime
In the Faradaic regiméreversiblereduction/oxidation ractions occur between electrode and
electrolyte upon the application of a gate voltabes leading to a steadyate gate current,
which lowers down the potential drop at the gate/electrolyte interface, increasing the gate
effect opaating on the channelEven though this regime owns the highest sensitivitg
irreversible oxidatiogreductiors taking place in the electrolytg#fect device characteristics
that will decay with time and will be sensitive to electrolyte nature.

1 NonFaradaic regime
In this regime, gate voltage application leads only to a capacitive current at the gate
electrode"*® causethe gateelectrochemical potentiaémains inside the stiiby window of
the electrolyte thus only reversible charging of ionic double layer at the/gatrolyte
interface occursTherefore, a significant potential drop is present at this interfab&h
reduces the effective gate voltage operating orchia@nel.

Since both regimedependon the quantiy of active material and the capacitances at the interfaces
the geometry of the transistoratters, and, in particulathe ratiobetween gate and active channel
areas A/Ach, explored and studied in manyuks "9 More preciselyijt has been prowithat also
channel thicknesaffects OECTbehaviour and sensistivity*1%91%%hus highlighting that volumetric
capacitance should be taken into accd®it>® Indeed,the potential drop in the ionic circuit at
gate/electrolyte and electrolyte/channel interfaces aafpend on gate and channel capacitgnce
respectively, as shown in Figure 1.14a. In partictlerr solid linecorresponds to an efficient gating,
where the highest drop occurs at the electrolyte/channel inteiface driving ions inside the
semiconducting channein contrastthe dashed line stands for poor gating and the drop is mainly
present at the gate/electrolyte interface.

As stated abovesignal amplification is the main feature of OECTsantified by the parameter of
transconductancavhichvalues reach the order of millisiemens (mS) in microrstate device$?®
However, this comes at the cost of quite slow time operatrbich is limited by ionic or electronic
circuit. Indeed, in most devices the ionic circuit is the limitelgmentandthe time response is
proportional to channel capacitance, that ism proportional to channel thicknedsSince also the

Om is proportional to channel thickneshkis parameter can be used to tune the trade off between gain
(amplification) and bandwidth (time response, velocity) of the devfes.

Due tolow-voltage operation, ease of fabrication (also on flexible substtjtasd the possibility

of integration inbiological environmers, OECTs have been used for several applicatimtluding
analyte sensinffopamine’® ascorbic acid®163ons %8 adrenaliné®* lactaté®), tissue engineering
biosersorst®916° neural ativity sensing'’® neuronorphic device§* and even in wearable
platforms!’2173In Figure 1.14b it is reported a schematic ofieeral activity, tissue integrity and
analyte sensing mechanism
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Figure 1.14: a)lonic andelectronic @cuits used for OECT model: the electroniccait (shown below the device layout) is modelled
with avariableresistor, taking in account of the chanoehductivity modulationupon gatingthe ionic circuit (reported on threght

of the sbiematic) is modelled throughout twapacitors, for the chann@cr) and the gate (&, in series withhe electrolyte resistance
(Re). On the right the efficient (solid line) and poor (dashed line) gating is represented, depending on the compar&othkajate
and channel capacitarsce) Schematic representation of OECT possible application and working principle. Ort, tBERT is used
in electrophysiology toecord electrically active cell activities (neurons, cardiomiocytes). In the c@EET is used as impedance
sensor to detect ion permeability changes in cell layamsthe right, the transistor is used for analfrerl circles)sensing using
receptorsound to its gate or chanriéf.

1.3.3 Electrodes for sensing and stimulation

Neurondive within high-dimensional networks over the entire brain and have spewtiladual and
collective tasks, in order to generate, processre and relay informatidri* Even thoughnew
molecular tools for neuromodulation and new technologies for neuronal shaliesincreask
scientist abilities to control and investigate neurons activity and characteriebisgrving
connections teveen neual pathways and behavi!’ the immense complexity of nervous system
makesour understanding of brain activignd ability to prevent or treat neurological disorders
poorl’The ability to nonitor and modulateeuronal activity can, indeednrich ourknowledgeof
disease progression afehd tomultiple clinical applicatias, such as alleviating motor symptoms
related to Parkinsins di seases ornexulrowiegeneéown i bheoof Al
even treat epilegy, deadfness and chronic p&iti®1’” Thus, motivated by increasindgemand
federal] academi@nd private sectancreasd neuml technologies researclvhich led for istance, to
project such as the BRAIN Initiati¥& in USA, the China Brain Projet and the Human Brain
Project in UELS°

In last years, mch effors have been directed towardsking smaller and more flexible electrodes
to interface with the mgous systemaiming to reducéhe insertion trauma and the following chronic
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inflammation and damage. For this reasmigrofabricatecconducting ptymers have been widely
exploited to improve the electrode/tissue interface, thanks to their biocompaigddrjcal activity

(to probe and stimulate), softnébsy Young modulus) and flexibilitythus beingnore comformhble

with brain tissue and neuroiiswing to theirahlity to move and flexwith body micromovements,
respiration and blood flo#§, compared to the previous standard Si shafiksminimizeimplant
damage many researchers have introduedectrode coatinrgwith polymerfor the probes thadre
inserted intahe brain this way improving the impedance of the electrotiesjng better signétb-
noise ratic’®181:182\jgreover, alsdhe problenof degradation over time of theeetrode/electrolyte
interface has been partially resoh@d®3The dectrode coatingolymers act as a transducer between
the electrons in the electronic circuit and thesiomnthe biological tissue, either by charging the double
layer on the electrode surface or with faradaic electrochemical reacfidres latter are often
undesired sincean alter the chemical composition of outer electrolytes or induce the formation of
toxic byproducts® The easeness of electronic to ionic current conversion is measured throughout
the impedancef the electrode, which can be lowerié high amount of chargeare stored at the
interface and ithe interface is easily accessible by the ifoWéith their porous coating, CRslow

for electrods with high storage capacity and fast ionic condugtfSaving also the possibility to
tune biocompatibility, impedance and stability with chemical composition modifications.

Among the different polymes; the majority of the works rely on the use of PPy and PER®18

A better investigabn onthe use of PEDOT:PSS for neural recording and stimulation electrilties
be discusseth paragraplt2.5.3 Instead, PPwasexploitedfor the preliminary and initial studies on
neural probes-or exampleP.M. George and eworkers developed neural prob made with PPy
doped with PSS or sodium dodecylbenzenesulfonate (NaB¥BBppant and temperature of the
electrochemical deposition were variecchmnge the electrode conductivity and surface roughness,
respectively. It was shown thagural networkef axons, dendrites, glia and synapses griowiitro

on all PPy films(as visible in Figure 1.15a), whjlen vivo, better implant integration aneduced
gliosis were present in rougher implants, compared to the controlFfunéisermore, the addition of
biological moietes can offer other advantages to the neural probe. Thus, wiffeygides have been
introduced to dope PPy, suchpsl(CDPGYIGR) ¥"190r p20 (RNIAEIIKDI) 191

Even though most studies are focused on recording using CPs for neural fitelfiave been
several works on the use of these electrodes for stimulation. Even in thigheaseduction of
electrical impedance the main lenefit of CPs, since it allows low stimulating voltagbss reducing

the amount of electrochemical side reactions that can potertiadye toxic productsor example
D.C. Martin and colleaggs, at the University of Michigarelectropolymerized thicRSSdopedPPy
films on Au and Ir electrodes in order@ahance the capacitance per electrode&fea.

Recently, lesides electrode coating with CPsll-polymer, metafree electrodes have been
developedWithout metalit is possible taexplore new fabrication methods and develop new device
formats and architecturé$indeed, metal canreduce devicetretchability, cause they craikno
iwavyo shape i s ®pandeexhibibpos bopdingith ther degbsited, CPémiting
long-term performances in acquoes environment because of cracking or delamiRratadly, CPs
elastic modulus can be tuned to matchahe of bological tissuswhile preserving conductivity.

Like CPs, hiydrogetlastic modulus can be tuned to match the mechanical properbéedagfical

soft tissues antheir structure isimilar to native extracellular matrone Moreover, thg have high
water content, resembling the hydratet@idlogical environmentsurrounding cells or tissae
However, this impedes tmcorporate such materials in standard photolithography or etching
fabrication techniquesequiring theuse of hard and stiffilicon or metal connections to coritemd
read from soft CP electrodeA. significant challenge is thus to form staldennections between
hydrogel/CPs and metallic piasid maintain it under mechanical stress
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In order to mimicktissues S. Sekineet al electropolymerized PEDOT on Pt electrodes covered by
agarose hydrogg? using electrochemical actuation to delaminate PEDOT/agarose hydrogel from
Pt, this way creating a fregtanding electrode exploited for teemulation of C2C12mmortalized
mouse myotubem vitro (Figure 1.15). As can be seen from the finabsssectionconfiguration,
PEDOTpenetrated through the agar@¢segure 1.15c).

a)

Electropolymerization

—

Agarosegel  PEDOT 10 um

Electroactuation

Figure 1.15: a) Fluorescently labelledortical neurons grown on ta PPyNaDBS surface after 21 days from seed@®mgen, red and
blue colors stand for neurons, glia and nuclei, respecti¥lig) Fabrication schematic FEDOT/agarroselectroc: initially, liquid
agarose is poured in Pt electrodben, PEDOT is electropolymerized inside the hydrogel to form electrodes; felatifrochemical
actuation enable the hydrogel delamination from the underneath Pt electrode sulbettitg, a freestanding CP/hydrogel electrode.
c) Images of PEDOTlectrodes in the hygrodahd gel crossection (below) to show PEDOT pentitng in agarosé?®

Besides,Guo et al worked towards the realizatiolmf a metalfree electrode array developing
PPy/polycaprolactonblock-polytetrahydrofurarblick-polycaprolactone  (PCTC) electrodes
sardwiched betweenPolydimethylsiloxane(PDMS) films (Figure 1.16a}** It showed lower
impedances at low frequencidse(ow 80 Hz) compared to a Pt electrode of the same(Bigare
1.16b)and it was usetb measurehindlimb muscle electromyograpl{igEMG) in a rat after satic
nerve squeezinigure 1.16c)

To further improve layer adhesion, a research group used PPy nanmnargshor PPy electrodes
into the underneath PDMS substréfegure 1.16d¥3 They applied a prestretched PDMS fibm PPy
nanowiresusingasemic ur ed PDMS | ayer asiwlagylywe ono rtphiod oway
when releade from the stretching angemicured PDMS improving PPy adhesion to PDM®3e
electrode arrays proved to biseful to monitor low frequency signalsprmal andepileptic mice
electrocorticograph{ECoG)and to stimulate the sciatic nerve.
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Figure 1.16: a) 1mm diametelPPy/PCTC electrdes in PDMSilm. Top inset: electron microscopy imageporting the roughness of

the electrode surface morphology. Bottom insktctrode flexibility is proved rolling it around a glass pipette. b) Comparison between
impedance spectaf PPy/PCTC electrodes and Pt ones with the same geometric &&MGd¢)aceof the stimulated hindimb muscle

after squeezing of the sciatic neféd) PPy nanowiresealized on PPy electrodes on indium tin oxide. PDMS was prestretched, then
applied to he electrodes, releasand peeled offn order to create wavy PPy electrodaschored in PDMS with nanowires. The
resulting electrode arrays were exploifedhealthy andapieptic miceECoGmonitoring, together with sciatic nerve stimulati§n.
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Conjugated p®dIOyimer s and P

2.1 Conjugated polymers

A milestone in the history of conjugat@dlymerswas thepublication of doped polyacetylene in
19771 the discovery thaain organic conjugated hydrocarbon (GHjoped with halogens for
example could reach extremely high electrl conductivityspreads the interest over these organic
materials andvas honoured with the Nobel Prize to Alan J. Heeger, Hideki Shirakawa and Alan G.
MacDiarmid1%:1°” Among manyinteresting and diffused conducting polymetse ones based on
polyanilines, polythiophenes, polyphenylenes, polypyrroles and pph#nylene vinylene)save
attracted particular attentidf®?°* The structure of the more common conductive polymer are
reported in Figure 2.1

Polyphenylene Polyacetylene
H
N
s S
N - \ \
| |
Polyaniline Polythiophene
Poly(phenylenevinylene) Polypyrrole

Figure 2.1: Schematic of thehemical structure of the most diffused and studied conjugated polymers.

2.1.1Electrical conductivitym conjugated polymers

In saturated polyers, such agolyethylene, valence electrons are usually forniitgpnds, thus the
gap between the valence and the conductive band is large enough to have the polymer displaying
insulating poperties.On the other hand, conjugated polymér® r mboad along the polymer
backbone t hboresre formed with neightbouring atoms and the remaipimipitals (described
asp;) engage Asaresulpnesinpairad electron (namegtlectron) per carbofC) atom

is presehand there is an overlapping of successive atom orlaikatgy the polymeric backboR®
The consequent electronic delocalization providesftth i g h wraclyatge rhobilityalong the
polymer backbonand he electronic structuref the CPresultsdetermined by the chain symmetry
i.e. the number and kind of atoms within tfepea¢d unit. Thus, such polymers can exhibit
semiconducting or even metallic propesti¢? having a broad range of possible conductivities as
shown in Figure 2.2.
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Conjugated polymers

Insulators Semiconductors Metals
I l I I | | I | I I
Conductivity 1071 10710 107¢ 1072 102 10°
(S/m) 10716 10712 1078 107* 10° 10* 108
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Figure 2.2: Conductivity range o€onjugated polymers, compared to other matefriaim insulatorslike quart{10*6 S/m) to meta)
such agopper, iron and silvgconductivity around 10S/m).

The smplest mode of electrical conductivity inconducing polymer ipolyacetyleng(PAc, with
molecular fomrnuld Gi]»), reported in Figure 2.Each carbon atonwith four valence electrons,
hasthreell-bonding with other two neightbouring C atoarsla hydrogen one, leaving and unpaired
e | eThasrusing a simplefree-electron molecular rbital mode] it is possible to givea
guantititative description of aonductor, semiconductor or insulatauilt up of a linear chain of
atoms, such as in4.19629%Assuming a row of N atomseparated by a distandene anotherthus
a total chain length of (M)d or, Nd, for largeenough N, the quantuimecdanical model of a free
particle inonedimensional boxthe potential is zero inside the box and infinite outsidexpresses
the wave function eiegenvalues (Figurea2add b as2%

O

,withn=1,2,2 (2.1

where h is the Planckés constant, m the el ect
We <can then assume t Iparbitalsfil tlid egeinvalue ladderdith twan t h e
electrons per molecular orbital (according to Pauli principlp)to the highest occupied molecular

orbital (HOMO), which has the energy:

00600 —— 22)

while for the lowest unoccupied moleculanbital:

00V —— (23)

Thus, the energy requite¢o excite one electron from HOMO to LUMlevel is:

o

YO h Q¢ @ i 0QQ (24)

The bandgap is then decreasing for increasingpbifdmer length, thus vanishing for macroscopic
dimensionsAdapting this modefor a manyelectron systemFigure 2.3c and d report tiease fora
ground stateand anexcited staterespectively in the fomer, an even numberfcelectrons are
distributed in pairfor each orbitalin the lower part of the energy ladder; instead, in the latter
electron is excited to a higher empty molecular orbital, increasing the energy of the 3ystdrand
gap is the minimum energy differenceeded to shift betweeneetwo stats, thus to create a charge
pairwith one electron in the upper manifold of orbitals and a imallee lower oné
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Figure 2.3: Free elecon model (onalimensional box with length L: a) energywét and b) wavefunction®idapting this model to
multi-electronmolecular orbital description, a state with 16 electrons is reporté), where they occupy the first eight molecular
orbitals with the highest occupied molecular orbital named HOMO and the next empty one Té®xcitation of one electron in
the LUMO statds shown in (d)}:%

From this modelthe bandgap would vanish for sufficigniiong chain with polyactetylene behaving

as a conductorUnfortunately,this is not the case, since it seems to Hané to the bandgp
decreasing upoincreasing length chailhis convergence was confirmed by several theoretical
predictions, the first by Lennaitbnes in 1937. It cdme explainedaking into account thdistortion

of the chain, called Peierls distortiéi} Peierls theorerstateghat aone-dimensional system witan
incompletely filled band distorts itself opening a gap at the Fermilévele degener acy o
is resolved with a geometrical distortion, which reduces the symmetry and induces a rearrangement
of the orbital levels. For polyacetylenie lattce distortion leads to repeated srof two carbon

atoms close together and two further aghet can be written as@i=CH ] {jnstead of [G{ )y If

the carbon atorbondswere equallyong, electrons would have beiera halffilled continuousand,
delocalised in the entire chgiiike in metals) Since the chain has antetingly short and long bonds,

the energy structumesults in an energy gap betwesmo mp | et el yahd !l aedempbwgn
(as for insulators or semiconductpt¥ whose energy difference is the band gap, E

Due to this distortion, common to all conjugated polymers, intrinsically conducting yscypéecally

shows lowconductiviies for examplepolyacetylendiasintrinsic conductivity from 18to 107 S/m.
Moreover, differently from metalssemiconductor conductivity decreases with decreasing
temperature ue t o the | oss of ther mal excithedtMC ns t
state)!%

2.1.2Charge transporaind role of the dopant
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As previously staid conjugated polymers are not intrinsically conductive, thus a doping process to
introduce charge is requireth conjugated polymers this simply means a charge transfer reaction
with a partial oxdation (for p-type), or reduction(for n-type) of the polymerHowever, mosof the
studies have been diredtt®owards the-doping case. Depending on the couplyper-dopant, the
conductivity can be changed in a broad range, raising it up-1@ bddes of magnitude, thusioving

from an uncharged polymer (insulatoo) values higher than 1000 S/éM.Changes in the doping
state can also occur upon the so cafleel| e ct r o ¢ h e whercian$ from aneleatrayte are
pushed/pulled in/from the organic film, using a metal contact to supply charges.

Differently from thestandard inorganic semiconductor, where a neutral atom is introduced in the host
lattice to clange its electronic structuf®,in CPs the doping process recalls a redox reaction: indeed,
for p-doping,theneutral polymer is converted into an ionic complex, made of a polymeric cation and
a counterionwhich is the rduced form of the oxidizing agent; on the other handntdoping, a
polymeric anion and the oxidized form of the reducing agent are forbd. ease of
oxidation/reductiorevaluatehow potentially conducting is the polymer andonded unsaturated
polymers are particulanyseful due to thesmall ionization potentials and/or large electron affinities.
As a matter of fa¢t’ electronscanbedad v added or r emovesedondsiof h sn
the polymerand this principle was applied with success to several organic polymers, including
polyacetyleng®” The subsequent increase in conductivityginates from the charge carrier
generation and from their ability to travel along theystem thus CPs are suitable conductors for
two reasons® (1) doping introduces charge carriers in the polymer electronic stajctuth
relatively high charge density, since every repeanit is a potentiatedox site (2) dectrons are
attracted from neightbouring nuclei, leading to charge delocalizaltorg the polymer chain and
charge carrier mobility, extended to tBi® system thoughout interchain electron transfer.

Charges introduckin polymers are stored in novel statehichinclude charge and lattice distortion,
called polarons bipolaronsor solitons?®® The equilibrium geometry in organic molecules varies
between the ground and the ionized state, as for example otthegransition from benzenelike

to quinoidlike structure in polythiophene, reported in Figdré Indeed, differently from in@anic
solids, where the removal of an electieads tothe generation of a hole in the valence band (see
Figure 25a), n organic polymer it can be energetically favourable to localize the charge in the chain
and generate a local distortion (relaxation) of the lattice arouaik&tinglocalized electronic states

in the energy gap due too c a | u p w afrtheé H@MOiarid tdowgwiard shift of the LUMO
(Figure 2.5b)lf the energy variatiorof the HOMO and LUMO leveis higher than the energy for
lattice distortion &is, the charge localizatioprocesss favoured relative to the band process and a
pol aron wi t Busi®formed.dgnyconjgmated polymers polaron formation with lattice
distortion is always$avourable compare to ionizatiétY.

In case of electron polaron, an electron is addeke new level under the conduction band, while in
case of hole polaron, an electron is removed from the new level moved up to the valence band (Figure
2.5b), in both cases creating a spin %,-fillfd level. Since the polaron formation leaves thexak

band full and the conduction one empty, no metallic feamppear. Howevefor high doping level,

the polaron is able to move in the field of close counterions due to their high concentration, thus
having high mobility.
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Benzenoid

Quinoid
Figure 2.4: On the left charged states ittanspolyacetylenarereported: (a) undimerized structure; (b) dimerized structure caused
by Peierls instability; (c) polaron formed aftne electron removal from a C atom in the chain; (d) soliton formag@)structural

relaxation with corresponding delocalized charge distribution. Adapted®®o@n the right, benzoitb quinoid transitiordue to the
introduction of a positive charge.
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Figure 2.5: lllustration of the land structuref inorganic solids upon the formation of a hole (a) and of polymeric chsiimg PPy as
model,in case of the formation ofb) apolaron where the lower level in the gap is occupied by a single electron, while the upper is
free (c) apositivebipolaran, where the inner levels in the gap are emggd (d) a bipolaron bands in high doping conditiavisere
several inner levels merge into banddapted fron?%,

The removal of a second electrtmads to two possibilities: the ettron can baemoved from a
polaron, thus forming a bipolardits electronic structure is reported in Figure 2.5¢c and on the bottom
right), or from another part of the chain, creating another pol#drpolaron is a nofindipendent

pair of charge which have the sapwarity, associated with a strong local lattiteformation and it

hastwo levels in the energy gap: they are fully occupied for a negative polaron, while thmtrare

empty in case of a positive bipolaron, as in Figure 2I'be bipolaron spins sum tero andthe

energy gained from lattice deformation is higher compared to the energy comin@ddomb
repulsion since they have the same stghMoreover, also the ttice distortion increases after this
second ionization, thus the reduction of ot i on ener gy must increase
Edis. Furthermore, the decresis theionization energys much higher for the bipolaron case than for

two polaron formationmakinga bipolaron thermodinamidglmore stable than two polarons

Several experimental and theoreticabsts hae been donasince the early 80s on the electronic and
transport propeies as a function of doping level for different conjugated polyrfér@ptical
absorbance spectfaand electron spin resonadteexperiments show that at low dopingl(mol

%)an increasing in polaronic states occurs, wh
is the gradual formation of spinless bipolardBg.further enhancing théopant concentratioh 3 0

mol %), two bipolaron bandsre formed due to the overlapping of the level within the energy gap
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which gets wider (cause the new states are extracted from the valence and conduction bands), as
reported in Figure 2.5d.

The third type of excited state is the soliton, which only occupsliymers that posses two different
geometrical structure of the ground states having the same energy, called degenerate polymers, whose
main example israns-polyacetylene (PAG)'® Indeed, as can be seen from Figure 2.4, single and
double bonds alternate along th&dPchainwith the same structure. When an electron is extracted

from a polaron along the chaithe two positive chargeseanot coupledThe geometric structure
between the two charges has the same energy of the geometric structure on the other sides of the
charges thus when the charges separdbere is no increase in the distortion energy, letting the
charges free to m@away from each other. A single charge onAx lehain constitutes a boundary
betweentwo segments with specular geometry and it is called sotito®fo the fact that it recals

solitary wave able to propagate without deformation or dissipatfofhe soliton is a localized
electronic state in the center of the bandgap, which can be filled with one electron (neutral soliton,
spin1/2), two electrons (negative soliton, s@iero) or emptypositive soliton, spin zeroJ.he spin

and chargdin case of charged soliton) densities for solitons are not localized on one carbon atom,
but spread over several orfédgiving a width to the soliton (Figure 2.4&plitons can contribute to

charget r ansf er and pr opagatnsistingan an electroe juepobletivedero n |
localized states on adjacent polymer chains bgms of a phoneassisted proceg$?

2.1.3Doping techniques

In this paragrapha brief overview of the different reversible doping techniques that can be used on
conductingpolymerswill be introducecf® which are schematicallgported in Figure.6a.

Chemical doping

In chemical doping the charge transfer between the dopant and the polymeric chain Viappdoz
reactiors. oxidation produces p-type doping while reduction amtype one 19215218635 jllustrated

in the following examples(p-typethe first,n-typethe second)

NéawnaQie O © néawnaqo (2.5)

“HEAWAQIN O E OFBDAFQQ GO “NHéEADaQi & OHQ (26)

Even thougltomplete doping at high concentration yields high quality matettédsmethod is quite
difficult to control, causéow concentration dopings ofteasultin nonrhomogeneoumaterials
Electrochemical doping
This methodwas invented to solve chemical doping prohfémin electrochemical doping the
electrode supplies thredox charges to the CP, while ions flow inside (or outside) the polymer matrix
from the electrolyte in ordeto compensate the electronic chargeus electrolyte gives the
counterions necessafgr the polymer charge neutralityfhe doping level depends on the voltage
difference between the counter electrode #aecconducting polymeand it is precisely defirtkby
this difference at the electrochemical equilibriubhus,the desired level of doping can be achieved
applying a selected voltage and waiting till the electrochemical equilibrium of the system, indicated
by the cell current going to zerAgain, ap-typeand am-typeexamplesarereported, respectively:
“NéawaqQid Q6 0 O “Néawao D MaQOoi & 'QR7)

“NEAWAQD)VAQOOPED® “REaaQi 0060 (2.8)
Doping by acid-base reaction
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Protmation using ackbase chemistry leads to an internal redox reaction and the consequent
conversion from semiconductor (emeraldine base) to nietaéraldine salf)whose schematic is
reported in Figur@.6b for polyaniline Upon protonation of the emeraldibase to the emeraldine
salt,the protorinduced spin unpairinmmechanism bngs a structural change with one unpaired spin
per repeat uf, without changing the number of electrofiie result is a haffilled band thus
potentially a metallic state with a positive charge in each rapaai{from protonation)and an
associated counteriofie. ( 3/ #1,$ " 3 letc) not shown in Figure 2.6tEven though the
conversion from semiconductor to metal has beendaestribed, it is not well understood from basic
theory indeed, here are no calculations showing that the metallic final state is lower in energy than
the semiconductoone thusno detded understanding of the rearrangement reactitimst are
sketched in Figurg.6h?°2

Photodoping

During photodoping, the semiconducting polymer is locally @edi and (nearby) reduced by
photoabsorption and charge separafioee carriers are formed by electrbale pair creation and
separation)as can be seen from the following:

“NEAWAQNO “NREawaqQi“ NéawnaQi (2.9)
wherey is the numberfoelectronhole pairs (it depends on the pump rate and the recombination rate).
After the photoexcitation from the ground state to the lowest energy state with proper symmetry, the
subsequent recombination can be radiative (luminescence) or nonradiatinec&jugated polymer
families have high luminescence quantum efficiencies (for example polyparaphenylene vinylene
(PPV) and polyparaphenylene (PPP) and their soluble derivatives), while others do not (for example,
polyacetylene and the polythiophene®v&al mechanisms have been observed to give low quantum
efficiencies for photoluminescence: rapid bond relaxation in the excited state and the soliton
formation in the midgap prevent radiative recombination in polyacetylémeoreover, interchain
interactions in the e)leaditothentadiatite anarmdts décayd4?? e d fie
Charge injection at a MetalSemiconducting Polymer (MS) Interface

HolesanWl el ectrons can be directly i njaendbaed$, usi
respectively according to the following:

ay Hol e injection i #Hmand an ot herwise filled
“HNEAWaAQLQ ° “nNéawaqi (2.10
b) Electron injection into an empty *hand

“NEAWAQNQ © “Réanaqi (211

With charge injection method the polymer is oxidized or reduced (removing or adding electrons,
respectively), but there r®0 counterions (as it happens for chemical or electrochemical doping).

As reported in Figure 26 each method leads to unique and usefull features. Chemical and/or
electrochemical doping induce permanent electrical conductivity, until the carrierseanecaly
compensated or purposely removed by fiundoping
and lasts only until the excitations get trapped or decay back to the grounthdtetecase of charge
injection at metakemiconductor interfacelectrons staynithe” *randa nd h ol es-band ay i

only while biasing voltage is applied.
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Figure 2.6: a) Various doping mchanism with related applications). Protonatiorinduced spin unpaiin polyaniline with the
conversion from an insulatéo a metal; no change in the number of electrons oé8rs.

1.2 PEDOT

Sinceintheearly1980¢, he Bayer 6s Central Research Departr
in its highly doped form and to achieve processabilitimately failed??! several projectsvere

started on polyheterocycles, like polypirrole, polyédkyl-thiophenes), etc, but without much
success. It was only the second half of 1980s thiie synthesis of 3;dthylenedioxythiophene

(EDOT) monomer lead$o a technical breakthrough, particularly due to its polymerized form
poly(3,4ethylenedioxythiophene) (PEDOWhich exhibited high conductivity and stability in the

doped state (the onlyate available at the timé)! PEDOT is an intrinsically conductive conjugated
polymer, formed by a chain of its EDOT monomers, that are visible in Figuagahd it can be
prepared using standard oxidative chemical or electrochemical polymerization methods.

2.2.1 Syntesis and features of EDOT monomer
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EDOT chemistry started in 1930s, after the synthesis of the correspondidg&laoxylic acid
esters??223 More elaborated stues follow these first investigations and in particular Jaetaal
developed a usefull synthetic stratdgy 3,4-ethylenedioxythiophen2,5-dicarboxylic acid (EDOT
2,5-dicarboxylic acid), that was detailed descripted by Gegtin 1967224 This synthesis started
with a Hunsdiecker condensation reaction of axalic acid diester with thiodiacetic diester to 3,4
dihydroxythiophene,5-dicarboxylic acid diester as the dir step. 3,£Dihydroxythiophene?,5
dicarboxylic acid diester was then alkylated with-diéhloro- or 1,2dibromoethane and saponified.
Decarboxylation of EDO®R,5dicarboxylic acid led to EDO*?® After its introduction into
chemistry, the idudrial manufacture uses Gogte pathway valightly minor changes, such as the
introduction of coppecatalyzed decarboxylation in the last step (Figure ZZ213¥° These copper
catalyst are basic copper carbonate (Ce@@OHY)) or copper quinolone complexes.

a) [ LY L
/ Y / N
O\ ,O O\ o
/ J
0 0 S NS\KF\ P w
) \— s W/
QS/ e Jd % /N
S /
n
Thiophene 3 4-ethylenedioxythiophene Poly (3,4-ethylenedioxythiophene)
b)
AN TN EtOOC — COOEt
HOOC S COOH ﬁr— Etooc/\s/\COOEt —_— =
NaOMe
HO OH
CI ) NaOH
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ROOC . COOR K,CO4 ROOC COOR
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Figure 2.7: a) Chemical structure of thiophene,-&thilenedioxythiophene (EDOT) andIp(3,4-ethilenedioxythiophene) (PEDOT).
b) Synthesis of EDOT monomer from oxalic acid ester anddizicetic acid estef’

Freshly and pure distilled EDOT presenssaanearly colorless liquid with unpleasant odor. A small
change to pale yellow is possible after long storage time (especially in daylight), without significantly
affecting its purity!®” On the contrary, air and light exposure makes it tumk dae to partial
oxidation??’ The main physical EDOT properties are regdrin Table 2.1.

The purification procedure for EDOT is vacuum distillation. Moreover, the melting point at 10.5 °C
permits a very efficient low temperature recrystallization from solvents like methanol, ethanol and
their mixtures.

Regarding the chemicalroperties, EDOT main reactions are its oxidation reactions, that typically
result in conductive oligmeric to polymeric materials when charge balancing is possible, i.e. when
there are doping counterions (anions). These reactions will be discusseabiaphr2.3 as the ones
needed to realizREDOT:PSS
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Table 2.1:Selected EDOProperties®”

Viscosity (20 °C) 11 mPa-s
Densisty (20 °C) 1.34 g/cm
Melting point 10.5°C
Boiling point (1013 mbar) 225 °C

Vapor pressure (20 °C) 0.05 mbar
Vapor pressure (90 °C) 10 mbar

Solubility in water (20 °C) 1.2 g/l

Flash point 104 °C
Ignition temperature 360 °C

Bayer AG produces EDOT on a wide scafering it commercially with the name of BAYTRON
M (where the M stands for monomé#y.

2.2.2 Synthesis and polymerization of PEDOT

The synthesis of PEDOT derivatigecan be divided into three main types of polymerization
reactions??’

a) Oxidative chemical polymerization of EDOT-based monomers

Chemical polymerization can be obtained using different methods and oxidants. The classical method
exploits oxidizing agents such as Fe@l Fe(Ots, finally obtaining a black, insoluble and infusible
compound, difficult to characterize. Heever, it can give substratsupported films with useful
electrical and optical propertié€ 231

A second polymerization method has been reported bt de Legaivi®? using F&'(OTs) at high
temperature with imidazole as a base, it resulted itagk bnsoluble and infusibI®EDOT film,

which exhibited conductivities of up to 550 S/é&h234after rinsing with HO andn-butanol.

The third and most useful polymerization method is called BAYTRON P synthesis and developed by
Bayer AG#312%|t is based on the polymerization of EDOT in an aqueous polyelectrolyte (usually
PSS) solution using&8S,0sg as oxidizing agent at room temperature. It results in a dark blue, aqueous
PEDOT:PSS dispersion, commercially available with the name of BAYTRON P. Interestingly, once
dryed the remaining PEDOT:PSS film is transparent, highly conducting, mechadigadble and
insoluble in common solvents.

b) Electrochemical polymerization of EDOT derivatives

Another useful polymerization method is based on electrochemical oxidation of the etaxttron
EDOT-based monomers and requires low amounts of monomer, shartgrzation times and can
give electrodesupported or frestanding films, according to the required application/purpose.

For EDOT, this method results ia highly transmissive skblue and doped PEDOT film at the
anode??8236.237several electrolyte can be used for EDOT polymerization, including polyelectrolytes,
as proved by Wernet and-werkers?®824°and even aqueous micellar mediéfi243

A slightly different electrochemical polymerization is thlectrochemical desilylation, which uses

U , -disilylated EDOTFbased monomeré? This techinique, based on the loss of a trimethyisilyl
(TMS) group, gives polymer with the same repeat unit as that obtained by the polymerization of the
parent monomers. Using bidViIS-derivatized monomers, the films adhere more strotwlyxide

40



based electrode surfagesich ason indium tin oxide (ITO)or gold (Au) thus having improved
switching properties. Moreover, TMS derivatization increases complex and largerrinailti
monomer solubility, enhancing their polymerization charasties.

c) Transition metal-mediated coupling of dihalo derivatives of EDOT

Several thiophenbased polymers have been developed using transition-oag#dyzed coupling of
activated organometallic derivativé8 For example, Yamamott al.used this technique to directly
prepare neutral PEDCOA®24’Even though this method yields low molecular weight materials, it can
beinterestingly applied to monomers with solubilizing side groups.

2.2.3 PEDOT properties

Even though PEDOT is an insoluble polymer, it exhibits some very interesting properties that justify
its wide-spread use in industry and academic reseéfch:

Reversible doping state

PEDOT can be reversibly and repeatedly doped and undoped. A PEDOT thin film is almost
transparent ankight blue in its oxidized state, while it can be turned into opaque and dark blue upon
switching it to the neutral state. The color variation according to its doped state msgdas a
suitable propeytfor optical applications, such as electrochrodigplays*°

Excellent stability

PEDOT has good chemical and thermal stability: thermal studies proved that a continuous
degradation only occurs over 150 °C and a complete decomposition above F80Eeover,
electrical conducting properties seem to be unaltered after aging in environmental conditions. Its high
stability is due to the favourable ring geometry and eleafimrating effet of the oxygen atoms at

the 3,4positions, which stabilizes the positive charge on the polymer backbtone.

Regular structure

Thanks to its structure, competing polymerization throughri@l 4 positions as in thiophene are
avoided, while only 2f&ouplings of the 34thylenedioxythiophene are present. For this reason,
PEDOT is expected to have less defects than thiophene analogues.

Low band gap (high conductivity)

PEDOT low band gap (1-5.6eV)??8is though to originate from the influence of the elecitonor
ethylene dioxy groups on t he e if°ltrwgsiegpsrimentallyt h e
proved that PEDOT exhibits reduced absorpin the visible after doping, the oscillator strength
shifting from ar-otuntdradansi teivor) otwe sb e P?Thus,1 eV
PEDOT presents high electrical conductivity (up to 550 S/cm) in the doped state.

Electrochemical properties

Synthesizd PEDOT films have low redox potential and excellent stability in the doped state, when
compared to other conducting polyméi$Using cyclic voltammetry tiwas found that redox peaks
are approximately at 0 mV (oxidation) ardD0 mV (reduction) and remained almost unaffected
during cyclirg. However, only under an applied negative potentia¥@0 mV the films were found

to be stable. The neutral film areapidly oxidized, as shown by open circuit potential
measurements3

2.3 PEDOT:PSS
2.3.1PEDOT:PSS dispersion
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One of the mairreason for PEDOT success as conducting polymer is its availability in aqueous
dispersiont®” Although PEDOT is an insoluble polymegmbined with poly(styrenesulfonic acid)
(PSS) as a counteripit creates a polyelectrolyte complex (PEC), that can be prepared in stable
dispersions produced on industrial scale and used through several deposition techniques.
PEDOT:PSS chemical stture is reported in Figure 2.8: it must be mbtkat PEDOT chains are

much shorter compared to PSS ones (Figure 2.8a): the molecular weight of PEDOT molecules is
between 1 and 2.5 kDa (for 6 to 18 repeating units), resembling an oligomer nature of these
segnents?®*while PSS agrage molecular weight is usually 70 kDa at lé2st.

Polyelectrolyte complexes are typically formed mixing aqueous solutions of polyanions and
polycations, resulting in a compound that can be either ygatable or insoluble, depending on the
parameters?’ PSS was the first polyelectrolyte to be used with PEDOT in 1990, ayeatirater

soluble PEC and remaining an industrial standard ever.$thB&S is commercially available with
different molecudr weights and polydispersities. It is soluble in water and forms durable and
transparent filmg> As PEDOT counterion, PSS is always used in excess, thus as host polyelectrolyte
(HPE). In standard PEDOT:PSS dispersions the molar ratio betweehah@agroups and sulfonic

acid groups is in the range of 1:1.9 to 1:15.2 (weight ratio range 1:2.5 up to 1:20). Since there is one
charge every three to four thiophene riftf$>° the charge excess PSS is between#®ld and 46

fold.1%” According to the delocalization of positive charges in PEDOT, the weak polar groups and the
different spacing of PEDOT charges complai@ PSS ones, there in no molecular or supramolecular
order in PEDOT:PSSyut only a random interaction between polymer chains giving trealted
pancakdike structure, as shown in Figure 28PSS is thusised in combination with PEDOBif

two main reasons: first, it is used as counterion, balancing the positive PEDOT charges; second, it is
used to keep PEDOT segntemispersed in water owing to its high hydrophiliétyindeed, water

is the solvent chosen for PEDOT:PSS synthesis, due to the fact that it is inert to most oxidation or
reducing agents, it is highly polar and a good PSS solwmn though EDOT presents poor
solubility in water (at 20 °C only 0.21 g of EDOT can be dissolved in 100mL of water), it increases
with PSS presence and with increasing temperature.
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Figure 2.8: On the left, PEDOT and PSS chemical structures: the PSS is used as cotmtegiance PEDOT positive frearges.

On the right, the PEDOT:PSS microstructure with PSS in grey and PEDOT in blue: a) synthesis onto PSS template; b)tolloidal g
particle formation in dispersion; c¢) PEDOT:PSS films with PEBRHSrich (blue) and PS8ch (grey) phases; d)
aggregates/crystallites supporting enhanced electronic trad&y6t.

As shown in Figure 2.8, PEDOT:PSS final structure is a dnolssd and highly swollen polymer

gel, composed by gel particle with-96% of water contenwith the maximum solid content that
grows with decreasing PEDOT to PSS rattd This ratio also influences other physical parameters

of the polymeric film, such as bulk conductivity, sheet resistance and surface roughness. For example,
higher relative concentrations of PSS give less conductive and flatter films, because of a size
reduction of PEDOT particles in the PEDOT:PSS disperéié#> This is in accordance with the
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observation that films with smaller particles present lower conducti¢ti@he average particle size
in a PEDOT:PSS dispersion is typically in the rangeveen 10 and 10@m.

2.3.2 Deposition of PEDOT:PSS

PEDOT:PSS dispersion in water can be deposited using all the main common techniques employed
for depositingwaterborne coatings, namely slit coating, drop casting, bar coating, spin coating,
electrospnning and spraying. If there is the need of a structured deposition, other techsughess

screen printing, nozzle printing, inkjet and several forms of contact primtiagemployed® Other
structured deposition methods for PEDOT:P@fed ona modification of the surface wetting
propertiesdepositingof water repellant§® or employingphotclithographicat® techniques.

The pristine PEDOT:PSS dispersion in water is adjusted before the deposition in order to meet the
requirements for the deposition method used and to obtainfanmarilm. Film quality is determined

by viscosity, surface tension and the adhesion of the film itself to the sub3tathange such
properties and match the required ones, it is possible to use different PEDOT:PSS solutions, varying
the solid contentthe PEDOT to PSS ratio, the gel particle distribution or adding water soluble or
dispersible additives (for example surfactants, stabilizers,-trdsisg agents or inert polymers).

Among the different techniques, PEDOT:PSS deposition by spin coasngdwen to be a suitable
method to obtain uniform films with thickness from 10 to 1@®d. Two typical spin curves are
reported in Figure 2.9 for CLEVIOS P Al 4083 (designed for hgéztion in OLEDs) and CLEVIOS

PH 500 (used for transparent electrod&&These films, having a rosheansquare roughness of the

order of 1nm?2®®attract great interest as cladding layer for thin film device applications.
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Viscosity (g 700 s 1): 7.0 mPas Viscosity (@ 100 5 1y: 38 mPas
125 a Solid content: 1.34% 4 Solid content: 1.56

Substrate size: 2° square Substrate size: 2" square
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Figure 2.9: Spin curves for CLEVIOS P Al 40&hd CLEVIOS PH 500 taken on a CaiisS RC8 spircoater, with a closed or opened
rotating lid*°7

It is finally worth noting another useful technique for PEDOT:PSS thin filepgration, that does

not start from a previously prepared PEDOT:PSS dispersion: electrochemical polymerization.
Developed at the beginning for polypirréfand then extended to many other polymidis, method
allows for a precise control of theigntity of the material deposited on the substrate, also providing
an easy way to functionalized it with inorgaiifc or biomolecules’®® PEDOT:PSS
electropolymerization has been demonstrated to produce films and-shigoburedsystems with

facile electrochemistry, higlonic conductivities, good electrochemical stability and capacitances
suitable for electrochemical supercapacitor applicattéts’

2.4 PEDOT:PSS thin-film properties
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24.1 Thermal and UV stability

Before further processing or yseEDOT:PSS depositddms have to be dried, removing water by
baking the layers at high temperature, applying vacauasing infrared (IR) radiation. Sometimes
even a combination of ¢éke processes may be employed.

As for the PEDOT, alsPEDOT:PSS film&iave very highhermal stabilitythat was studid at Bayer
Laboratoriesusing thermogravimetrical analysis (TGA) on thick layErgure2.10 shows the weight
loss and the ion currents of relevant mash@sng sample heating at a constant rate in helium:
between 100 °C and 200 °@nly the evaporation of the remaining water determines the weight loss,
while over 250 °Cthere is a signifiant weight drop At the same time, also the ratin/e=64
increases attributed to S@ions, indicating tke fragmentation of the PSS sulfonate grokpr
temperatures higher than 350 °C also fragmeased by carbon oxidation are detected. Thus, after
TGA studies the material is considered stable up to a temperature of 290 °C.
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Figure 2.10: Thermogravimetric analysis (TGA) of PEDOT:PSS samples avifEDOT to PSS ratio of 1:2y weighta) Weight
loss monitored while heating at a constant rate of 5 K/tminon currents of different masses recorded simultanedDala are from
Bayer Technology Services, Leverkusen, Gernidhy.

Despite PEDOBtable conductivity, it can be subject to degradatoce exposed to harsh condition
(like happens for all carlmocompounds) Thus, PEDOT:PSS light stability have been studied in
detaif’* and the decay mechanism wasind to be riated to oxidation by oxygerenhanced by
Iight.275'276

A proper way to keep PEDOT:PSS conductivity over time is to avtriaviolet(UV)-light exposure

and temperature above 70°C in combination with oxyf@nexample hermetically encapsulating
the devices. Indeed, like most of the polymBIEDOT:PSS degratks with U\tlight, as it is proved
from Figure 2.11awherea resistivity increase happefts UV adsorbed photore{ 320 nm) This

fact limits PEDOT:PSS use in outdoor applicatidnsroper protection are ntdken to encapsulate
thin films. Figure2.11b reports the sheet resistance over ton#hin films of PEDOT:PSS (PEDOT

to PSS as 2:5) including5 wt% dimethyl sulfoxide (DMSOWunder continuous illumination of a
xenon (Xe) lampThe films unprotected from air showed a steep increase sfivey while films
encapsulated by a thin glass plekibited only a slow increase, comparable to the one obtained for
the film stored in air but in absence of ligltis result proved that degradation occurs because of
air-induced PEDOT oxidation, acesated by simultaneous absorption of light
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Figure 2.11: a) Activation PEDOT:PS&Clevios P)spectrumreporting the change in resistivity on irradiation dosewadelength.
Data taken from A. Elschner, H.C. Starck Clevios Gmbithublished redts. A spectrum of solar AM1.5 irradiance, adapted from
Bird7Hustom, is inserted for comparisdr).Sheet resistance of PEDOT:PSS films with 5 wPMSO were monitored over time
during the exposure to a Xe lamp. Data from A. Elschne€ Fstarck Clevios GmbH, unpublished restilts

2.4.2 Water uptake

PEDOTPSS, like other polymers with sulfonic acid groups, is hygroscaoypid¢akes up moisture in
ambient conditionsTheweight loss in Figure 2.10a after baking can be ascribed to loss of previously
absorbed wateAs an examplewater absorption of a predried PED.PSS samplé¢flakes peeled

off from underlying substrate with0 e nthicknessesdf 1.59 is reported in Figure 2.12a the first

3 minutes the weight increases of 1@%en the sample is brought in contact with ambient air.
Noteworthy, the sample geometry and the humidity lenfelence the kinetics of water abstgm.

Thin films of PEDOT:PSSwith thickness around 100 nm absorb water almost immediately and their
thicknessincreases, in particular depending on relative humidltgh increases in layer thickness
are especially present for high PSS content film$iingcup to 30%ef thickness riseAgain, to avoid
water absorption hermetic encapsulation can be exploited.

2.4.3 Mechanical properties and morphology

Flexibility is another important PEDOT:PSS film properties which is higldyantageous, since
PEDOT:PSS filmsdo not crack upon bendirtd] differently from their inorganic metal oxide
counerpart.For this reasorther mechanical features have been investigated using tensile strength
tests on frestanding PEDOT:PSS filnfé¥Bot h tensile strength and Y
to depend on the relative humidity (rH) leyvas reported in Figure 2.12khe polymer exhibits brittle

fracture behaviour for rH =23% wi t h  Youngo6s mwhlelit ahags dofplasfic. 8 GP &
fracture behaviouratrH=55¢oY oungés modul us of 0.9 GPa)

Due to PSSilm-forming properties, PEDOT:PSS films are amorphotf$ indeed, no orstalline

regmes have beaefound, except for sherange order, using-say diffraction (XRD)?2° Differently,
chemicallyin situ polymerized PEDOT filmavhich do not contain PSS, exhibit crystalline ordering

and fibriklike structureg>8-281

While no phase segregation occurs between PEDOTP&®Ion microscopic scale in thick dried

films, phase separation happens on uniform thin filspsncoated on glass substrate, creating-PSS

rich phases of 3@0A. This wasdetermined for the first time by Greczynskialwhile investigatirny
PEDOT:PSSilm surfaces with photoelectron spectroscéfy.

Many other studies were based on the analysis of the surface roughness of PEDOT:PSS films using
scanning atomic force microscopy (AFMJhe surface roughness depends on the weight ratio
between PEDOT and PSfid on the distriion of the gel particle sizen general, film surface
smoothness increasesth the reduction of the gel particle size.
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Different models were developed to describe PEDOT:PSS morphdibgyone proposed by Nardes

et af®3suggestthatthe film morphology resemidstacked pancake¥his modektates thagphere

shaped gel partickewith PEDOT-rich core andPSSrich outer shell usually shrink in the vertical
direction during the film formation (drying proceshpaving in the end a didike shape with PSS

rich region in the contact arebhus, freecharge carrierwill travel easier along the long thafong

the short axis of the diskisloreover, the PS8ch regions act as charge barrjdrging poor electrical
conductorgiue to thdack of PEDOT transport site§he material cohesion &hieved by hydrogen

bonds between PSS shell§he morphological and micromechanical model is represented in Figure
2.12c.As it is showndifferent relative humidities lead to two behavieat low relative humidities
hydrogen bonds between R8&h regons arevery strong thus fractures occur through individual
grains (transgranular fracture); on the opposite, at high relative higgidvater uptakegdue to
hydrophilic and hygroscopic PSS nature) makes the material swelling and enhances the distances
between graingeducing the cohesion and mechanical strength, letting the grains slide by each other
under tensiléoading(intergranular fracture). This ressiih a rough surface and explains the previous
statal macroscopically plastic failures high relative humidities.
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Figure 2.12. a) PEDOT:PSS (weight ratiBEDOT to PSS 1:2.5redried sample several micrometers thick exposedirtovth a
relative humidity of 70%monitoring the weight increase due to water absapitidunction of time. Data from Bayer Technology
Services, Leverkusen, Germany.Sijessstrain diagrars fro PEDOT:PSS films at different relative humidity levi@fc) Schematic
overview of the proposed model with PEDOT:PSS forming spherical gel pasitleEDOTrich core and PS8ch shell, that
elongate upon dryingVioreover, different humidity levels lead tiversebehavior upon fracturedransgranular fractures occur at
relatively low humiditywhile high humiditybringsintergranular fractus?’®

PEDOT
rich core

2.4.4 Electronic states

The absorption spectrum of PEDOT:PSS is almost icErnb the absorption of in situ chemically
polymerized PEDOT withat PSS Figure 2.13aeports the relative transmission, absorption and
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reflection spectra of CLEVIOS PH1000 with 5% DM$®The broad absorption the visible and
infrared rgions are the contribution of free charge carriers to absorption or the excitations of midgap
states (polarons or bipolarort€} In addition,PEDOT:PSSand only PS$eport strong absorptioat

193 nm and 225 nm (not shown gethat are attributedto and ° * oftthe benzene tingo n s
in the PSS systerf?

In general, the absorption spectrum of PEDOT:PSS depends on its oxidatiorFigtate 213b

depicts Gustafssogt alinvestigationoon PEDOT:PS$deposited on IT{Poptical absorption spectra

as a function of photon energy at differ@pplied biag® Increasing the applied biathe peak at

2.3eV (560nm), wiah is the bang gap of absorption, is reduced and two new peaks appear at lower
energiesThe paity neutralized polymer with1.5V applied is absorbing in the visible range, while

in its oxidized form (0.5V) it is basically transparent. This featurenders it suitable for
electrochromic applications, such as displaysmart windowg8®

The two peks reported in Figure 2.13b stand for the charge electrochemically introduced in the
polymer, stored as polarons and bipolarons at high oxidation level, thus creating new electronic levels
inside the energy g8’ 28 as we previously explained in paragraph.2. Due to the amorphous
nature of the film, the length distribution of PEDOT segments and the interaction of charge carries
(forming bands without a clear defined strucutbese energy levels are broadened.
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Figure 2.13: a) Relative transmission, absorption and reflection speét@al90nm thick CLEVIOS PH1000 film with 5% DMSO
added. Data from A. Elschner, H. C. Starck Clevios GmbH, unpublished rédlljsOptical absorption of a PEDOT:PSS film
electrode under different applied voltages:-(apV, (b)-1.0V, (c)-0.5V, (d) OV and (e) 0.5¥°

2.4.5 Vibrational states

Vibrational states ofn situ PEDOT and PEDOT:PSS have been studied using IR and Raman
spectroscop¥®® As can be seen from Figure 2.14a @ntidb, several welblefined bandsdue to
PEDOT vibratims are found in the region between 500 and 200 and Raman bands weassigned
(both with experiment and theoretical calculations) to intramolecular vibrations by GetraiztP

As confirmed by dirther works?>32%the form of the spectra and the relative intensity of the peaks
strongly depend on the PEDOT oxidation level. In particular, the band from 1400 to 1580 cm
associated with C=C symmetrical stretching, was used to distinguish PEDOT begwmuinagid or
benzoid forn?!drawing conclusions on secondary dopiagwill be later showrin paragraph 2.4.7.
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Figure 2.14: a) Raman spectra for oxidized PEDOT, using PSS as counterion. b) IR spectra for PEDST:PSS.

2.4.6 Electrical conductivity and microscopic model

As already stated, PEDOT:PSS is entrinsically conducting polymer, presenting mdtké
propertieswith free charge carries coming from thelgped conjugated system of the thiophene
rings: indeed, the oxidative polymerization reaction triggered by radicals creates one free charge
evel three to four thiophene rings. PSS does not contribute to charge transport directly, but it behaves
as a template to keep PEDOT in the dispersed state, providdsffitimg properties and balance the
cationic PEDOT charges in order to form a stable'galt
PEDOT:PSS conductivity is usually determined through-fmint or twepoint robe measurements
of thin films deposited onto neconductive substrates. This method alldasthe sheet resistance
measurement ({3, which is related to the conductivity through the equation:

” — (212
where d is the film thickness, typically determined with a profilometesmgellipsometry.
The conductivity(d) is defined as the product of elemental charge (e), charge carrier mabibiryd
charge carrier density (nJhus, for a holeand electrorconducting material} can be written as:

, Q0 & Q0 2 (2.13)

In the case of PEDOT:PSS, only holes contribute to charge transport, while injected electrons
recombined at the oxidized PEDOT sitéfle densisty can be then calculated using geometrical
considerations. In highly conductive PEDOT:PSS dilthe ratio between PEDOT and PSS is 1:2.5
and the density of these solid films is approximatelg/dn?®. Since the molecular weight of
monomeric PEDOT or PSS units is, respectively, 140 and 182 g/mol, EDOT monomer density can
be estimated as-10°* cm®. Furthermore, we already introduced that oxidation level per monomer
unit is known to be 1 charge per 3 EDOT units, thus hole density in PEDOT:PSS films is estimated
to be R=3-10°°cm?. Then, for highly conducting filmsaccording to the estimated hole signand

the conductivity value around G = 1000 S¥ cm,
20 cnf/Vs. This value is in accordace with Winthlenseret al work,2°? who investigatedvapour

phasei polymerized EDOT, obtaing a PEDOT:PSS hole mobility values of ZIVsnwhich was
considered as a lower limit by Prigodin and Epstein stating that only a part of the free charge carriers
in the conducting polymer will contribute to chargansport®?

Conductivity of PEDOT:PSS films can be altered by various means: changing the ratio between
PEDOT and PSS$ecause it determines the density of charge transporting PEDOT sites; adding other
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electrical inert components (such as polyvinylalchidblleduce conductivity; addition of water
miscible high boiling solvest(like ethylene glycol or dimethyl sulfoxide) to PEDOT:PSS solution

will boost conductivity, impacting on gel particles distribution and orientation (thus producing thin
film morphological changes), asll be explainedn the next paragraph; pH variations of the solution

will also influence the conductivity, as reported by Alesitiml?’® who found highest conductivity

for pH in the range between 0 and 3.

Following the theors of charge transport on amorphoug inorganic semiconductors, the ¢onduct
mechanism of CPs is often explained as charge hopping between adjacent sites. Conjugated polymer
segments are preferentially forming electronic active sites thanks to their capability of being easily
oxidized or reduced. Charge transport frequency éetvadjacent sites then depends on their relative
energetic position, distance and relative orientation, as studied by Borsenberger anfd®Weiss.

One of the first studies on conductivity mechanisms in PEDOT:PSS films was done by A&keshin
al,2’°who examined PEDOT:PSS conductivity and magnetoresistance in function of tem€yature
observing that both parameter increase with increasing T. The variable range Hofipi)g°°

model was employed to discuss the temperature dependace g)f condugitiwity,

” "Y » I :Ild)h - ’ (214)

where((0) is the conductivity at infinite temperatureTkis the energy barrier between localized
states andlis equal to 1/(1+D), with D representing the dimension of the system and assuming that
the density of states near to Fermi level )l{& constant or varies smoothly with energy. Thus, for

3-D systemd=1/4 and = 16/[kN(Ef)L3], while considering D systemsi t comes out U
To= 16/[kN(Er)LeL?]. L is called localization length and it is the distance from a site for the electron
wave function to deay to 1/e of its valué’’ while its parallel and perpendicular components are
referred to the directions of the systétt.

2.4.7 Secondary dopants

MacDiarmid and Epstein have used the tgermary dopigto describe the additionf asmall
nonstoichiometric quantities of a material to conducting polgmeading to strong conductivity
enhancements-or example, redox agents able to oxidiped¢ping) or reducentdoping) the
polymer chain or the protonation of polyaniline are referred as primary doping or doping. Thus, the
term secondary dopingvas intraluced by MacDiarmid and Epstein to refer to additive further
enhancing the conductivity of an already doped polymer (even of several orders of magdffitude).
The main difference between primary and secondary doping is that the first has a reversible effect,
while the second a permanent one, remaining even after the additive réfhdvateworthy,
secondary dopants do not actually change the PEDOT dopingitrels they are often referred a
conductivity enhancing agent€EA).2%°

Typically, CEA are added to PEDOT:PSS water dispersion (but they can alscebleadtéd the film
formation) and the effects on conductivity are clearly visible once the film is formed. A heating
treatment in not always mandatory, since drying the film at room temperature under reduced pressure
can lead at the same udis. Howeveythe heat treatment can furthecrease the final conductivisf

and has the ability to remove many of the CiiEghn the final film.

An exhaustive list of chemicals used as secondary dopants for PEDOT:PSS is repteduabivk
APEDOT: principles and applicati &°buttoefmosan i r
effective, thus most used, substances are dimethyl sulfoxide (DMSO), copper(ll) chloride, ethylene
glycol (EG) and dodecylbenzenesulfonate (DBSA), which give an increase of several orders of
magnitude to pristine PEDOT:P$8nductivity.Moreover, Kimet aldemonstrated that PEDOT:PSS
conductivity can be increased with a sulforic acid treatment 4g@60 S/cnt° similar to the one

49



of indiumtin-oxide. However, the use of this acid strongly limits applications in bioelectronics.
Indeed, not only just one parameter, but a combination of factoee@®d in order to have a suitable
secondary dopant, i.e. high solubility in water, high boiling point and high dielectric cot¥$tant.

One of the main observatisthatneeddo be done is that the conductiviticrease is not proportional

to the additive concentration, as proved by Crisggiaf’! and by Zhanget af% works. As can be

seen in Figure 2.15a and b, after a certain concentration (dependent on the secondary dopant taken
into account) the further addition of sendary dopant does not enhatioe conductivityof the film

but either ir remains constant (Figure 2.15a) or it gets even reduced (Figure 2.16b). Moreover, as
shown in Figure 2.15a, under a certain concentration there fecba the CEA on the conductivity.

Thus, it can be noted that there are small concentration ranges, depending on the conductivity
enhancing agent itself, where their effect ondranivity is almost linear witlthe concentration.

Other two important gects havao be underlinedi) the presence of the secondary dopant is not
necessary to maintain the contluity once the film is formed?’ ii) even thought the initial
conentration of CEA in the solution is low, their concetration increase during film drying due to
their lower vapour pressure compared to witeand a small quantity can thus strongly influence

the whole film. Fo these reasons, the effect of the CEA is considered to take place during the film
formation, i.e. during solvent evaporation.
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Figure 2.15: a) Plot of PEDOT:PSS film conductivity as a function of dyethylene glycol intradimcéhe water emulsioff! b)
Conductivity of Clevios P1000 PEDOT:PSS films with the addition in the mixtureOdb v/iv% DBSA and different v/iv%
concentration of CEA (DMSO, EG, glyceralihe inset shows the cductivity variation upon different DBSA concentrations without
any other CEA??

Upon the introduction of condtivity enhancing agents, both the surface and bulk of the material are
subjected to changeBor pristine PEDOT:PSS films, PSS is found in excess on the surface, while,
after the addition of CEA the surface composition has an incieaB&EDOT to PSSatio, as
confirmed by STM%and AFM°! measurement3hese images show an increase in more conductive
and harder areas (PED@Ith regions) on the surface of PEDOT:PSS filmsdohancing CEA
concentrations. However, since the conductivity is a bulk property, these changes must be extended
also to the whole bulk composition.
During the PEDOT: PSS film deposition from aqu
non-equilibrium state***but in presence of a highoiling solvent the blend rearrange and the PEDOT
olygomers find a new thermodynamligfavorable position, similarly to the effect of a platiciZet.
The sane mechanism can be used to explain the conductivity increase upon thermal Begittg.
the fact tha the polymer chains are charged, it can be assumed that the high polarity of the secondary
dopant makes it interact with the polyanion and polycatiomy&asadescribed also as screening effect
between the PEDOTand PSSchains, allowing them to orientate. After the rearrangement, the film
remains in its new thermodynamically favourable state, even upon the CEA thermal ré¥wveh
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a rearrangement is, however, gobughcrystallineto be observed with-xay diffraction spectra®
possibly due to the polymeric nature of the counterion.

Since the charge transport in PEDOT:PSS films is based on chargadg&gpiveen PEDOTich

region, separated by n@onductive PSS8ich ones, an increase in PEDOT segment order leads to the
formation of highly conducting pathways, created only if the CEA is present long enough to allow
the order rearrangement to occur.

Ouyang et al interpreted the variations observed in Raman spectra as a change from benzoid to a
quinoid structure of the PEDOT molecules, moving from a coil structure to an extended coil or linear
structure of the chair’!

In summary, an increase of thanoscalerganization, facilitating the charge hopping mechanism
between conductive PEDGfIch regions, introducea macroscopic conductivitnancement.

A different class badditives are the crodmkers, which increase the formation of covalent bonds
between the polymer chains, thus changing their physical features.

Since PSS is highly hydrophobic, PEDOT:PSS films exposed to water usakliyidates. The
addition to the mixture solution of the crdasking agent 3glycidoxypropyltrimethoxysilaa
(GOPS) has proved to enhance the PEDOT:PSS film stability in aqueous sofiftites reported

in Figure 2.16. Even though GOPS addition induces good mechanical and electrical stability, it gives
thicker films with lower conductivitieghicker films have larger amount BfSS units, not removed

by the waterdue toGOPS cros$inking effect. The PSS excess absorbs larger water amounts and
causs irreversible morphological changes in the film, resulting in decreased condutths.
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Figure 2.16: Thickness (left y scale) armbnductivity (right y scale) changes for films made with mixtures containing 94.5 v/v% of
CleviosTM PH1000, 5 v/v% glycerol and 0.5 v/v% DBSA with increasing GOPS concenfi&tion

2.5PEDOT:PSS technological applations

Due to its ease of processability and suitable electrical and mechanical properties once deposited into
thin films, PEDOT:PSS have been widely used for a broad range of applications in organic
bioelectronics, some of whidrave already been sea Chapted. In this Sectionafocus on use of
PEDOT:PSS for organic electrochemical transistors, biosensors and eleatiibdesyiven

2.5.1 Organic Electrochemical Transistors (OECTS)

OECTs have been already qualitatively introduced in the paragraph 1iBiR tifesis. Heretheir
guantitative working principlevill be described, introducinBEDOT:PS&hased OECTSs.
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OECTs can work eithen accumulation or in depletion mode, the latter being the most fandd
employed in recent works: in this case the payms in itspristinedoped state anitlis switched to
the undoped one, via gate bi&=CTs working in depletion modwill be explained in this Section
and, sincenost commonly used conducting polymers are hole transptiveromenclaturend the
modelswill be referred top-doping. Thus, being the semiconductoidoped, the application of a
positive bias on the gate would push catibosn the electrolytento the semiconducting channel,
dedopingt and decreasing trsourcedrain current)ds

2.5.1.1 Working principle: electronic andriic circuit

As previously seen (paragraph 1.3.2), OECTs can be described as the sum of two electrical circuits,
one accounting for the electronic transport in the organic semiconducting channel, arabrite se
representing the ionic circuit for the electrolyte and the electrolyte/semiconducting film interface
(reported in Figure 2.178y°

Electronic Circuit
The electronic circuit is employed to descritmde movemergin the semiconducting channel, using
theapprai mat i on of Ohmés | aw (a resistance behavi

o — (2.19)

wherelJis the current fluxg the elementary charge,the holemobility (considered constant in this
analysis thus independent from the field and concentration as it should be for organic
semiconducto8®31y, p the hole density andV/dx the electric field

Sincean holesemiconductor working in deglen modeis studiedit was considered thatchcation
injected from the electrolyte (upon the application of a potiyer¥o the semiconductor, compensate
one acceptorThis process thus occurs in two steps in order to maintain electrical neurtrakigy
semiconductor at the steadiate, i.e. for each cation compensating an acceptoole is extracted
from the source contact and not replaced at the drain (if we assum8)VThen, we camvrite the
expression for the effective dopant densitside the voluma:

h np — (2.16)

LW R

with po as thenitial hole density in the organic semicondudtefore dedoping procesandQ is the
total charge of injected cations order to simplify thequations andalculationsnegative ios are
assumed tdiave no effect on the organic semiconductor, emalge densitieare assumetb be
uniformacross the organic semiconductor film thicknéssting the use of this model to thin films.

lonic Circuit

The ionic cicuit can be described by a resistod) @d a capacitor (in series’'?the formertaking
into account the conductivity of the electrolyie. its ionic strength), while the lattezpresenting
the polarization at the gagdectrodéelectrolyte andlectrolygdsemiconducting channgiterfaceslt
will be seen later in this Chapter thidr a complete description of the systealso a resistance in
parallel with the capacitance shdbk inserted in the mdoel (to consider the electron transfer between
the polymer and the electrolytdout this is abovéhe current explanatiorSince the high capacitance
of semiconducting polymers (in primEDOT:PS$ 3! channel capacitandég expected to be higher
than gate one (per unit area), thprsperties such as the response time and the getiect (see
Figure 1.14awill depend on gate capacitanaghich is affected bythe dimensions and material
composition of the electrode.

As introduced in paragraph 1.3.@urrent flowing at the gate electrode is a sunthef capacitive
charging of anelectrical double layer at electroljgate interface (nefaradaic proce¥sand
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electrochemical reactions occurring at the gate electrode (Faradaic probess)odel here reported
assumes no reaction at the gate, thus considering the OECT operating-aradaic regimé&’ The
Faradaic contributiofor OECT devices are better discussed in the subparagraph 2.5.2.4.

The RC ioniccircuit has a transient behaviafra charging capacitoupon the gate bias application
that can be descrilevith the following:

~

006 0 p Qwn — (217

whereQss=Cq g represents the total charge passing through the cigpuits the voltage applied
across the electrolyte and the ionic transient timig¢#sCq Rs (RC constant)in OFET devices the
capacitance per unit area is considered the suitable parameter for this smusethe gating effect
occurs only at the semiconductor/electrolyte interface, as seen in paragraphldva2er, aecent

work of Rivanyet af®* on OECTshowed thafor organic semiconductors permeable to joms
PEDOT:PSS and othersapacitance per unit volume (volumetric capacitance, C*) shoulcde

for these calculations. Indedtiey demonstrated a correlation between channel capacitance and film
volume as reported in Figur2 17h obtaining sPEDOT:PSSsolumetric capacitace value 6C* =

39.3+ 1.3 F/eni. The dependace of the capacitance with the volume of $eeniconducting channel
proves the ion penetration and interaction with the whole bulk of the material in OECT devices.
Moreover, the zero offsetbtained from the correlation fgrovesthat no ion accumulation at the
surface occutsndicating a negligible ion injection barriom the electrolyte into the organic film.

For ease of calculations, the dependsméeheionic double layer from concentration and potential
are neglected, assuming a constant valu€dor
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Figure 2.17: a) Schematiof the ekctronic and ionic circuit composition: the charge from the ionic circuit is coupledhaitiottage
drop along the semiconducting chant¥®lb) PEDOT:PSS capacitancketermined using impedance spectroscopy for devices with
different volumes. Inset: OECT cogfiration and channel dimensions (W, width; L, length; d, thickri€ss)

2.5.1.2 Steadgtatebehaviour

In order to solve OECT device behaviptire effective dopardensity(Eq 2.16)must bespatially
known inside the semiconducting chann€lonsidering the Figure 2.18dne charge in the volume
fraction WTdx at the steaestate for thalifferential slice, dx, in the position gan be expressed as:

0w 60 0o oY (2.18)

where \§ is the voltage applied on the gateand W arethe thickness anthe width of the slice
respectivelyand V(x) is the spatial voltage profile in the semiconductor fib@doping can occur
everywhere in the polymgdue to the high density of electronic charge inotfganic material, acting
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as source or sink for electronic charges resulting from deddpyritpe combination of Eq. 2.12.16
and 2.18, it is thus obtained the OE€Juation asteadystate:

bw AN p —— AN p — — (219

with Vp=qpo/C*, pinch-off voltage (also called threshold voltage)e. the voltage needed to
accumulate a chargkensity equal to the intrinsic dopant density in the semiconductor.

At the steadystate J(x) mustbe spatially constant along the channel, thus for itheal geometry
shown in Figure 4.8, it can be expressed as J(xX)=J=IMThus, § can be obtained from Eq 2.19 for
different regims, keeping in mind thad O[V(x)| O|Vd |and dedoping occur®nly when V(x)<Vg.

From the sourcedrain current it is the possible talculate the transconductance gm— of the

device which is the figure of merit that quantifies the efficiency tbe transdction (OECT
amplification).
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Figure 2.18: a) Organic semiconductalice geometry used in the modetith source located at=x0 and drain at x L.%5® Doping
levels for ap-type OECT channetith V> 0 (depletion mode)or different regime b) channel scheme in its pristine (fully doped)
state ¢) with Va> Vg, the doping effect only occurs where V(x) g:\) for Ves3< V4 < Vg, cations are injected all along the channel
e) when Wu OV the density of the injected cation fully counterbalatieehole density of the semiconducting fiwhere V(x)O
V¢ thus generating a depletion region.

According to the choice of ¥and 4, different situations may occuthus different operational
regimes. For \g> 0 (Figure 2.18b2.18&, 2.1& and2.18e), we can have:

V4 > Vg : for drain voltages higher than gate aonésdoping can occur only in the regions where
V(x) >Vg, while in the region wher¥(x) <Vg, it is found p(x)= po (Figure 2.18¢)the current is thus
linearwith the drain voltageaccording to the Equation:

0 O® — (2.20)

where G=gpoWT/L is the organic film conductancand thecorrespondingtransconductance
becomeggm = -eC*(WT/L)V g, independent fronVq and linear with \d. The onset on the linear
behaviour occurs wheng\& Vg.

0 <Vd < Vg: in this situation, partial ddoping occursll along the channel length (Figure 2.1,8d)
thus the current can be written as:

0 Op @ (221)

In this case, the transconductanceéependent fronVg and linear withvq.

Vd < 0: in this caseit is possible to completely e#ope portions of the organic semicondugctor
which the local densisty of injected cations becomes equal to intrinsic dopant {€igsitg 2.18e)
This happens whenV{ - Vq) > Vp, with the critical saturation voltage®®' = Vg4 i V,. The
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semiconductor will be locally depleted near the drain contact (where the difference with the gate
voltage is higher)but holes injected in this region will still be transported to the drain

If the drain voltage magnitude increases ¥y 5 (thus W4 < V¢'< 0), the region where V(x) <
VaS2will be depleted, slightly moving towards the source electrode. In the limit of long channels, the
depleted region near trdrain contact will not extend significantly, thus the sowdcan current
saturates to the value:

0 e e (222

Thus, the channel current will only depend on the saturation drain voltage for a particular gate voltage
and thecorresponderiransconductance is given by g -eC*(WT/L)(Vpi Vg).

A complete dedoping may Bo occur for M > 0 when \§ = V), though this behaviour is not
interesting due to the high gate voltage requiréd.

Experimental steadsgtate transistor characteristics (sowticain current plotted in function of drain
voltage for various potential applied on the gate) for PEDOT:PSS OECTs are reported in Figure
2.193 showing an excellent fit between the model (solid lines) and the experimental data (dots).

On the other hand, wheng¥ 0, two regime may occur: if \§ < Vg, then cations are not pushed
inside the semiconductor, thus no-dlgping happens and the current is linear with (and
independent from Y); if, instead, \{ > Vg4, dedoping occurs where V(x) <gy/with a final currat
expression similar to that in ER.20.

2.5.1.3 Transient behaviour

Since the OECT can be modelled as a combination of an electronic and an ionic circuits, these two

elements will determine also the transient behaviour: in particular, it wildmeinated by the

injection of cations from the electrolyte into the semiconducting channel and by the removal of holes

at the source electrode (fow \# 0). For the ease of calculatmmhe spatial variation of the voltage

and the hole densisty are neglected, taking average ionic current and hole &tuodiingthe

current caused by hole removal{deo pi ng) together with the Ohmbés
VO N H— nN0OB— (2.23)

where f is a constant that accounts for the-moifiormity of the dedoping process and depends upon

gate and drain voltages, ranging from 0 (wher¥ Vq for positive i) to 0.5 (when y¥>>Vg).3*

For ideal geometrical conditions it is know that 3(jt)WT, thus using Eq. 2.16, the transient source

drain current is expressed as:

W 0p — @ O— (2.24)

with Q(t) representing the transient charge response of the ionic circuit.

Solving the expression for the ionic circuit transient response two experimental conditions can be
taken into account: constant gaterreat or constant gate voltage. The former is not a typical
employed regime, but it can be used to understand this device model: indeed, fixing the gate current,
ion kinetics will be fixed, thus shifting the focus on the electronic behaviour. For cogstiant
current, the transient behaviour simplifies to:

‘oo 0 0 — (2.25)

where § is the sourcerain current before the application of the gate currentiscthe electronic
transit time, expressed b§=L%/eV 4. This equation provides a simple way to extract the hole mobility
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in the organic filmTypical constant gate current OECT transient response characsenistieported
in Figure 2.19kand agrees with the model expressed by Eqg. Rl@teworthy, once thgate current
is removed, there is a slow recovery of transistor initial sedram current.
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Figure 2.19: a) Experimentaldots)steadystate transistor characterisgtisourcedrain current plotted versus the drain voltage) for an
OECT fitted with modelled data (solid lines). &M NaCl was used as electrolyte and the thin film dimensione kv mm and

W=6 mm. b) Experimental OECT transient response upon the apmticHta constant gate current, reported above. In the inset, the
slope of the transient response is plotted versus gate current, predisttigs and a hole mobility dl02-103cn?V-1s1, 1M of NaCl

is used as electrolyte and the organic filimensions are L=0.5mm and W=6npA.

For simplicity, the study of transient behaviour under constant gate voltage is reported onty for de
doping occurring everywhere inside the semiconducting channel, without saturation effects.
Moreover, an average voltage drgpaken between the organic film and the gate electrgiles V4

T 1/2Vq. Using tleseassumptions and the Eq. 2,1f7e following is obtained:

~

o 0w wOp - Qon — (2.26)

where s (Vg) is the steadystate channel current for an applied gate voltageand qdss is the
difference between the base curr@rg= 0) andlssfor an applied V. The Eq. 2.26 depends primarly

on two parameters, namely and (4, that describe the time scales of tiansport.U is the
characteristic time constant for ionic transport, deterchibg the solution resistance and the
solutiorfelectrode interface capacitarcegRsCq). Using GouyCahpman theory for the doullyer
capacitance, i ti~|(CHmwith beingtbetdistamaetbetwleenaosganid channel and
gate electrode and C the ionic concentratfSi©On the other hand, also the electronic response time
is used to describe the behaviour of the OECT in thisregimé a v i n geLf/dVe Thusasincee U
the dependace in Eq. 2218 on electronic and ionic time constant ratig U~ L2CY?/(1eV4), it can

be noted that varying the electrode location, the organic film length, the sirarcevoltage or the
electrolyte concentratigthe Equation can behave differently. In particular, as shown in Figure 2.20,
the decrease of the current upon a positive voltage application can follow a monotonic decay or a
spike-andrecovery curve, according to the ratithf (J. A monotonic decayf( < () means that the

hole transport and extraction is sufficiently fast and the transient behavimmisatedoy the ionic
transport. On the contrary, a spiiadrecovery {-U> UJ) indicates that hole transport in the film
occurs at a relatively slovate, with the transient current controlled by hole extraction. Figure 2.26b
reports experimental transient current for constant gate voltage, where the variatiochahges

the transient bedviour.
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Figure 2.20: a) Modelled sourcalrain transient current for constant drain voltage, an arbitgaandf = 1/2, demonstrating the two
different possible behaviosirb) Experimental souregrain transient current with constant applied gate voltage, normalized lig the
(Vg= 0). Two behaviour are present upon the variatiolc0fLlOmM NaCl was used as electrolyte and the film dimensions were L
5mm and W= 6mm15°

This model can be modified to describe OECT as biosensor, for example introducing new elements
to the ionic circuit forcell layers seeded and grown on the semiconducting channel, asewill
describé in the subparagraph 2.5.2.1.

2.5.1.4PEDOT:PS%hased OECTs

Several semiconducting polynsdrave been used to fabricate OECTs: among them, some of the most
important are polyaniling'®3®polypyrrole!?®polycarbazol€!’ polythiophene and derivativé$31°
However, these materials often preséntitations concerning their applications: for example,
polypirrole conductivity gets irreversabily lost upon its exposure 0.Himpeding its use with
enzymes that produce it (such as the glucose oxidase, GOx); polyaniline $adestibchemical

acivity and its analyte detection capability at pH higher th&’ Bart of these problems can be
solved using an electrochemically active and highly stable conducting polymer, PEDOT:PSS, which
has widely diffused for OECT applicatioffs.

In a PEDOT:PS$ased OECT, PEDOT:PSS in its pristine state, i.e in its highly conductive (doped)
state can be used as source, drain and gate electrode material. In the film, PEDOT positive charge
are compensated by the negative polyanion, PSS, thdepieg occurs when the film is reduced:

upon no applied voltage (\0), t he t r an s i atd, while the application bfta positive n 0
bias on the gate, makes it switch off, as positive cations penetrate in the polymer bulk, compensating
the free holes (ddoping) and reducing the total sowamin current passing through the chartfel.

The dedoping is notuniform in the semiconducting channel, as already seen in the previcus sub
paragraph, with the source (grounded) being higher doped than draim, 3"

The reduction of the highly conductive PEDO(bxidized state) to théess conductive PEDOT
(neutral state) occurs throught the following reversible reaction:

0 000&Y"YY O QP DO00YD oYY (2.27)

where M is a cation in the electrolyte solution andsean electron provided by the source electrode.
Cations migration inside the channel thus causes the reduction of the PEDOT state, whiasPSS
are too large to migrate out of the polymer matrix. Once the gate bias is stoppeatidvs diffuse
backin the electrolyte, thu restoring the original channel conductivity. The switching of PEDOT:PSS
bulk conductivity (between its oxidized and neutral forms), which varies over several orders of
magnitude, can be achieved with the applications of only a & this is know as one of the most
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important properties of the OECT, i.e. the transistor amplification (gain), that allows for high current
changes in the channel upon small voltage variations at the gate elé€trode

Typicd characteristic curves for PEDOT:P$8sed OECTs are shown in Figure 22h general,

the relation between the channel curreq) @nd the souredrain voltage Yas) is almost linear for

low (positive or negative) sourgfain voltage and all thapplied \4. The application of higher
positive Vgs (first quadrant in Figure 2.2) makes the current increase at higher,ratgil the
overoxidation of PEDOT:PSS: this is a a@versible state of the semiconducting polymer, thus the

transistorisnolomer wor ki ng properl y. I n\&qt(teird duadraatpfp | y i |
Figure 2.23) , t he current saturates, remai nMghg cCo
Considering the Y it can be noted that for no applied gate bias, thetranssto@ or r ect | y i n

state, while upon the application of positive higher potential on the tatesourcedrain current
decreases, due to two following mechanisis$) the cations migrating in the channel bulk disrupts

the hole tunnelling (iofleverage mechanism), thus increasing the moliyi) at the same time,
cations pushed inside PEDOT:PSS film cause its reduction, decreasing the hole3tfefibity.
combination of these two mechanisms lead to a current decrease.

PEDOT:PS&hased OECTs can have two main architecturasielyplanar or vertial configuration

(Figure 2.21b). The former allows for a simpler fabrication with all the device electrodes present in
the same plane and electrolyte medium placed above them. Moreover, it has the advantage to have a
greater exposure of the channel anderapen and accessible structure. On the other hand, the vertical
configuration has the gate electrode facing the channel, with the medium in between. Since the
distance of gate and channel can be made very small and unifoepingiehemparallel), this
configuration can be exploited to have faster response compared to the planar one. Part of the work
of this thesis was the investigations of these two configurations for tissue integrity biosensing OECTSs.
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Figure 2.21: a) Sourcedran current versus applied drain voltage (characteristic curves) for different patemmied on the gate
electrode. b) Schematic cressctions of planar (on the left) and vertical (on the right) configurations.

2.5.2 Biosensors

PEDOT:PSshased OECTs can based as biosensordue to the biocompatibility of the
semiconducting polymer, the capability working in aqueous environment, the possibility to
incorporate a biorecognition element into the material (such as enzimes, biomolecules, antibodies)
and thank to the inherent transistor amplification. Among the different possibilitities, g thi
paragraph the use of OECT to sense tissue integrity (cell health status) and as an electrochemical
biosensor for reducing or oxidizing agentdl be investigated

2.5.2.1 Cell tissue monitoring
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Electiochemi@l Impedance Spectroscopy (EIS) has been agalilard and widspread method to

study cell layer adhesion asthatus®?* with cells directly grown on top of the lelectrode arE#s

allows high sensitivity but often requires bulky and expensivgpetent, together with the use of a
reference electrode to set the potential of the solution and a counter electrode to provide the current.
Interestingly, PEDOT:PSShasedOECTs have been developed akernativesmart devicedor
monitoring cell layerformation'®®167:189and disruptiof?® with cells seeded directly on top of the

active area ofhe OECT8328¢r using transwell filterd2"32% In particular,it wastheoreticaly and
experimentally demonstrat¢hatthe presence of a cell monolaymtween the gate and the channel

of the OECTslowed down the ion exchange at the electrédgimiconductor interfacevith the works

of Prof . A. Sal | edgroup Nagewarthyhis @on klocRy. red@tiomlters the

device response, providing this way an electronic readout of the cell layer integrity and health.

Here,it will be reportedhecurrently acceptednd usednodel formonitoringcell tissuesvith OECT,

that was also exploited ftlhe measuremesiof this thesisbut also electrstatic interactionbetween

cells and the active layer of the device have pidedbe useful to detect cellular layer presefite.

Fariaet al workedon the theoretical modeff the OECT®! using a three element circuit for a plain
OECT, as shown in the Figure 2.22aresistorRy) and a capacitqiCq), in parallel with each other,

were used to represent the channel double layer capacitance and charge transfer resistance,
respectively, in series with a resistancetfar electrolytesolution. In order to buil a tissue integrity
biosensor, a cellular layer should be inserted between the channel and the gate electrode, investigating
its impacta siondd a r rim teerO&CT behaviout. n Far i abés wbasekd OFCEDaOAT : P S
supportd lipid bilayers (SLBs) were employed, though the model results general for all organic
semiconductor and biological barrier layérs study the influence of the barrier layer on the ion flux
between the electrodes, the barrier layer was modelled watisiar and a capacitor in parallel with

each otherRy andCy)), in series with the circuit elements of the OECT, as seen in Figure E@2b.

more flexibility and a wider description of the model, the barrier was set on a support substrate with
hole diameter oL, and area\,, while the device active area was defined by its lehgtind area

Ad. Applying a positive voltage on the gateetode Vin), cations will migrate toward the channel,

but the properties of the barrier layer will influence this migration, changing the voltage at the
electrolyte/channel interfac¥;n, considered as the effective voltageragbn the channel. Thutghe

different impedance for the principal components influencing the ionic transport were determined:

M _— (2.28)
oY, (2.29)
A e — (2.30)
Then,Vehis calculated accordingly:
0w — . (231

Using an inverse Laplace transforva, was calculated as a function of time.
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Figura 2.22: a) Schematic model of the ionic circuit for a plain OECT, with the corresponding equivalent circuit modelling the
electrical response. b) Schematic model of the ionic circuit for an OECT with a cellular layer between the gate andethevithann
the coresponding equivalent circuinodelling the electrical respone.

Here, we report only the study for a step voltage inpuVigisinceit was the mechanism exploited

for the sensing in this worki.we consider the application of a positive voltage pWggdf 1V from

time 0 to timety, cations migration towasthe channel will increas¥ch. In Figure2.23a Ven is

plotted in function of time for several barrterdevice area ratios and for no lipid membrane present
Veontro. When no lipid membrane is present, a single exponential incredseisnpresent (only one

RC circuit in the equivalent circuit modelyhile after the addition of the membrane two different

time constargt are obtained. Imletail (st and Wow represent the fast charging kinetics of the lipid
membrane (dependent @a andRs mainly) and the slower charging of the channel (dependent on

all the circuit elements), respectiveliiow characterizes the device operation affected by the presence
of the lipid bilayer. As seen from Figure 2.23b, decreasing the membrane area (using a smaller support
area),Cp decreaseg,esulting in shorter @drging time of the membrane. On the other hand, the
reduction of the membrane area leads to higlaeand slower charging time for the OECT device,
reaching a plateau for barrigr-device area ratio belowl00:1. In this regime, the device resistance
becomes the dominating factor and the lipid bilayer impedance is difficult to sense. Instead, when the
area of the lipid membrane is too big, for example when the ratio is higher thian the time
constant is close to the plain OECT one, the impedaht¢eeomembrane being too small to be
detected.
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Figura 2.23: Plots of simulated (&ch as a function of time and (Jiow andUkstas a function of barrigto-device area ratio, seeing
the two different chargin kinetic3.
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These final contraints can be understémelising on Figure 2.24. In particular, Figure 2.24a shows

the plots ofldow and the steadgtateVen in a step voltage experimenti{ = 1 V) as a function of
membrane resistance for different device area, in the case of the membrane directly grown on top of
the OECT channel, thus with a 1:1 membrémeevice area ratio. A can be seen there are three
distinct regimes clearly demonstrated by the inset in the top graph of Figure 2.24a. First, below a
certain threshold botklow andVen remain constant as a function of membrane resistance, thus the
device is not able to sense the membrane impedanceit is too low compared to the resistance
solution. This is thelectrolytedominatedegime, where the membralaer does not significantly

hinder the ion flux from the electrolyte to the device. Sdcabove the threshaldow starts to
increase expeentially as a function of membrane resistance, Whileremains constant. This is
calledoptimal operatiorregime: the membrane sled@own the ion flux similar to a bottleneck effect,

but the total amount of ions reanbithe channel does not change stkaeping steadstate (i.e. for

long times)Vch constant Third, when the membrane resistance is too high compaiRg itoresults

in the devicedominatedregime where a plateau fodiow and an exponential decrease Y@k are
presentmarked by the dotted line in the inset in the bottom graph of Figure 2.24a. These trends can
be explained considering that ion current (directed towards the channel by the voltage on the gate)
depends o andRy), and the ions charge the device witte@acitance that corresponds to the bulk

of the film. However, there is also a leakage current to the metal contact that depBadsarrioo

big Rs and Ry, the current reaching the channel do not compensate the leakage one and the steady
state capacitece (dependent o¥cn) decreases while thdiow NO longer increases, impeding the
detection of cell layer impedance.

Is it worth noting that the two threshold pairdre related to the device area and, in particular,
thresholds can be shifted to lower nm@ane resistance valyegpon reducing the OECT active area
dimensions. Thus, this model demonstrates that, by properly adjusting OECT area dimensions, it is
possible to monitor a broad range of cell layer resistafssEsFigure 2.24b), ssing from strog-

barrier to leakybarrier or norbarrier (barely forrmg a layer without junctions) cell lineBor istance,

a device with channel area of 1 Toannot detect cells with membrane resistances lower than 10
q-cn?, but has a good linear response between 1 and 16 q -cn?. For a properly patterned
device different impendacem the optimal operation range will present differenturve response

to the gate pulse, thus givinigfferenttime responseas reported in Figure 2.24c.
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Figura 2.24:a) Plotsof simulateddiow (top) andVen (bottom) responses as a function of membrane layer resistance for different device
areas, considering a 1:1 membrao@levice area ratio. The three different regime are underlined in the inset in the top graph, while
the inset in the bottomnehighlights the transition from the optimal to the devit@minated regimé' b) Simulated schematic plot of

the membrane resistance asiaction of device area, highlighting the three different OECT regtmeSimulated drain currents upon

the application of a pdsse step gate voltage for OECTSs containingnnbranes of different impedanc®s.

In order to extractliow and use it as quantitative parameter to assess layer fornfatoh,| e o 6s gr
modelled®! the following biexponential expression:

VDo & dMol — 6MNon — (2.32)

Owensod6s group e mgxporential dormala fecellnmaydr formatieniand disruption
monitoring, using PEDOT:PSBased planar OECT8732 In particular, they showed that their
OECT wa able to assess the growth of only batfeeming cell layer, such as Ca@ocell (human
colorectal epithelial cell line, that are a typical model for barrier cellular tissue). Moreover, they
demonstrated that the devices allowed for a-tiesd screenig of the layer disruption upon the
introduction of TrypsiFEDTA, a protease that is exploited to detach cells from substfates.

2.5.2.2 Electrochemical sensing

OECTs have also been successfully employed for sensing several analytes, such g&gtttose
ascorbic acid®****adrenaliné® dopaminé®, metabadtest?333¢ and other molecules! Indeed, the
presence of reactive species inside the electrolyte solution shift its electrochemical potential and this
can be detected through the shift of the gate volég§tsV¢+Vorses WhereV"is the effective gate
voltage tlat acts on the channel andsset is the offset voltage that depends on the analyte
concentratior{see Figure 2.25858

A clear example can be found in the linear dependence of the offset voltagth&dogarithm of
glucose concentratidim the range betweereM to 1ImM)in a PEDOT:PS$®ased OECT with Pt as
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gate electrode, employed as glucose sensor, shown in Figure 2.25b. The trend points out that the
electrochemical potential variatisfollow Nerst equationwhich describes the dependence of the
chemnical potential on the concentration of redox species in the soitftion

0O O —O1i— (233

where[Ox] and[Red] are the concentration of oxidation and reduction species, respechyety,

the formal potentialkt h e Bol t z maThtimedempeatmre the fandamental charge and

the number of electrons transferred during the reaétfidotewothy, for OECT based on different
semiconducting materiahe Nerstian relationship may not occur due to the different properties that
the solid/electrolyte interface may hav&In orderto understand the physical meaning of the offset
voltage, OECTs can be compared with standard electrochemical sensors, wholr@ante in the
potential electroe is measured relative to the reference electrode. In OECTs the gate potential is
fixed, thus the potential shift described in the Nerst equation is an electrolyte potential shift, relative
to that of the gate, as shown in Figure 2.25a.
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Figure 2.25:a) Potential diagram of an OECT, under the application of a potential on the gate and consigerng\hus assuming

the channel everywhere at trare potential. In the absence of glucose (solid line) the electrolyte potential (1) is only determined by
the capacitance of the gate and the channel. After an analyte addition (dashed line), the electrolyte potential (Bdsoumeting

to Nerst equation. The effective gate voltage (dotted line) is the gate voltage required to produce the sante eletnigl shift

but without any analyte in solution (thus in the absence of Faradaic effect). b) Dependence of the offset voltage on glucose
concentrationwith the dashed line fitting the data in the linear range beta®hahd 1mM338
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Starting from the absence of analyte in the solutibe etectrolyte potentiaVso dependson the
capacitancesassociated with the gate and the chaf#fef® The total charge introduce in the
semiconducting channel can be written as a sum of charges injected in differential \bfWeRdx
along the channel:

0 B& OYQD G (2.34)

with C*ch being the capacitance per unit volume of the cha@igh=Ccn/v, WandT the width and
thickness of the channel, respectivétgr dx small enough, the equation can be approximated by:

0 6 @ 6 ®OY wOQw (2.35)
wherelL is the total length of the channel. Two capasitarseries accumulate the same chapge
that can be written referring to the gate electrode interfaQe=€g-(Vy i Vsol). Thus, the potential of
the solution in relation to the capacitance can be explicated as:

z

O OO0 (2.36)
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For gate voltages small enough to avoid water hydrolgsis,no charge transfer at the electrolyte/Pt
interface (norFaradaic regime), and assuming the channel at a zero pot#atiek (Vg), only the
double layer formation determisithe electrolyte potential

O — (2:37)

with 9= Cc/Cy.

Once a redoactive analyte is added in the solution, it starts to exchange charges with the gate
electrode (Faradaic regime), shifting the electrolyte potential to a new value, related to the Nernst
equation®3®

W — —NH wEEI OWEO (2.39)

whereA is the redoxactive analyte concentration and the constant contains the details of proton
(taken as constant) and oxygen (at the equilibrium concentration in solution) involved in the redox
reaction and the formal pateal. This change is illustrated in Figure 2.25a with the dashed line. The
increase in the electrolye potential is followed by a decrease in the channel current. It is thus
convenient to introduce an effective gate voltage:

0 W p [ —HHD DEET ODMED (2.39)
So that the electrolyte potential can be expressed, in presence of @cédexanalyte, as:

R — (2.40)

V¢Tis the equivalent voltage that needs to be applied in the absence of Faradaic effects (no analyte
in the solution) to have the same electrolyte shift, thus the same channel current change (dotted line
in Figure 2.25a).

ComparingVe® = Vg+Vorsetwith Eq. 2.3, it is clear that:

W p I —® WEET OWEOD (241
Voiiset then describes the Faradaic contribution to the effective voltage, depending on the analyte
concentration and the capacitance ratio.
In conclusion, this analysis demonstrates the variation of the OECT response once-actigdox
analyte is introduced ithe electrolyte solution and can be used to quantify the analyte concentration,

extracting the souredrain current variation and substituting with V™. For example, from
Bernards and Malliaras mod@F, for uniform dedoping:

0 Op — & (2.42)

while in saturation regime:

0 o M— (243

whereG is the conductance of the organic semiconductor film\grile pinchoff voltage.
Redoxactive species cdme divided into reducing and oxidizing agents, that are able to give or take
electrons from their interaction with the electrode (in some cases the PEDOT:PSS itself). As seen
from Nernst equation, their presence chatige effective voltage, thus changithe current flowing
in the semiconducting channel: in particular, reducing agents impact on the device hreldaving
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the current flowing in the device channgbon increasing concetration, while oxidizing agents
increasdgs for increasing concentrations.

Reducing agents

In order to explain the reducing agent action on PEDOTR&8d organic electrochemical
transistorstheir application as an ascorbic acid (AA) biosensdl be explained. AAis a reducing
analyte very imprtant in many applicative context and considered a benchmark to test and compare
electrochemical transduction systetffsin general, several reducing agents t& detected using
OECTSs, suctasdopamine, adrenaline, uric acid agallic acid.

Consideringa transistor entirely made in PEDOT:PSS, then ascorbic acid reaction can occur at the
gate or at the channel of the device, accordingly to the potential applidgte gate. For PEDOT
sufficiently oxidized (thus for PEDOT in its pristine form), the followiegctions occut®®

Y'QO®PINED OO0 "Yd 6° ¢ ‘000 "YE 0 "QQ AP QQ(244)
YQOoadRd HO00 oY) 000 "YQ (2.45)

Thus, for positiveVy, the potential on the gat® is higher tharthat on the source electrofte(also
with Eq< Eg, for Vg < 0), so AA oxidation occurs mainigt the gate electregd while PEDOTPSS
de-dopingtakes place at the chann€ln the contrary, fonegativeVy, Eg is lowe than thatEq and
the AA mainly reacts at the channektracting hole with a mnsejuent variation of its redox state
and charge carrier concentrati@®oth cases lead to a reduction of the sowl@eén currentthat, once
stabilized, can be used as analytical signal to calibrate the sEns®g.> 0, |4 reaches atationary
statewhen the rate of hole extraction is equal tordtte ofhole injected in tachannelby the reaction
of PEDOT:PSS with some speciesthe solution)lg measures these ratist must be equal to the
rate of PEDOT:PSS reduction in the channel AA oxidationat the gate at the stationary stdtiee
same dynamic equilibrium must be reached wigr 0, wherein thenumber ofholes extracted by
AA is equal to thenumber of holes injected by the electronic reatland the speeaf this charge
transfer procesis again measured by the gate curfént.

Figure 2.2@ reports the soureadrain current over time upon incremental addition of AA in solution,
for an allPEDOT:PSS OECT witWg =-0.3V andVy = -0.9V. Since the potential of the gate can
not vary, the current in the channel chasges previously descrideand its variations can be
correlated to the analyte concentration by means of the follosgogtion:

@O W  Qp — —WE— (2.46)

whereg is the transconductance of the deviCeand Cqthe volumetric capacitance of the channel
and the gate, respectively, and the AA concentration passesaa1 to aaaz

The Figure 2.26b showk vs logCaa) plot, which can be linearly fitted to extract sensitiyity

calculated as the linear slope of theditd limit of detection (LOD)usually calculated as three times
the error of the blank measurement (LOD-&r8ercept error)/slopeof the sensor.
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Figure 2.26:a) l4(t) curve br an alPEDOT:PSS OECTor incremental addition of AA in the electrolyte soluti®fa =-0.3V andVg
=-0.9V). Addition are labelled with an arrow and the corresponding total molar concentration in the solutios.|&)(Caa) plot3°

Oxidizing agents

OECTs are mainly used tietect reducing agentiedopingPEDOT:PSS channel in the trarieis
leading to asourcedrain current reduction. However, PEDOT:P&&ed OECT can be used diso
monitoringsome oxidizing specieés a matter of facapplyinga positive bias on the gate electrode
to turn off the OECTand, afterwardsintroducingan oxidizing agent in the solution, the reduced
PEDOT in the channel, reacting with the analyttens back to its conductive formhus increasing

l 4.

Oxygen is an example of oxidizragent Applying theDensity Functional Theory (DFT), S. Singh
demonstrated th&EDOT chains possess catalytic propes{thus they do not require any external
dopants tdacilitate oxidizing reactionn contrast to metallic electrogeselatedto the formation of
polaronstatesthat reduced HOM@.UMO gap andthus enhanced the reactivity of the systém.
According to thisnodel,among the differerossibilities the energetically favourabiedox reaction
between oxygen and PEDGSthe following:

T0000"Y) 1O © 10000 "YT'OU (247

Thus, OECTs can be usedsanisos of oxygen dissolved in solution, as wikshown in Section 6.1.
However, at the same timeinse oxygen ispresentat relatively high concentration in ambient
condition, itscontribution to OECT performances must be taken into accouen otheranalyteare
studied: indeed, oxygen can interphere with @E@rformancesnd, in particular, it can increase
the time required to reach a steadgteequilibrium, causing a drift in the sourdeain currentThus,
OECT measuremenio detect oxidizing ages should be carried in a nitrogesaturated (oxygen
depleted) atmosphere.

Other oxidizing agents that can be deteatagloiting PEDOT:PS$®ased OECT as sensgaseFe’
and 2,2.diphenyl-picrylhydrazyl (DPPH).

2.5.23 Influence of the geometry

In OECT, the geometrical configuration of the gate electrode relative to the channel can be tuned with
small limitations, thanks to the electrochemical gafiriqis, planar device architectus be varied

easily, choosingrea, shape and channel and gelative positions>®

As it wasseen from Eqg2.40,the influence of an analyte on the potential offset, thus on the final
sourcedrain currentdepends on the ratio between the channel and gate capacttahbe, gate
electrode can be either metallic directly in PEDOT:PSS(polymeric), having a capacitance
depending on the area or the volume of the matghialeffective area of the douHkeyer scales with

the volume of the PEDOT:PSS filffJ, respectivelyFor these reasons, the sensitivity of the device
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will depend on the material chosen, the rafithe channel to gate ar&833*°and the thickness of the
semicondutor.1®®161For a metallic gate, th&tio o can be controlled through channel thickness and
gate arearoran allPEDOT:PSS OEC]Ichannel and gate volumes should be taken into account, but
the issuean be simplifiectonsideringixed channel and gataitkneses (for example due to a spin
coating process for the device fabricatiaheno will be controlled by the ratidcn/Aq.

The sensing capability of an OEC&n be assesseding the normalized current modulatiopl o
=|I-lol/lo, with | beingthefi o f f 0 Vyu 0)arwiatt h A o n @y =OuTwo mEots of qi/lo

for different HO> concentratios ando value arereported in Figure.27 for an OECT with the
channel in PEDOT:PSS and a platinum gatving different channelimensions*® It can beseen
that for low concentration @&onstant current modulation was measured, indipgndé the
concentration variationdut different for differenb values.A second regime follows, where the
current modulation is linearly proportional to the logaritbfthe concentration and the sensistivity
varies according to. Finally, a third zone is present which the normalized current modulation
saturatesnot increasing with concentratiohhis behaviour was demonstrateat to dependn the
absolute areafdhe electrodes but only on their raf@s can be seen with a comparison of Figure
2.27a and 2.270°
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Figure 2.27: Current modulation respongg organic electrochemical transistors having PEDOT:PSS channel and a Pt gate with
differentovalues in function of ED2 concentration foka = 0.2V andVg = 0.5V, with a constant channel areadaf= 15 mm (a) and

Ach= 1.5 mm (b).1%°c) Potential drop between the gate/electrolyte interface and electrolyte/channel interface for different channel/gate
area ratic’®®

Observing Figures 2.27a and 2.2tcan be noted that) for low concentrations the value qi/lo
decreasebor increasing, thussmall gate areas lead to small current modulations when no analytes
are present; ii) the sensitivitgcreases witto in the second zone, meaning that devices with small
gates are more sensitjv@) for high concentrations a saturation is reached at the same current and
concentrations, independently framv) the detection range is independent fram

In order to exfain these resulighe two working regimes, Faradaic and #iaradaic, expressed in
EqQ.2.37, must be considereth Eq. 2.37 the first term stands for the ffearadaic capacitive gating
effect while the second is related to Nernstian charge transfetioearl he former states that large
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gate areas (smal) lead tasmall potential drop at the gate/electrolyte interface, while high differences
in the potential on the gate and the one in the solution occur from small gatésageay @sreported

in Figure 2.27cConsequentlythe current modulation, that depends on the potential drop between
the channel and the electrolytecreases for increasing gate area.

At the same timgfor large gate areas the potential drop at the gate/electrode interfatal,ishus
analyte additions, causingo increase, will have small effeccompared to a OECT with small gate
area, that favorasmallVsoi when no analyte is present, with an higher modulation after its addition.
Devices with smaller gates thus hate highest sensitivit{?>33° At the same timefor large gate
areasanalyte additiondead to an increase W, but withsmall effecé compared toreOECT with
small gate area, that favaasmall Vsos when no analyte is present, with an higher modulation after
its addition. Devices with smaller gates thus have the highest sensiity.

Finally, the last regimef saturation is almost independent froilmecausehe electrolyte potential is
comparable to the gate onée~ Vg, due toFaradaic contributios The potefial drop is then almost
entirely at the electrolyte/channel interfaamed for further analyte addition®so can not increase
significantly and no changing occurs in the gating effect on the channelisTdig confirmed by

the dependence of the saturation valugddf from the gate applied potentiaP

In conclusion, OECTs with largehaveelectrolyte potentialclose to the channel one (small gate
area compared to the channel cetdpw analyte concentratidthus havinga low background signal

i.e. a low current modulationput adding analytehe electrolyte potential increases as well, uhtil
reaches the gate bias and saturation occurs. On the other hand, devices wilnawneadiectrolyte
potential close to thgate one (large gate area compared to the channelsmrit)loes not increase
significantly upon analytaddition.

2.5.3 Electrodes

2.5.3.1PEDOT:PSS as electrodes

PEDOT:PSS has been widely employasl material coatindor electrodesto reduce electrical
impedance and improve charge injection capability, enhancing the surfacéyanmetroducing
roughness, porosity and a volumetric dependence of the capacihanaematter of fact, Figes
2.28a and 2.28b report tignde and Nyquist plofimpedance spectraf a bare gold electrode
compared to a PEDOT:PSS coated drajingthe same geometric are&s can be notetrom the
Bode plot (Figure 2.28a), upon PEDOT:PSS coating, there is an impedance dnegvwed orders
of magnitude in the impedance valespeilly at lower frequencied his is further described by the
Nyquist plot (Figure 2.28b), where timaaginaryand reapart of PEDOT:PSS impedanaee much
lower compared to the Au one$or a bare gold electrogdea stronger ion barrier at the
liquid/electolyte interfacethus a limited ion diffusion (visible from the long straigbtdline in the
graph) is presentwhile the capacitance increase after the polymer depositjmmove ion diffusion
in the PEDOT electrodéyrtherdemonstrated by éhslopaeduction of thdine representindiffusion
processegvisible in the inset

To further analyze PEDOT:PSS behaviour as electred®EDOT:PSS/Au electrodeyclic
voltammogram (CV)recordedn nitrogensaturated atmospheirethe potential range frori.0V to
+0.5V at different scan ratd0, 20, 100 and 200 mV/s) in 0.1M of KGQlan bestudied(Figure
2.28¢)3**The CV has the typicakctangular shape in the range frébrbV to 0.5V, which indicates
the electrodeapacitive naturé** This nature is further confirmed logpendence of the current from
the scan rateThe C* reported heresi34 Fcm®, clearly in accordance with previous studythat
obtained values in the mgebetween 39 Fem %1 to several hundreds of &n3.3%° Observing the
total shape of the CV curves, it can also be notedbtsagle anodic peak is present (at\f0.7V),
which is attributed to hole injection into the undoped polymer and cation expulditime same
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voltage, the voltammogram shows one cathodic peak on the reverse scan, that corresponds to electror
injection and caons incorporationwhile the negative current contributionvat- -0.9V is caused by
the reduction of residual dioxygen.
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Figure 228: Electrical impedance measuremeinisPhosphate Buffere SalineédX of a bare (yellow dottedine) and PEDOT:PSS
coated (blue dotted line) electrode, reported in deB@) and a Nyquist (b) ploAn Ag/AgCl electrodeand a Pt wire were employed
as reference and counter electrodes, respectiVhly.inset shows a zoom of the PEDOT:R&SelectrodeNyquist plot.c) Cyclic
voltammogranof a PEDOT:PSS electrodie a 0.1 KCI solutiorat different scan rate, using an Ag/AgCl reference electitde.

PEDOT:PSS as electrodes have reeentlyusedfor sensing and stimulatia@pplications, including
biosensors, tissue engineering, neural probes and impastsoming the PPy, mostly employed in
early works.The main reason for that is the PEDOT superior stapfittyhat isimportant for
biological purposesMoreover, electropolymerization allows for a precise control tbe film
thickness, deciding thtetal amount of deposited material with a proper control of the cltargent
flowing in the electrodé®” Besides,other experimental conditionssuch asthe electrodeposition
method used, the solveamd the use of dissolvable templaten be tuned to modify the morphology
and porosity of the film$Herg a special focusn PEDOT:PSSeurl interfacefprobesfor sensing
or stimulation of the neural systeill be present

2.5.3.2 Applications for sensing

In order to minimize brain damage in neural recordingsearchers intducedorganicbasedheural
probes havingbetter compliancg smaller device footpristand reducedhronic inflammatios and
damagsesof the surrounithg tissuescompared to the standard Si shatféSor examplePEDOT:PSS

was electrochemically depositedtothetipsof insulated carbon fibers withameter of €m (Figure
2.29a) Their final stiffness was one order of magnitude lower than Si neural pfStesnediately

after the implantthesepolymercoated carbon fiberesulted iness bleedin@nd, aftetwo weeks,

in less astrocytes and microglia with increhdealthyvasculaturearound the implantation site,
compared to standard Si sharereover, PEDOT:PSS coating was proved to be necessary to detect
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single unity activity(i.e. the action potential of a singteuron)in rat motor cortexas shown in
Figure 2.29bdemonstrating high signéb-noise ratio and a good stability over 5 weeks.
Improvements werdeveloped thanks to the introduction of microfabricated, thin film neural probes
in order to haveconformable devices with better biocompatibifity3*¢ Conformability is very
important for brain meaurements, due to the fact that the grahédd be abléo follow brain folds
mowving and flexng with micromotions associated with body movemebksod flow and respiration.
With standard lithography techniquasd PEDOT:PSS spin coatirgem thick flexible probes with
PEDOT:PS&oated electrodes were fabricagtedgether with OECT encapsulated in Parylene C
(Figure 2.29c¢§4’

As stated in paragradh3.3, recently research developnsare directed towardsl-polymer, metal

free electrodesAn exampleexploiting PEDOT:PSS as semiconducting material is reported in the
work of A. Blau et al®**® They fabricated amicroelectrode array using replica PDMS moldings,
having the microchannels filled with PEDOT:P8S5create electrode path§hese devices were
evaluated both in vitro and in viweith several recordings of cardiac activity embryonic mice
hearts, individual action potentsabf stimulated retinal explants, spontaneous activity from certico
hippocampal cell$or a period of 63 dayandlocal field potentials on the primary visual cortex in
rats with epidural and epicorticabnsigurations.
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Figure 2.29:a) Scanning electron microscopy image¢top) PEDOT:PSScoated carbon fibers for neural probe implaantd (bottom)
carbon fiber neural proben top of a 1&m silicon electrode arrafpPEDOT:PSSwas electrochemically deposited the exposed tip
of an insulagd carbon fibe??® b) Simultaneous neural recordings with (right) and without (REDOT:PSS, with the detection of
single uiit activity being possible only with PEDOT:PSS coatiff§s) Flexible, Parylene C neural probesde of PEDOT:PSS/Au
electrodes. On the left, neural probe schematic (lithographically fabricatigd)recording sites that can be in electrode or OECT
configuration. On the righgchematic (top) and image (bottom) of a neural probe with delangrstintiefor brain insertior?*

2.5.3.3 Applications for stimulating

Even though several studies &eusingon PEDOT:PS®lectrodes for recording applications, there
are also works investigating their employment for stimulatibianks to their low impedances
especiallyconcentrating oruditory brainstem implasg®® Indeed, patients that can not benefit of
cochlear implantsnay try auditory brainsteem stimulatitm have auditory sensatigreven though

this rarely leads to speech combpensior?®! Since this is supposed to bhaedo the lack of specificity
during stimulation higher density arraysf smaller electrodesnay overcomethis limitations
Moreover, also flexibility and conformabilitgan be improved tthave brainstem implants that
perfectly comfort to the implant sites.

In order to achieve these required featuBasgxet af*°used PEDOT:PSS coatingitoprove charge
injection properties fobare metal electrodes and to enhance the device biocompatibility with the
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flexible tissues. Pt electrodesncapsulate in polyimide were coated with electropolymerized
PEDOT:PSSthis way increasing their charge storage capaktitgfinal 8 em thickelectrodeshowed
efficient operatioreven under bending conditions, that were imposed by the impla(ibesitéing of
radius of 1.65mm, as seen in Figure 2.30&)eed therewas no differencén the impedance at 1
kHz up to a bending ratio of 2 mfrigure 2.30b)nor any crack or delaminatiomere seemunder
optical inspectiorbefore and after bendinigure 2.30c)In vivo, they delivered enough currewot
stimulate auditory brainstem responses in, i@desarly visible in Figure 2.30d.
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Figure 2.30:PEDOT:PS&oated Pelectrodes on flexible polyimide used for auditory brainsgémulation. a) a thredimensional

model of the implantation site) Electrode impedance measurements, showing that its value at 1kHz does not change up to a bending
radius of 2 mm. cElectrode optical images before and after bending, that show no cracks or delamination of the Sayeniears:

50mm.d) Cochlear nucleusuccessfully stimulated by the electrode, as seen fromwitlitorybrainstem response recordi&d.
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Chapter 3

Materi als and Met hods

In this Chapterthe details of the materials used, together with the experimental techniques employed
for device fabrication and characterization, are presented and explained. In the first section are
reported the PEDOT:PSS depositenmd characterizatiorechniques, whe Section 2 and 3 discuss

their use for the fabrication of OECTs as sensors and electrodes for neural implants, respectively.
Section 4and 5regard the biologicah vitro andin vivo measurementsespectively Finally, thelast

Section explains the tenique employed for the layer functionalization characterization

3.1 PEDOT:PSS : deposition and characterization

PEDOT:PSS has been usedtassemiconducting polymer in this thesis work, through two principal
deposition techniques (namely, spin coating and electrochemical deposition) that are properly
described in the next paragraph. Noteworthy, polyethylene glycol (PEG) has been added to
PEDOTPSS only for the latter deposition method, in order to achieve a softer and more stretchable
material, as wilbe showrin Section 5.1. Here, the main techniques used to depusitharacterize

the two materials are reported.

3.1.1 Deposition techniques

According to the final purpose/application, different PEDOT:PSS formulations have been deposited
through spin coating to realize thin polymeric films, representing channels or gates of OECT devices.
The PEDOT:PSS dispersion Clevios (Heraeus, PH1000) wasdmixth ethylene glycol (EG)
(Sigma Aldrich) and 4lodecylbenzenesulfonic acid (DBSA) to improve the final semiconducting
film conductivity and its adhesion on the glass substrates (or gold contacts), respectively. Moreover,
3-glycidoxypropyltrimethoxysine (GOPS) was added in the solution as dinkig agent aiming

to improve film resistance to delamination in aqueous environfehihe concentration percentages

for the final mixture is reported in Section 3.2 and, as already stated, diffietheselected OECT
application. The realized suspensions were sonicated for 10 minutes and theshuddteg 1.22m
cellulose acetatélters (Sartorius) before thgpin coating on oxygen plasma (100 Watt for 5 min)
cleaned glass substrates (havingdb#l patterned on top for the contacts), with time and velocity
selected, accordingly to the required thicknesses. A schematic of the spin coating process is reported
in Figure 3.1a. Samples were then annealed at 120°C for 1h hour to remove waterearid aoly

to enhance the conductivity due a reorganization process that occurs upon thermal treatment.

The second deposition technique employed in PEDOT:PSS film formation is the electrochemical
deposition, which allows a precise control over the quanfityhe deposited material and provides

an easy way to functionalize the sampi@sThe limitation of this procedure is the need of an
electrically conductive substrate on which the film is formed: for this reason, gold wires or thermally
evaporated gold stripes on glass/PDMSssuattes were used.

A 25 ml, deaerated, nitrogen saturated solution of 10 mM EDOT monomer and 0.1 mM PSS (and
5mM PEG for PEDOT:PSS:PEG deposition) in water was used f@lebtodepositioischematic

in Figure 3.1b) in a three electrode electrochemiel) equipped with a saturated calomel electrode
(SCE) as reference electrode (RE), a Pt wire as counter electrode (CE) and the chosen conductive
substrate acting as working electrode (WE). The inert atmosphere enables the reduction of oxygen
related terrmation of the polymer chains that otherwise lead to shorted PEDOT chains, easier to be
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subjected to delamination. The depositions weadized with two different procedures: the first
employed a cyclic voltammetry (CWvithEow= T 0 , Eligh= .2V, scan rate = 0.1, for 8
deposition cycles and was used with the gold wire as substrates, aiming at the realization of the gate
for the OECT vertical configuration (see paragraph 3.2.1 and 4.3.1); on the other hand, the second
method uses a pentiometric control, applying a constant potential of E = 1.2 V while counting the
total amount of the polymer deposited, thus the polymer thickness. This fabrication process was
employed for the realization of the stretchable microelectrodes, thusagatre®)B.1 and Section 5.2

will present further details. Even though electrochemical deposition is already a viable technique to
control polymeric layer thickness and amount deposition (tuning the deposition cycles), this
improvement leads to a better cahton the nanometric scale. Both methods were realized under a
constant magnetic stirrer to avoid mass diffusion limit in the region, close to the WE, depleted of
EDOT monomer due to the film formation.

a)
PEDOT solution Drying film
= PEDOT spin coating
b)

SCE reference

electrode Conductive wires
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Deposition bath Stirring with magnetic anchor

Figure 3.123: a) Schematic @épresentation of spin coating steps: the PEDOT solution is drop casted on the glass substrate; then, spin
coating rotation spreads the solution onto the whole substrate, getting rid of the excess solution, while the evaploeadimnenfts

leads to thdinal film formation. b) Electrochemical deposition method using an electrochemical cell with three eectandely a
saturated calomel electrode (SCE) as reference electrode (RE), a Pt wire as counter electrodegC&)darative substrate as
working electrode (WE)The stirrer is constantly used to have a uniform solution and avoid depleted region during deposition.

3.1.2 Electrochemical characterization

Electrochemical characterizations of PEDOT:PSS enable to acghfemmation on the kinetics and

charge transport involved in electrochemical reactions and doping mechanism, together with the

electrode/electrolyte interfacial properties. Our measurements were carried out using CV (mainly
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exploited for polymeric electréemical deposition, rather than a characterization technique) and
electrical impedance spectroscopy (EIS). Both employed an electrochemical cell with three
electrodes, namely a WE, a RE and a CE, dipped in an electrolyte solution to electrically connect
them. Our samples were placed as working electrode and their potential was measured with respect
to the RE, represented either by a saturated calomel electrode (SCE) or by a silver/silver chloride
(Ag/AgCI) one. The counter electrode is used to generaterantuflowing between WE and CE,

that keeps the working electrode at the selected potential.

Cyclic Voltammetry (CV)

In a cyclic voltammetry, the electrochemical potential of the samples is swept linearly (as shown in
Figure 3.2a) over time at a fixed scatev=dE/dtup to the switching potentidks, reached a time

=gy then the scan rate is switched and the electrochemical potential is brought back to its initial value,
Ei. The potential during each cycle can be mathematically represented bydinenigi|

0O 0 00 ¢ & _ (349
O 0O ¢c_oVLd o _ (349

This sweep reversal method is very powerful and useful, and it is widely practiced as an
electrochemical methot¥?

In CV experiments the shape of the resulting curtel{it more commonly-E, as reported in Figure

3.2b) represents the superposition of a capacitive current and a Faradaic one. The former is related to
the charging of the electrical double layer atdleztrode/electrolyte interface, while the latter comes

from the mass transfer due to the eventual electrochemical re@ctiorez Rat the electrode. The
charging current during a potential sweep can thus be writtéd as:

0 06 p Qon — (350)

with Rs being the electrical resistance of the solution anth€ double layer capacitance. This time
dependent current saturates wihetr RCq, having a steadgtate current oifc ss= vCq. If the sweep
has a triangular shape (not just a linear one), then the stétdycurrent changes fromty during
the forward scan (the potentlals increasing) tevCq, during the reverse scan (decreadthglue to
the change of sign of the scanerdE/dt
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Figure 3.2: a) Cyclic potential weep (triangular shape); b) Resulting cyclic voltammograi'?
The Faradaic depends on two | aws, namely the

3.4) and the Nernst equation (Eg. 3.5):
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Fickdbs | aw governs the mass tr anBip the diffuspm oc e s
coefficient andk is the parameter denoting the distance from the electrode surface. On the other hand,
Nernst equation is related to the surface concentration of oxidized and reduced forms of the redox
agents as a function &f(t) andE,, that are the applied and formaitentials, respectivefRr3 In Eq
3.5,tis the timen the number or electrons transferred per molecul® tdacting at the surface of
the electrodel- the Faraday constarR,the constant for ideal gas afdhe absolute temperature.
For a reversiblediffusion-controlled process, where the reaction rate is limited by the transport rate
of the reactants to the electrode surfiéehe current response at each potential may be calculated
for a reversible cyclic voltammogram, wif(t)=E; -vt,3>° using a mathematical procedure called
semiintegration(d3y/d*x) or convolutioR®*

— 7

‘W &£0®  MO—5 (3.53)

whereA is the area of the electrode.
To verify the hypothesis of the diffusiarontrolled processthe Randiése v | i Kk equati on ¢
expressed as:

0 ™8 18O — (354)

Electrochemicallmpedance SpectroscopyEIS)

Impedance spectroscopy is a very powerful technique to analyse the complex electrical resistance of
a system and results sensitive to sieface phenomena and changes in the bulk properties of the
electrode under study.

The impedance of a system is generally investigated applying a voltage perturbation with small
amplitude and measuring the consequent current response. From this amaysipetdanc& can

be expressed as the ratio between the-tiapendent voltag¥/(t) and the timedependent current

|(t):324

o - — - (3.55)

whereVp andlo are the maximum voltage and current signfals,the frequencyt the time,( the

phase shift between the voltage and the current functionsYaisdthe admittance (complex
conductance). Since the current can differ in terms of amplitude and phasthshiftpedance is a
complex value, that can be described either by modd|und phase shiffi, or by the reakr and
imaginaryZ, part of the impedance, as illustrated in Figure 3.3a. Thus, impedance measurements can
be reported using two different graphs, namely a Bode plot which dbgj@$and( as a function

of log(f), or a Nyquist plot reporting, as a function oZr. Thenamle fspectr oscopyo
the impedance is often determined at different frequencies and the resulting spectrum is then analysed
through an equivalent circuit (commonly made of resistances, capacitances), representing the
physicochemical properties the investigated systef>2°6An example of the two plots is reported

in Figure 3.3b for a simple gold electrode.
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Figure 3.324: a) Impedance as amplex value, that is defined by the ratio between the-tiepgendent voltage and the tidependent
current. It can be expressedwiththe d ul us | Z| and p h &andimagmaryzZpart éf the impedabc®’b)tBade
plot (on the left) and Nyquist plot (on the right), representing two alternative graphs to plot impedance versus freglysizcyrae
inset in the Nyquist plot reports a zoom of the graph to show the high frequency impedance points.

real

In electroclemical impedance spectroscopy, where the electrolyte solution is part of the system under
study, four elements are usually employed to describe the impedance equivalent circuit: ohmic
resistanceR), capacitance(), constanphase elemenCPE) andWarburg impedancé/). These
elements are summarised in Table 3.1 and are used to develop equivalent circuits able to correctly
approximate the experimental results.

Table 31: Most diffused element®tdescribe the impedance equérd circuit.

Impedance Definition/Formula Phase angle Frequency
Elements dependence
R Y 0° No
C (%) i , 90° Yes

6
CPE O 0-90° Yes
0Q°
o P
W YUY p D 45° Yes
" £tOC @ O © O

Many systems have been described using these four elements, but here the standard one employec
for a typical electrode in contact with an electrolyte will be reported: the Randles circuit (Figure 3.4a),
comprising the solution resistanBe the charge tresfer resistancB., the double layer capacitance

Ca and the Warburg impedand¥. The Nyquist plot, reported in Figure 3.4b, explains how the
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parameters can be extracted from the graph of the Randles &keauntR.:, can be easily determined

(the redimpedance values at the edges of the ideal semicircle); the double layer capacitance can be
calculated, according to the following formuata= 2 * f &€dl, USRg the frequency at the maximum

of the semicircle; Warburg impedance can be calculated fromxtih@cted intercept of the straight,

45° line, whose value Rs+R¢i-2 04ClIn particular, this line indicates the Warbdimited behaviour

and is representative of a mass transfer controlled process, limited by diffusion. On the other hand,
the high frequency regime (left part of the graph) is a region of kinetic controlatedjbyR:: and

Ca, whose product is the time constdiof the electrochemical proce¥g32* For analytical
applications, however, the equivalent circuit is often used in a simplified way, avoiding the
introduction of the Warburg impedance.

Electrical Impedance Spectroscopy was mainly used to characterize the electrode interfatirevith sa
solution, checking its features before and after the polymer coatings and their electrochemical
properties in time and under strain.

a) b)

21 Kinetic control | Mass transfer
Ca R + control
Orax = 5~ :
R- -
1 i
' Decreasing l. i

HO R

]
v H
A |

1

\ >
R, R+R Zy

Figure 3.25: a) Randlegquivalentcircuit model for an electrode in contact with an electrolyte. b) Impedances spectra schematic for
a typical Randles circuit: the douHkeyer capacitanc€q derives from charge stored in the double layer formed at the interface; charge
transfer resistancB results from the current flow produced by redox reactions at the electrode interface; Warburg impgédance
due to the impedance of the current resulting from the diffusion from the bulk solution to the interface;Rinallthe solution

resistance. Theed dashed line separate two different region where the process (thus the impedance) is controlled by the kinetic of the
reaction (high frequencies, on the left) or by the mass transfer diffusion (low frequencies, on tR& right).

3.1.3 Atomic Force Microscopy (AFM) characteripati

One of the most suitable methods to investigate morphology, electric, magnetic or other surface
characteristics at the micrand nanescale is the Scanning Probe Microscopy (SPM). The instrument
uses specially prepared tips in the form of needlesaepr with the working part (apex) usually of

the size of ten nanometer or lower, mounted on a flexible supporting cantilever. One side of the
cantilever is fixed to a support, while the other edge, where the tip is located, is free to move and is
approackd to the sample down to tgurface distances of 610 nm, according to the technique used

for the measurement. When the tip approaches the sample, several interactions between the tip and
the substrate can be studied in order to get information onatheles surface features. Let the
interaction be van der Waals forces between the two elements, as in the case of our morphology
analysis, and the technique is thus referred as Atomic Force Microscopy (AFM); then, the tip will
induce a deflection of the cédletver. A schematic of the experimental technique, its working principle

and data trace obtained are represented in Figure 3.5. Since the dimension of the edge of the tip is
close to atomic dimension (nanometric size or even lower, as shown in Figureti36@n der

Waals energy of two atoms can be used to approximate the potential energy of the tip, as plotted in
Figure 3.6b and approximated by the following:
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Y i Y ¢- — (356)

whererg is the equilibrium distance between the atoms.

a)

Photodiode Laser

Figure 3.26: a) Schematic of an AFNMA laser shine on the cantilever head and the reflected beam is collected by a photodiode, thus
obtaining the bending of the cantilever duatomic forces. The feedback mechanism (FS) is used to control #afige distance,
through the piezoelectric actuator under the sample holder, according to the deflection of the c&atipBaheme othe AFM
operation, with the cantilever oscillation depending on the topography and its surface composition. The height andirtheggpbase

are registered, with phashift signal changing with dissipated energy variations on the sample stiface.

R

Figure 3.27: a) Atomic resolution \th the AFM: the tip edge dimensions allow for an atatmm interaction wittthe sample surfac’
b) Qualitative form of the Lennasdbnes potentiak’

To detect the cantilever slight deflections, a laser beam, focused on its backeatelkds acquired
by a photodiode divided in four sectors: from the measurements of the relative intensity variations on
the different sections, the amount of vertical and lateral deflection of the cantilever are extracted.

3.1.3.1 Surface morphology

Imaging of morphological surfaces were carried out with Park NX10 AFM system, operating in non
contact mode in air or PBS 1X (measurements performed in liquid allowed us to mimic biological
environment), with the tip oscillating close to its resonance &eqy ¥ o. The height of the samples
surface is then described by the equatidn:

40 a O QET O o (3.57)

wherez is the mean height of the cantilevég, is the amplitude of the free oscillation,is the
oscillation frequency andis the phase constant that is set to 90° for the free oscillating tip. The non
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contact mode is obtained when the tip is far enough from the surface of the sample and stay in the
attractive regime of the Lennaddnes potential, thus whdfe= dU/dz> 0) for the whole amplitude

of the oscillation. When the tip is closer to the samgble,oscillation amplitude decreasesAi@),

with A(z)< Ao. This value is employed as gmtint to control the height of the tip, using a feedback
system that gave the height of the sample surface.

For data analysis the heigheéight correlation functio(HHCF) was used in order to extract surface
roughness and correlation length. For a randomly rough surface with a Gaussian correlation function
(used in this work), the heighieight correlation function can be written3a$:

006 OCY p Qo — (3.58)

whereS is the surface roughness (root mean square deviation of the hditite)distance between
height points andl' denote the autocorrelation length. eBle parametes were used to compare
PEDOT:PSS and PEDOT:PSS:PEG film electrodeposited on gold.

3.1.3.2Surface conductivity

Conductive Atomic Force Microscopy {&FM) was invented in 1993 by M. P. Murrell and-co
authors at the University of Cambridge and it is an AFM technique able to record also the current
flowing between the tip/sample nanojunction, diameously to the topography.

a) b)

Insulator

Sample holder 10 Insulator

Sample holder

At = Ac Aeit > Ac

Figure 3.28: Schematic of the emission areé&sd) in C-AFM when the tip is on an (&) insulating sample and a (b) metallic electrode
deposited on an insulating substrate, that is not always eqih@ tontact area between the tip and the saffple.

C-AFM structure is similar to standard AFM, save three main differences: i) the tip probe must be

conductive; ii) since a potential needs to be applied between the tip and the sample, a voltage source

is present; iii) a preamplifier is introdeid with the aim to convert the analogical current signal into

a digital voltages, read by the comput®Moreover, in GAFM experiments the sample is often

fixed to the holder with conductive tape or paste, in order to have a net current flowing from tip to

sample once the potential differenseimposed. Therefore, the local electrical properties of the

sample surface can be studied with nanometric resolfi@me current that is collected byAFM

is the product of the current denstyand the effective emission area through which electrons flow

Aetf (effective area), i.d.= J-Aesr. J value depends on conductivities of the tip and sample and on the

voltage applied between them, being affected by inhomogeneities in the sample, like local defects,

thickness fluctuations and doping. The lateral resolution is defin@drpthat ca range from tenths

of square nanometers to thousands of square micrometers depending on the conductivity of the
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sample, the tip/sample contact force, the relative humidity of the atmosphere, the geometry of the tip
and other experimental factors.

An important feature that has to be taken into account 8F® is that effective emission are@ys,

not always equals physical contact arkg,because in many tip/sample system the electrical field
can propagate even laterally in the sample, as can bers&gure 3.7. This event happens for
example when the tip goes on a conductive metallic electrode (that is part of the samplelewhere

is the entire area covered by the electrode due to the high lateral conddttf#yhe effective area

can indeed be defined as the sum of all infinitesimal spatial locations on the sample surface that are
electrically connected to the&FM tip, thus having negligible potential differences.

This technique was applied to study pnistand (3Aminopropyl)triethoxysilane (APTES)
functionalized PEDOT:PSS films to investigate their surface conductivity differences, using a
conductive MLCT tip.

3.1.3.3 Indentation

AFM has also been used to obtain information on the mechanical propéries film for neural
interface application, such as Young6s modul u
For a system with only one degree of freedom, the stiffness can be defined-4s with F being

the force applied and the displacement caused by the force along the same deghe®dom.

|l nstead, Youngo6s modul us (or el a%tunder amepmied! u s )
strainUin the elastic regime of the strestsain curve:

0- — g — (3.59)

whereAq is the crossection area through which the force is applegdjs the change in the length

of the object andlo its original length. While the stiffness is a property depending on the material and
geometrical structur e of isaninensyveapmpdrtyeof thet nfaterialY o u n
However, these two properties are related and for an element in tension or compression, the axial
stiffness resultk = AE/L

Acquiring the forcedistance curve during an indentation experiment using AFM, tHaes# and
Youngbés modulus of a selected sample can be e>
k. Measuring the deflectiomo f t he ti p, the For ceF#flsl Moredvar,ul at ¢
the displacemert of the zscanner of the AFM, that is the variation of the tip height caused by the
AFM indentation, is related to the indentation lendtihroughd = z1 0. Thus, the stiffness results

ask = F/d, as previously defined. Hertzian model is then one oifibst employed theory to extract

the Youngds modulus values and, for a parabol
be written as>®

"0 -ONY (3.60)

whereR s the radius of the paraboloid tip.

The Youngods modul us of PDMS | ayer s, uncoat
AU/PEDOT:PSS:PEG was measured in PBS 1X in order tdhteshicromechanical properties of
electrodes as experienced by the neural tissue. Indeed, the micromechanical irorestigpgther

with the liquid environment, allowed the mimicking of the misgale of the implant and the
biological environment, respectively. Force distance curves were measured with the PARK NX10
AFM using a NSC36_Bk(= 2 nN/nm).

3.1.4 Vibrational states with Fourier Transform Infrared (FTIR) Spectroscopy
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Fourier Transform Infrared (FTIR) Spectroscopy is a technique employed to obtain an infrared
spectrum of absorption or emission of a solid, liquid or gas substance and is#seddea of the
interference of radiation between two beams (interferogt&hihe interferogram is a signal
produced by the change of pathlength of the two beams with the domains of distance and frequency
being interconvertible using the following Faar transformation analysis.

The basic setup of the FTIR spectrometer is shown in Fig8ee the radiation is emitted from a

source and passes through an interferometer to the sample and then reaches the detector. After the
amplification of the signalral the elimination of high frequency contributions (filtered), the data are
collected for a subsequent Fourier transformatfdn:

Q. 6'Toé¢ T ar (361)

6'f . QO Q¢ TQ (362

These equations relate the intensity falling on the detector as a function of difference in pathlength,
[(U), to the spectral power density at a certain wavenumpgiven byB(?) and vice versa.

The basic experiment tobtain FTIR spectrum consists in an interferogram production with and
without a sample on the beam, then transforming the interferogram into the spectra for the source
with the sample absorption and another one for the source without sample absorpsionhelfatio

of the former and the latter results in a dotid@m dispersive spectrum.

a)
Source — Interferometer — Sample — Detector — Amplifier | (Analog-to-digital| | Computer
converter
b)
Sarfple Crystal
—
I
|
] |
—

Sample

Figure 3.29: a) Blockschematic bthe basic components in a FTIR spectrom&#) Schematic of a typical ATR cell, withbeing
the incident angle of the beaff.

Reflectance methods can be used for samples difficult to analyse using the conventional transmittance
study. In particular, Attenuated Total Reflectance (ATR) spectroscopy was employed which exploits
the phenomenof total internal reflection, as shown in Figure 3.8b. A beam of radiation that enters

in a crystal is totally reflected when the incident angle at the interface between sample and crystal is
higher than the critical angle. A fraction of the beam wagtlepenetrated the reflecting surface and

the sample selectively absorbs radiation, thus making the beam lose energy. The depth of penetration
in ATR spectroscopy for a neasbsorbing medium can be calculated using the following:
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Q0 — (363

wherea-is the wavelengthn, the refractive index of the crystal,the incident angle and; the
refractive index of the sample.

The resulting attenuated radiation is collected and plotted over the wavelength sjsaogrameter,

giving the typical spectral characteristics of the investigated sample. Indeed, the interaction of
infrared radiation with the matter is translated in variations of molecular dipoles due to vibrations
(stretching and bending) and rotationsic® each compound and substance has its own b@atidg

is composed by determined molecules with their typical infrared absorption (vibrations and rotations),
ATR-FTIR spectroscopwas usedo study the changes in vibrational spectra after the PEG @uditi

in electrochemically deposited PEDOT:PSS thin fiffh.

3.2 Organic Electrochemical Transistor

3.2.1 Fabrication process

OECTs were fabricated with different geometries and configurations, depending on the application
they were foreseen. Thus, hereg flabrication procedures separated for the specific purposes are
reported: cell tissue monitoring biosensors, oxygen sensors and biosensors for analytes released by
stem cell.

OECT for cell tissue monitoring

The devices were fabricated using two differanifigurations, a planar and a vertical one, that differ

for the position of the gate electrode, in order to investigate the influence of these geometries on their
performances as cell tissue integrity biosensors. After glass substrate cleaning, a t@nomioin

and 50 nm of gold were thermally evaporated with selected geometry to create the metallic contact
for the devices. Then, the substrates were treated with oxygen plasma and a PEDOT:PSS solution,
made of 94% PEDOT:PSS (Heraues, Clevios PH1000)etb3ene glycol (EG) (Sigma Aldrich),

1% of 3glycidoxypropyltrimethoxysilane (GOPS) and 0.25% otladecylbenzenesulfonicacid
(DBSA), was spin coated at 3000 round per minute (RPM) for k& s (s, twen= 9s), using Teflon

mask to shelter areas frotine PEDOT:PSS solution. The planar configuration, reported in Figure
3.9a, consists in an gilanar OECT, where both channel and gate are deposited with spin coating:
the two channels has length and width of 2 mm and 1.5 mm, respectively, while thgatenir 2

mm long and 5 mm wide. All the polymeric films have thicknesses of £14%) nm.

On the other hand, only the four channels of the OECTs in the vertical configuration (Figure 3.9b)
were spin coated (having the same dimensions of the chantieésménar configuration), while the

gate is realized through PEDOT:PSS electropolymerization on gold wires (diameter of 0.5 mm and
15 mm length), carried out by cyclic voltammetry with 8 cycles, as described in paragraph 3.1.1. A
comparison before and aftthe PEDOT:PSS coating of the wires is reported in Figure 3.9c. The gate
is then inserted from the top in the setup measurement called -OECH (described in Section

4.1), placed 3 mm above the patterned channels, as clear from the image 3.9b.

After thepreparation, the devices wapat in water for 1 h, allowing to the residual substances, that
are unbound to the polymer chain, to be expelled from the polymer raattifinally dried with
nitrogen flux.
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PEEK Well

25 mm

b) Gate

PEEK Well

PEDOT:PSS
Electropolymerization

Figure 3.30: OECT planar(a) and vertical (b)onfigurations. On the left a picture of glass substrates with device patterned on top
reports their dimensions, while on the right their implementation in the well for cell culture growth is shown. C) Gloétomé ¢l et)
and after the electrochemical polymerization of PEDOT:PSS, using CV technique.

OECT as oxygen sensors
The monitoring of oxygen percentage dissolved in solution was performed using OECTSs in planar

configuration. Also for this devices, a 10 nm of chromiand 50 nm of gold were thermally
evaporated with selected geometry to create the metallic contact for the devices and also to have a
gold layer underneath the PEDOT:PSS gate, in order to have an uniform potential on the whole
electrode. Indeed, for thexggen sensor the gate was bigger than the previous reported configuration,
as seen from the dimensions reported in Figure 3.10 (gate area £a@hiterthe channel area is 36

mm?). The PEDOT:PSS solution composition for these measurements was 94% PEDOT:PSS
(Heraeus, Clevios PH1000), 5% EG, 1% GOPS and 0.25% DBSA, spin coated on glass substrates to
form a layer of 500 nm (700 RPMyd= 1s, twer = 95) and then annealed for 30 min. Again, the
devices were put in water for 1 h to get rid of unbounded mieleeund then fluxed with nitrogen.
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Figure 3.31: a) Picture ofOECT employed as oxygen sensor. b) Schematic view of OECT as oxygen sensor, with reported channel,
gate and gold contact dimensions. PEDOT:PSS, gold and silverapaseported in dark blue, gold and silver, respectively.

OECT for detecting analyte released from stem cells

OECTs employed as biosensors for analyte released from stem cells undergoing osteogenic
differentiation were fabricated via photolithography, gsanparyleneC lift-off process, as described

in Ref®. The patterned gold layer served as source, drain and gate electrodes with PEDOT:PSS used
for the channel active layer and the gate coating, resulting in a device geometrical configuration with
channels of widtHo-length (W/L) of 100/10 ¢m/em) and a planar gate of 600 x 66M2. The
PEDOT:PSS formulation was composed by 89% of PEDOT:PSS (Heraeus, Clevios PH1000), 10%
EG, 1% GOPS and 0.5% DBSA with ultrasonication used after each addition to improve the additive
dispesion. The solution was deposited through spin coating at 1500 RPM for 30s with 3s of
acceleration, followed by a thermal baking of 120°C for 1h. The resulting films of{20) nm

were put in water overnight to clean the polymeric film from unbound mlgleand have stable
sensor performances in liquid. The functionalization strategy to impart specificity for the detection is
described and characterized in paragraph 6.2.1.

3.22 Electrical characterization

OECT electrical measurements were used bothvestigate their characteristic behaviour and to
evaluate their performances as sensors. According to the purpose and the detected element of the
sensor, the most suitable measurement was employed. The electrical measurements performed on
OECT can be sumarized in four main categories: characteristic curves (output), transcharacteristic
curves, current evaluation with fixed voltages over time and device response to pulsed voltages on
the gate. The first three measurements are steladly response on thewce, where it was waited

for a stable value of the current to get the parameter for the data analysis and employing either
Keysight B2912A or Keithley 2612 Source Meter Units (SMU); on the other hand, the latter explore
OECT dynamic response and was expld for the monitoring of cell tissue layer formation and
disruption (see Sections 4.3 and 4.4), using Keithley 2612. These instruments were used in order to
simultaneously control sourairain (/4s) and gate\(y) voltages, measuring the respective auise

(las, lg). Data acquisition was obtained with a customized PC program and the subsequent analysis
required a customized Matlab routine or OriginPro 8.5.

Since different parameters and analysis are used according to the sensor application, inetioé cours
this thesis the corresponding procedure will be directly described in the target paragraph or Section.
Here, the main electrical measurements were briefly introduced and are reported in Figure 3.11.
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Figure 3.32: a) Output cavesof an allPEDOT:PSS OECT for different potential on the gate. b) Transcharacteristic forward (black)
and backward (red) scan for-8IEDOT:PSS OECT with &= -0.3V. c) Transconductance forward (black) and backward (red) over

Vg, representing thderivative of graph (b). d) Partial I(t) measurement of a?BIDOT:PSS OECT for different oxygen addition. e)
Pulsed measurement on-BEEDOT:PSS OECT, showing the gate potential applied and the corresponding channel current response. f)
Zoom on a norméated drain current response, fitted in order to extract the time constants, necessary for data analysis.

Output, transfer curves and I(t)
Output and transfer curves were used in particular to characterize OECT-stadesponse, but

were also employeds a means to extract current values to calibrate the oxygen sensor response.
Output measurements (Figure 3.11a) involve the sweep of the strainevoltage over a defined
range, while the gate potential is maintained at a fixed valued, recordingréet @ the channel as

a function ofV4s Then, the potential on the gate is changed and another curve is recorded, picturing
this way the transistor standard curves (and modulation) for different gate potentials.
Transcharacteristic curves (transfergjuiee a fixed drain voltage, while sweeping the potential on

the gate and recording the channel current (Figure 3.11b) to monitor how the transistor doping and
dedoping process (for an accordingly wMgrange) influence the current, thus the amplificatod

the signal. Indeed, an important figure of merit of the devices, reflecting the gain of the transistors,
can be extracted from these curves: the transconductance, defaed@g/O/y (Figure 3.11c).
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Finally, I(t) measures the current of the chdroree the souredrain and gate potentials were fixed
(Figure 3.11d) in order to have current variations only depending on the analyte concentration present
in the solution.

To quantify the sensor performances sensitivity and limit of detection (LOR) exetuated from

these measurements, plotting selected, normaligedlues over the analyte concentration, obtaining

a calibration curve. In detail, from the linear part of the normalizeds log(C), sensitivity was
extracted as the slope of the gjhd linear line and the LOD was calculated as the lowest addition
able to produce a change in the current on the channel.

Dynamic response to a pulsed potential on the gate
The dynamic response of the OECT was investigated monitoring the slvanceurrent over time,

while a constant tension ¥fis=-0.1 V on the channel and five pulses on the gate were applied, from
Vgorr = 0.0 V toVg.on = 0.3 V with ton = 0.5 s andorr = 1.5 s (duty cycle of 25%), as shown in

Figure 3.11e. Then, each single response from the pulse was isolated, normalized (between 1, for the
current value after the peak of the spike deriving from the pulse, to 0O, for the current value at the end
of the pulse) and fitted with a{gixponential curvéq = a-expéx/Q) + c-expEx/B)+e (as reported in

Figure 3.11f), according to the model presented in the subparagraph 2.5.2.1. Finally, the longest time
constant was extracted and used to assess the vianititcoverage of the cell tissue layer in time
(namedJ i n t he c o)uRFosgeowtbh éxpetintents time espanse values of five pulses of

the same channel were averaged (using the standard deviation as error). For detachment experiments
where pilses were collected sequentially to improve the device tempbwake directly taken with

the error from the fit. With these latter measurements, the system was able to providenzereal
monitoring with high temporal resolution, using a scan rate5oH@, thus increasing the information
obtainable from fast processes.

Transconductance over frequency measurements
Alternatingcurrent (AC) measurements of the device transconductance versus frequency were also

run to assess device performances, usingl&XI-4071 digital multimeter to simultaneously acquire
drain and gate currents. This technique relies on the application of a potential bias on the OECT
channel, then a 0 V offset and 10 mV amplitude sinusoidal wave is generated from the gate terminal,
scanning the device behaviour over a defined frequency range. Using the formulagO ¥, the
monitored current was converted in transconductance values in function of frequency.

These measurements were used to evaluate the device response upbfusetieralization layers
deposited on top of PEDOT:PSS gate electrodes of OECT devices, as will be shown in Section 6.2.

3.3 Electrodes for neural implants

3.3.1 Fabrication process

The main steps of the fabrication process are reported in Figure 3.12. Glass substrates were cleaned
and treated with oxygen plasma (100 Watt for 5 minutes), then a sacrificial layer of Polyacrylic acid
(PAA) dissolved in DI water (10% in volume) was spoated on top of them (500 RPM for 20s) and
annealed for 3 minutes at 80°C. Afterwards, PDMS and its curing agent (Sylgard 184, Silicone
Elastomer, Dow Corning) were mixed in 10:1 weight ratio and spin coated on the PAA layer (300
RPM for 3 min) with a sudequent annealing of 1h at 90°C, obtaining agfGhick silicone layer.

The same method was employed on cleaned and oxygen plasma treated (100 Watt, 3 min)
Polyethylene terephthalate (PET), used for the upper PDMS layer to encapsulate the gold evaporated
stripes. Indeed, 3 nm of titanium (Ti) and 30 nm of gold (Au) were deposited by laser electron beam
evaporation on the glass/PAA/PDMS substrates with the pattern reported in the step 2.) of Figure
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3.12. The kinked shape is introduced in order to faalitla¢ implant procedure. Then, the sealing of

the interconnects was achieved sticking together glass/PAA/PDMS and PET/PAA/PDMS substrates,
previously plasma activated in air (100 Watt, 30 s) and patterned in order to havem £00e

trench that exposdbe electrode and will serve also as a guide for the nerve strand during the implant
Electrical contacts were then realized between extremely thin and flexible metallic wires and the gold
pad on the PDMS layer, using silver paste for the connection &odngi Dow Corning 734 Clear

for the sealing and fixing. Once the contacts were dried, PEDOT:PSS or PEDOT:PSS:PEG were
electrochemically deposited on uncovered Au microelectrodes, using a chronoamperometric method
with potentiometric control, that was inttuced in the paragraph 3.1.1 and will be better described

and compared to the standard method in Section 5.2. Finally, the electrode was trimmed and released
from its carrier substrate and a Ti/Au thin layer was deposited on the back of tistafrdimg
electrode, then connected with a wire and silver paste (as described above) in order to realize a ground
contact able to shield the signal acquired by the electrode from external noises. In the end, the three
wires were connected to a battenyerated di#rential amplifier and a transmitter (provided by Data
Science International), placed subcutaneously for wir@legiso recordings.

1.) Spin-coating of PAA and PDMS 2.) Evaporation Ti/Au
3.) Interconnect encapsulation 4.) Electropolimerization

and contacts

5.) Cut and delamination in 6.) Evaporation Ti/Au bottom
H20 ground contact
D) ~D

Figure 3.33: Fabrication procedure underlining thaimrequired steps: 1.) layers spin coatimdabricate the supporting substrates,
that have to be easily delaminating at the end of the fabrication; 2.) interconnects evaporation in the kinked shagpsusa}ienc
with the patterned trench and contact realization; 4.) Electrochemical PED®drAEEDOT:PSS:PEG deposition of the uncovered
microelectrodes; 5.) Trimmering and detachment of the device from the carrier substrate; 6.) Evaporation of the grouol itentac
back of the device, needed to shield the signal from external noises.

3.3.2 Electrical, electrochemical and mechanical characterization

Several measurements were employed to investigate the performance of the electrodes for neural
implants, in order to assess its electrical conductivity, stretchability, aging and so on.

In detal, electrical measurements of the resistance of the interconnects under strain were performed
to study gold behaviour upon stretching, checking the limit of the device (see paragraph 5.3.1).
Moreover, the singular microelectrodes for each device were atbered, before and after the
polymeric film deposition, using electrochemical impedance spectroscopy to control the correct
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deposition and then to compare the different depositions (with thickness or compaosition variation).
Electrochemical techniques veealso employed for evaluating the aging of the electrode in PBS
(paragraph 5.4.1), the difference arising from the chemical composition of the polymeric material
under strain (paragraph 5.1.3) and the effect of repeated stress on electrode respomaphparag
5.4.2). For strain measurements the elongation of the electrode was monitored using an optical
calibrated microscope, taking images for each stretched configuration and calculating the resulting
strain variation from the starting situation. Three measent of the electrode length (at the top edge,

in the middle and at the bottom) at each step were taken and the middle value was used for the strain
percentage calculation, as shown in Figure 3.13a. Finally, rmehanical analyses were employed

to investigate the property of the electrode in liquid as experienced by the nerve tissue. Indeed, the
use of AFM in liquid for nanoindentation experiments was a powerful tool to mimic the situation of
the real I mpl ant and ext r iagatpgropdrtieseat theanicno/gadoscalejo d u
which can be different from macroscale mechanical features. Moreover, polymer changes its
behaviour in liquid due to water uptake and subsequent swelling, being softer and thicker once
immersed, as shown in Figurel3b and 3.13c.
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Figure 3.34: a) Optical image of a stretched electrode and average length calculation to obtain a strain value. b) Polymer thickness
profile in air (black) and in PBS 0.1M (blue) with noontact mode AFM. c) Polyen forcevs-indentation curve with AFM in air
(black) and in PBS 0.1M (blue). Once in liguide polymer results thicker and softer due to water uptake and subsequent swelling.

3.4 Biological materials and measurements
3.4.1Cell cultures

In thisparagraph are reported the cell cultures grown on OECTs in order to monitor the cell coverage
and health with these alternative and powerful tools. Two different cell line were investigated to
characterize and understand the device performance with kewrdarorbarrier cell lines, namely
human colorectal epithelial cells (Ca2pand mouse embryonic fibroblast (NBT3). Their brief
description is treated in the next subparagraphs.

Cells were cultured in Dul becc o 0lscose)supplement=d E a
by 10% (v/v) fetal bovine serum (FBS), 2 x°I L-glutamine, 100 U/mL penicillin and 100 mg/mL
streptomycin with 0.1 x T®M MEM nonessential amino acids (NEAA). For cell experiments,
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OECTs were cleaned and sterilized with ultra@igUV) light for 20 minutes before the use. All cells

were grown in simulated physiological conditions inside an incubator (37 °C, 5%@d®@5% of
humidity).

Cells were culture oboth the devices, encapsulated in the TEQECT (a customized suppddr

cell growth whose fabrication and feature is reported in Section 4.1), and on standard petri dishe to
have the control experiments and thus assess that OECTs do not alter cell growth mechanism and
vitality.

Cell experiments were done at the Nationahi@e of Researchnstitute of the Study of Materials
Nanostructured (CNRSMN) in a collaboration with the group of Massimiliano Cavallini. In detail,

cell cultures were carried on and followed by the biologist Dr. Marianna Barbalinardo.

OATCC i =

C) COVERAGE BARRIER PROPERTIES
adherent, non-barrier forming cells barrier forming cells

Figure 3.35; Caco2 (a) and NIH3T3 optical imags for a low (left) and high (right) density growfa.366C) Comparison of coverage
vs barrier foming cells, the latter being able also to shield the paracellular flux between adjacent cells (full black arrow). The
transcellular flux (dashed arrow) is present for all kind of cells and is the flow of ions and molecules through thE.t8ll its

3.4.1.1 Human colorectal epithelial cells

Human colorectal epithelial cells (Ca2), purchased by Sigma Aldrich, are heterogeneous epithelial
colorectal aden@rcinoma cells, developed by J. Fogh in the 7Baving an intermediate barrier
tightnesst®® Optical images of Cae@ grown with low and high density are shown in Figure 3.14a.
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The reason for the use of Ca2acells in this work is twdold: from one hand, they peesent a
standard widely used model for barfferming cell line, thus presenting Tight Junctions (TJ)
between them, able to screen the paracellular flux (flux of ions and molecules between adjacent cells);
on the other hand, they represent the gasesiimal barrier in our body, being one of the main shield
against the absorption of nanoparticl8®§), that can be ingested due to their widespread presence

in food packaging®’

TJs are apical junctions, linked twther cells by the transmembrane proteins, occtffliand
claudir?®®, while bound to the cytoskeleton with intracellular protéiisSince the presence of TJs

seals intercellular space between cells, the passage of ions, as well as macromolecules, is regulatec
by this physical barrier. As previously explained in paragrapl2 2.8ECTs can be used as cell
tissue monitoring devices, exploiting this ion limited flow to extract a quantitative signal of the layer
formation or disruption.

3.4.1.2 Mouse embryonic fibroblast

Mouse embryonic fibroblasts (NHT3), purchased from CeBiolabs, is a cell line of contact
inhibited cells able to grow in flat monolayetisat were isolated in 1962 from a NIH Swiss mouse
embryo (shown in the images in Figure 3 1#BThesecells do not present TJ formation (Rbarrier
properties) and thus form only a coverage I: their influence on the ion flux will then be lower (but
noteworthy detectable with OECTs) compared to barrier cells,rabeaeen from Figure 3.14c,
reporting the comparison between coverage and barrier properties.

Accordingly, NIH-3T3 cell line was chosen due to their Hzarrier properties, being a valuable way

to test device performances for cell forming only a covetager on top of them, and moreover
because they represent the skin Abarriero agali
and makeupg’*

3.4.2 Vitality tests

Studies of cell viability, grown on our devices or on standard substrates, were performed using 3
(4,5di-methyt2-thiazolyl)-2,5diphenylttetrazolium) bromide (MTT) assays and taking optical and
fluorescent images, in order to simultaneously investigate the cell health and layer progress. MTT
assay reflects, indeed, cell metabolism level while fluorescence imagesaaparorphology and
cytoskeleton structure, manifesting cell affected or unaffected growth. On the other hand, optical
images were used to monitor the cell layer formation or disruption on the device, counting the covered
and uncovered areas to correlapgical view with electrical results from OECT devices.

MTT assay

MTT assay is a colorimetric assay to assess cell viability, proliferation and drug cytotoxicity and
relies on the intracellular reduction of Tetrazolium salt-4&dimethylthiazoi2yl)-2,5
diphenyltetrazoliumbromide). After the test, the medium was discarded and cells were incubated
with MTT solution (0.1 mg/mL MTT in Dulbeccob
at 37 °C with 5% Co@(inside the incubator). Afterwards, MTT satut was discarded and DMSO

was added in each well. Optical density (OD) was then read on a microplate reader by a
spectrophotometer at 550 nm (Thermo Scientific Varioskan Flash Multimode Reader). Cell viability
was calculated as the ratio of the averagicabdensity of replicated wells relative to that of the
control.

Optical images

Thanks to PEDOT:PSS optical transparency once deposited in thin film, transmission optical
measurements have been done on cells grown on top of the devices, using a NIBOrECIHse
microscope. In particular, the instrument was an inverted microscope with the light source over the
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sample and the objectives (4x, 10x, 20x, 40x) below it. A camera, connected to the setup, allowed to
acquire and save digital images of the sl@amp

Fluorescent images

The second optical technique employed was the fluorescence microscopy, which relies on the
absorption and subsequentemission of light by a sample. This method is often used in biology or
biomedical sciences due to the possibitityinspect cellular components, otherwise difficult or
impossible to study with standard optical microscopy. Samples may exhibit autofluorescence or they
can be treated with fluorochromes, attached to target structures and excited by specific wavelength,
in order to make these elements detectable. Figure 3.15 reports-aantiss of an epiluorescence
microscope, where a multispectral light is produced in the vertical illuminator at the centre of the
image by an arclischarge lamp, then the light itdred passing through a wavelength selective
excitation filter. Afterwards, light is deflected by a dichroic or a beamsplitter, reaching the sample
via the microscope objective. If the sample has fluorescence responses, the consequent emission light
is gathered by the objective and it follows the backward pathway crossing the dichroic and then a
barrier or emission filter (Figure 3.15b) to select the excitation wavelengths.

In this thesis, actin filaments (cytoskeleton) and cell nuclei were stainedidy storphological
evidence, cells were fixed with <dlfbergdasalirefl r mal
(DPBS) and washed with DPBS 1X. Then, cells were permeabilized using 0.01%X fitithand,
afterwards, incubated with 1% bovine serum albumiDPBS 1X in order to block nonspecific
binding sites. TRITE&halloidin was used to label cells for 1 h, followed by DPBS 1X rinses, aiming

at mapping the local orientation of actin filaments of cell cytoskeleton. AdidrGidin2-
phenylindole (DAPI) inabation for 3 min was employed for nucleus counterstaining, followed by
rinses with DPBS 1X. Fluorescence images were final taken with a Nikon Eclipse 80i microscope
(Figure 3.15) equipped for fluorescence analysis. In details, images reported in thigilvsikow

actin cytoskeleton and filament in red and cell nuclei in blue.

3.4.3 TrypsinEDTA treatment

One of the main topics of this thesis was monitoring cell tissues subjected to stressing agents. There
are several ways to compromise and affect cedlirlantegrity, according to the entity of damage one
wants to introduce: indeed, it is possible to simply cut the junctions that link adjacent cells, detach
the cell layer without affecting the cell health or induce cytotoxicity. An example of the ficsoki
damage is the use of Ethylene Glycol Tetraacetic Acid, EGTA, employed in scientific works to study
the variation of the paracellular flow using bioelectronic devices, before and after its addition in a
barrierforming cell layert®”32° On the contrary, cytotoxic effect can be obtained with high
concentation of ethanol (>40%, otherwise lower concentrations only disrupt TJs in a reversible
way)*?’ or with nanoparticles (described and employed in Section 3.5 and 4.4, respectively). In the
end, a simple detachment of the cell layer from the underneath substrate is achieved using Trypsin
Ethylenediaminetetraacetic Acid (EDTA), with the first beingretgase capable of detaching cell
from substrate and EDTA being able to chelate metal ions liké @& Md¢*. Trypsin is used
routinely to detach cell from substratf¥sand is a norspecific protein cutter. Since integrine, one of
the major celsubstrate binding proteins, depends orfMthey can beised as a mean to separate
cells from substrates without affecting their health.
In this work, cells were incubated and growth until a full confluence on top of the semiconducting
polymer films (reached usually in8days), then the medium was discarded a solution of trypsin
EDTA 1X (0.05% of trypsin and 0.02% of EDTA) was added to each sample for 20 min at 37 °C
with 5% of CQ (thus inside the incubator). Meanwhile, measurements were performed to assess in
reattime the cell layer detachment with eleécal monitoring (see Section 4.3).

92



a) - Digital b)
Ccamera = memem————
yb ——Systems e -

H -
s E”'L';‘,#',Smf:;‘ e Fluorescence Emission ~

/7 %
7 Barrier

/7 e e : s (Emission) Threaded
o K o TR N / Filter

Eyepiece Re't:{aiir‘ns:ng \‘
!

Filter— 2% o L N \

Turret-'~— r | :

o 1 Dichromatic . 1

\ (Beamsplitter) =Incoming |

Circuit \ Mirror Light Waves

: /
Condenser

Field
Diaphragm R

/

Optical Block il 4

) /
« (Filter Cube) Excitation Filter g
~

“al_ Tungsten-
Collector Halogen o
Lens Lamphouse ~ o

-~
e ik i W2

Figure 3.36: a) Schematic crossection of a fluorescent microscope. b) Zoom on the filter turret, where the filters and beamsplitters
are allocated?’?

3.5 Nanoparticles

According to the definition provided in 2000 by the National Nanotechnology ftinezja

ANanotechnology is the understanding and cont
approximately 1 and 100 nanometers, where uni

standard materials (gases, liquids, solids) can eximibisual properties, extremely different from the

bulk features of the same materi¥l%3’* Moreover, nanotechnologies involve different scientific
disciplines such as physics, chemistry, engineering, material science, molecular biology and much
more.

Among the different nanotechnologies, nanopartié3s) are extremely used is consumer goods.
The word fAnanoparticleo is used to identify
and so on), made of atomic or molecular aggregates with a dimension ranging from 1 to 100 nm.
Several mateals, including biopolymer and metals (nichel, chromium, gold, silver) can be exploited
to realize NPs and, in particular, silver nanoparticles (AgNPs) are widespread in commercially
available products, being incorporated into bandagefyod containers®’ disinfectants and
makeups/cosmeticé! Despite their diffusion, their cytotoxic adiiy on cells (which depends on
several factors, like size, shape and surface codtigs not been fully understood and studied. For
this reason, we employed OECTs for monitoring cell layer health during AgNPs exposure, whose
fabrication and char#erization is reported in the following paragraphs.

3.5.1 Nanoparticlesynthesis

Two different NPs types were made with the aim to obtain NPs with cytotoxic effect and others not
affecting the cellular growth. In particular, citrateated AgNPs were sppsed to produce toxic
effect on cell forming layers, while their surface functionalization with - (11
mercaptoundecyl)hexa(ethylene glycol) @B), replacing citrate molecules with OElkanethiol,

was employed to neutralize the toxic effect of NPselis.

Citratecoated AgNPs were synthesized by the chemist Denis Gentili (at thed ®MIR), following

a method reported elsewhéféthat is reported here briefly. 100 ml of sodium citrate (5 mM) and
tannic acid (0.025 mM) iacqueous solution were refluxed, adding quickly an acqueous solution of
silver nitrate (1ml, 25 mM). The reaction mixture was then refluxed for 30 min, giving a bright yellow
colloidal silver solution that was left cooling down at room temperature. Aftdsythis suspension
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of AgNPs was purified by two centrifugation rounds (30000 g for 2 h) and resuspended in 10 ml of
acqueous solution of sodium citrate (2 mM). This procedure allowed for the synthesis of the citrate
coated AgNPs, employed for their toxatfect on our cell lines.

On the other hand, the replacement of citrate molecules on the NPs surface with the thiol was obtained
with further steps: the dispersed AgNPs solution was mixed at room temperature overnight with a
concentrated 2 mM of E®H in aqueous solution, adjusting the added volume to achieve a
stoichiometry of 15 E@H/nn? (this ensures the maximum grafting density). Afterwards, three
rounds of centrifugation (13000 g for 30 min) were used to remove the excess of ligand, finally
resuspenithg the mixture in acqueous solution of sodium citrate 2 mM.

3.5.2 Nanopatrticles characterization

The nanopatrticles were characterized using an ultrawadtle (UV-vis) spectrophotometer, whose
schematic is briefly reported in Figure 3.16a: it is astriiment that measures the absorbed
wavelengtss el ect ed | i ght through the sample and a
on the solution composition (wavelength dependent, because different substances absorbs different
wavelength) and the coantration of the solution (dependent on the amount of absorption).
Citratecoated AgNPs resulted having an average diameter of 15 nm and the band of the characteristic
surface plasmon resonance centred at 400 nm, as shown in Figure 3.16b, confirninegNPatare

stable and not aggregated. After the passivation with th@®BGthe plasmon resonance band is
slightly redshifted (around 10 nm towards higher wavelength) but does not report broadening or shape
variation. The redshift occurs due to the chaing&e chemical surface coverage, while the keeping

of the shape states that the aggregation state was not affected by functionalization.
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Figure 3.37: a) Spectrophotometer schematiew.3"8b) UV-Vis absorption spectra for the citra(&ll black line) and EGOH-coated
(dashed lack line) AgNPs in sodium citrate (2 mM).

3.6 Neural implants

Stretchable and loimpedance electrodes, fabricated as described in paragraph 3.3.1, were implanted
on the renal nerve of Spragawley rats in order to test their recording performancegsmuacute

and chronic conditions. The surgery implantation and itheivo recording procedures were
performed in collaboration with the Department of Biomedical and Neuromotor Sciences in Bologna,
by the group of Dr. Davide Martelli and Dr. Roberto Amiand with the Florey Institute of
Neuroscience and Mental Health of the University of Melbourne in Australia, by the group of William
S. Korim and Song Yao.

3.6.1 Surgery implantation
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The protocol for the surgexryas approved by the Flordystitute ofNeuroscience and Mental Health
Animal Ethics Committee, under the guidelines set out by the National Health and Medical Research
CouncilofAustralia fnCode of Pract i c d&xpérimentaltPbrgose€ar e
i n Au sThe corhplete deription of the surgery implantation is reported in paragraph 5.5.

3.6.2 In-vivo chronic recording

To start in chronic recording experiments the wireless recording board was activated moving a
magnet close to the animal and signal trace were recordedheitanimal awake but in resting
position. The signal was then filtered, digitized and transmitted to the external data acquisition
computer. Arterial blood pressure (AP) and renal sympathetic nerve activity (RSNA) were monitored
using the telemetry systernm particular, RSNA was recorded with the BIO0 Hz band and sampled

at 10000 Hz. Then, AP and RSNA signals were digitalized using Power1401 (Cambridge Electronic
Design, Cambridge, UK) with Spike2 v7.02 software. The counting of the spikes was done
guantifying the spikes that overcame a defined threshold, considered as the noise level.

3.7 Functionalization layer characterization
3.7.1 Quartz Crystal Microbalance

A quartz crystal microbaland€@CM) measures variation per unit area evaluating the treqcy

change of a quartz crystal resonator. The resonance is, indeed, changed by addition or removal of
small mass due to oxide growth or decay or film deposition on the surface of the acustic resonator.
QCM can be employed under vacuum, in gas phaseeorlgwid environment.

In detail, in this work quartz crystal microbalance with dissipation monitoring (@FMas used,

which is based on a ringown technique, described by Hiraial 3’° and Rodahét al*8%in the QCM

context. The QCM active coropent is a thin quartz crystal disk in the middle of two electrodes, that
oscillates upon the application of an AC voltage over the electrodes. Once the voltage is turned off,
the resulting exponentially decaying oscillations are recorded and the restiegoeacy ) and the

energy dissipation factobD] extracted. The latter can be defined as the loss of energy per oscillation
period divided by the total energy stored in the system and is then equal to the ratio between the
resonance bandwidth and ttesonance frequency. Commonly, changes in the resonance frequency
are primarly connected to mass uptake or release over the sensor surface (as seen in Figure 3.17a)
while variations of the dissipation factor can be ascribed to viscoelasticity (sofindssi, related

to structural changes of the film adhering to the sensor siifface.

In this thesis work, QCMD analysis were performed in collaboratieith Dr. Achilleas Savva and

Prof. Sahika Inal at the Engineering Division of the King Abdullah University of Science and
Technology in Thuwal (Saudi Arabia). In detail, QCM was employed for swelling and mass
adsorption over bare and APTHS\ctionalizedPEDOT:PSS thin films, using the-§gnse analyser
(QE401, Biolin Scientific). Swelling was studied recording firstly the QDIMesponse for bare Au

sensor in air and, subsequently, in 1X PBS solution (injected into the chamber). The introduction of
PBS reslied in a shift of bothf and D, caused by the different densities of the two media. The
measurements were stopped and the sensors removed, depositing directly onto the same Au substrate
the PEDOT:PSS films with and without APTES functionalization laybov@. Then, the absolute

for each polymeroated sensor was extracted in air and 1X PBS, ondesitdpeal was perfectly flat,

thus assuming the system in equi |-sofi softwanm.the Us i n
absolute difference i for multiple overtones was compared between bare and polyoased

sensors. The difference d¥alues are directly correlated to the polymer thickness in both media,
calculated through the Sauerbrey equation:
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Ya —2¥Q (3.64)

Once the QCNMD signal was stable in PBS, water was pumped in the chamber with a flow rate of 70
e | Lhin arder to set a baseline. Afterwards, wdiased biotin solution was pumped in the
chamber, stopping the flow and leaving the protein incubating for 60 min at a constant temperature
of 24 °C. Water was used after the incubation to rinse and removkeoood proteins from the
sensors. The same procedure was repeated for 1X PBS antaB&s streptavidin to test the
streptavidin molecule bindings. Finally, in order to quantify the mass added on each gamsor (
Sauerbrey and Yourgoigt viscoelastic modes were employed, together withtQols, Dfind and

Q-soft software for the data analysis.

3.72 Chronoamperometry

Chronoamperometry is an electrochemical technique in which the potential of the working electrode
is stepped (square wave) at a certaineand the resulting output current from faradaic processes
(occurring at the electrode surface) is monitored as a function of time. An example of the described
method is reported in Figure 3.17b.

Chronoamperometry was performed in collaboration with El&sin and the Prof.-83eong Kim at

the Department of Physics and centre for Plastic Electronics of the Imperial College in London (UK).
The system was based on an electrochemical cell, comprising an Ag wire reference electrode, Pt
coated fluorine dopedrtioxide (FTO) as counter electrode and the working FTO electrode on which
the samples were deposited as thin films. Bare and ARUSionalized PEDOT:PSS samples were
studied, using a diluted 0.01X PBS solution as electrolyte. The measurements weotecbwnith
Autolab Potentiostat (PGSTAT), applying a square wave potential on the working electrode at 0 V
for 10 s, then reducing it for 90 s and again applying a neutral bias of 0 V for 20 s. the reducing
potentials ranged between 0 to 0.6 V.

3.7 3 Electrochemical Raman Spectroscopy

Raman Spectroscopy is a spectroscopic technique employed to study vibrational, rotational and other
low-frequency modes in a system. It is particularly sensitivedi@ctrons, that are highly polarizable

under photoexcitatigrgiving information on the polymer conformation, chemical structure and the
variation in the -electron distributiorf82383

Briefly, the technique relies on Raman scattering, that is an inelastic light scattering process where
the energy difference ofi¢ incident and scattered photon corresponds to the energy level separation
between different states of the scatterer. In simple cases, an optical excitation, with energy lower than
the optical energy gap, is used to probe vibrational energy levels. Taeuteas then excited from

the ground electronic state®)to a virtual excited state (lower than the first excited electronic state,

S1) and relaxes back to the ground state. As reported in Figure 3.17c, according to the final reached
ground electronicstate, three types of scattering can occur: i) most scatterers relax back to their
original vibrational state, thus the scattered photon has the same energy of the incident one (Rayleigh
scattering); ii) when the final state has higher energy than tie e, the scattered photon is less
energetic compared to the incident one (Raman Stoke scattering); iii) finally, when the relaxation is
to lowerenergy final states, the scattered photon has higher energy than the incident one (Raman
anti-Stokes scadtring)32® These two latter cases are Raman scattering, when the relaxation is to a
different vibrational state than the initial one.

The differences in the energy between the incident and scattered photons (known as Raman shift) are
related to the energy level si@s of vibrational modes. Thus, a Raman spectrum is composed by
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several scattering intensity peaks as a function of Raman shift, indicating the energies of different
vibrational modes.

In this thesis work, Raman Spectroscopy was combined with electroctengasurements on the
sample, in order to study the vibrational states under different biasing (thus oxieatimtion)
conditions of the bare and APTHE®ctionalized PEDOT:PSS thin film#-situ Electrochemical
Resonance Raman Spectroscopy was peddrin collaboration with Ellasia Tan and the Prof. Ji
Seong Kim at the Department of Physics and centre for Plastic Electronics of the Imperial College in
London (UK), using a Renishaw inVia microscope in a back scattering configuration and the same
electochemical setup described in the previous paragraph. The excitation source used was a HeNe
laser at 633 nm with 50% of 12 mW laser power under 50x magnification onto the PEDOT:PSS film,
employed as working electrode. The measurements were taken wheuatghé currents of the

chronoamperometry reached a steathte value.
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Chapter 4

OECT for cel l tl ssue moni

4.1 Tissue Engineering Cell Holder for Organic
Electrochemical Transistors (TECH-OECT)

Electrical measurements on cells needed to be performed keeping constant parantbeersefor
cultures, such as 37 °C with 5% of €&hd 95% of humidity, thus requiring the use of an incubator.

In order to be able to have a continuous electrical monitoring of cell layers grown on our devices, the
Tissue Engineering Cell Holder for Orgatitectrochemical Transistor (TEGBECT) was built. It

is a customized samplelder, whose picture is reported in Figure 4.1, made of three main
components, namely a fiberglass printed circuit bd@@B) basga customized six multiwell
polyether ether kene (PEEK) block and a plexiglass cover. These elements are better described in
the following paragraphs.

The TECHOECT design allow for redlme and fast electrical monitoring of up to 24 devices for

the vertical configuration or 12 devices for the plaone without taking the cell cultures out of the

i ncubator, thus keeping the Asimul atedod physi
select only one of the two configurations during a running experiment: changing electrical
connections, dferent monitoring combinations can be created in the six wells. Even thibisgh
possibility was not exploited in this wqrik is also possible to switch from a vertical to a planar gating

on the same channels and viceversa.

This is a clear advantage prded by the system, because the monitored cell layers are investigated
in ideal living conditions where the only stresses/differences are provided by the holder, the electrical
measurements, or the external agents introduced by the scientist. Viasiligg@rding the first two
elements will be reported in the next Section.

Noteworthy, changing the device patterning even more measurements and configurations can be
introduced, paving the way to several riale electrical monitoring of cell viability.

{gﬁlg{ass Cover BPE Bacc

Figure 4.1: Picture of the custormade TECHOECT with highlighted its three main components, namely the PCB base, the PEEK
block with 6 wells and the plexiglass cover. TECHCT allows to perform electrical measurements on the cell cultures inside the
incubator, thus under simulated physiological conditihs.
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4.1.1 Printed Circuit Board

PCB base with electrical circuits and connections was designed using a free software suite for
electronic design automation, callédCad.*®® Two steps are needed for the realization of the
electricalcircuit base: the design of an electronic circuit schematic, &solgemaand its conversion

into a PCB design witRcbnew The former is a schematic capture software that is distributed as part

of KiCad and where the connection and the circuit comptsean be drawn, creating a block
function diagram with the information on the components and their pins (input and output). On the
other handPcbnewis a printed circuit board software, able to read the schematisdtyemaand

realize the footprints agsiated with the components of the circuit. Indeed, footprints are the physical
appearance of the components, containing information on the dimensions and positions of the pins.
The starting point of the work was the design of OEGmponent, that has teproduce the glass
substrate dimensions and present the electrical connections, according to the device configurations.
A small pit for the OECT insertion in the PCB was also foreseen, together with a hole in the middle
of the square device for taking agatl images. The schematics are reported in Figure 4.2a. Then, other

8 simple holes are made for the screw that will close the sample holder and the circuitry schematic is
drawn on the top of the PCB, with the pin header placed at the bottom, as shogurendE2b. The
prototype was fabricated by the fast prototyping company M#’@rid it can be seen in Figure 4.2c.
When the samples are insertéide connections between PCB and OECTs are made using copper
wires,welded to the PCB in the corresponding pads and then connected to the drain, source or gate
electrodes using the silver paste and then sealed with silicon to prevent their breakamshoredet

during the experiment.

a)

Figure 4.2: Printed Circuit Board@hematics (a,b) and prototype (c). a) OECT component custom block diagram (left) and footprint
(right). b) 3D view of the complete layout of the PCB board. c) Front view of the reRiZBdoard, with 6 devices already inserted.
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4.1.2 Polyether ether ketone block

Polyether ether ketone (PEEK) is an etswork, biocompatible and thermoplastic organic polymer,

that was used for its properties to realize the wells were the cells wene. gkd®EEK block of 110

x 60 x 20mm? was perforated to create 6 cylindric wells, having a diameter of 14.5 mm, and other 8
holes, threaded to provide an anchor for the screws. The well diameter was chosen wide enough to
take pictures of the cell tissue barmall enough to have the vertical electrode (3 mm above the
channel) completely immersed in 2 ml of complete medium (used as electrolyte).

For the closure of the TEGBECT, 6 Orings were employed to assure the isolation of the biological
environment from the electrical connections and avoid the breakage of the glass substrate during the
closing compression.

The picture of the final PEEK bd& with O-rings in position is reported in Figure 4.3a.

4.1.3 Plexiglass cover

The final component of the TEGBECT is the plexiglass cover, which was realized in order to avoid
contaminations in the wells during optical microscope measurements, takete aoésincubator.
Moreover, the cover was perforated in order to realize 6 holes with diameter of 1 mm, that ensured
the possibility to fix and support vertical gate at a defined height (3 mm above the channel but still
completely immersed in the medium) picture of the described situation is reported in Figure 4.3b.

a)

Figure 4.3: a) Picture of he complete PEEK block, with the-i@hgs positioned for the closing procedure of the TEGECT. b)
Plexiglass cover with the vertical gate electrodes fixed t@ liae same height from the channel, once inserted in the wells for the
measurements.
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4.2 Cell vitality tests

In order to test the biocompatibility of the TEGPECT and prove that cell growths were not
influenced by this setup for the electrical measurement acquisition, viability tests were performed on
cell cultures and took optical images of cell layer formation

4.2.1 MTT assay and optical images

Cell viability on OECT was assessed using the MTT assay, that reflects cell metabolism as explained
in paragraph 3.4.2. MTT assays were made for both cell cultures with and without electrical
measurements on them, ander to monitor the possible unwanted effect of electrical stimulation
while acquiring the OECT response. Data are reported in Figure 4.4 for2Geed) and NIH3T3

cells (blue), where the control (CTR) is taken on growths on standard petri dishtesh&ea as
100%).

As can be clearly seen, the results of viability tests on-8llB grown on our OECT devices show,

after 96h, a mitochondrial activity from 80% to 85% for measured and unmeasured fibroblast,
respectively. The viability, thus, only decreasslightly compared to the standard cell culture
substrates, with the electrical measurements that do not change their status significantly. From a
biological point of view, viability assays commonly set the 80% as a threshold for healthy cell
cultures, herefore it can be concluded that NBH3 growth are altered neither from the OECT
substrates, nor from the electrical pulsed measurements.
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Figure 4.4: Vitality tests on NH-3T3 (blue columns) and Caé(red columns) cell lines. All data are represérae the average
standard deviation of several samples.

Similar results can be observed for G&coell line: in this case, even higher viability percentages

are present both close to 90% for epithelial cells grown on measured and unmeasured devices.
Furthermore, optical images have been taken to observe the cell layer formation on these
unconventional substrates. Figure 4.5 and 4.6 report the comparison-8TSlahd Cace& growth

on a standard petri dish and on measured devices. Since it was conittmédTT assays that
electrical measurements do not affect cell growths and electrical data were needed to study the cell
layer formation, optical images of the growth on unmeasured devices are note reported (considering
that they show no differences frdime pictures on the measured ones). Figure 4.5 clearly shows the
formation of fibroblast layers on both petri dishes and OECTSs, with the final coverage of the
underneath substrate after 72 h. A similar trend is reported also for the @aéogure 4.6even
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though after 72 hours there seems not to be the complete confluence on the OECT. Since human
epithelial cells growth is slightly lower on the OECTS, the experiments were performed over 96 hours
in order to have a final complete layer of cells overdinéces.

In conclusion, the optical images further confirm the ability of these two cell lines to grow in flat
layers on our devices (leaving only small and rare empty spaces after 72 h), whose response will be
dependent on the coverage percentage andetheature (barrielike or not, thus on the resistance
against the ion flow introduced by the cells). Moreover, these images also helped us in calibrating the
duration of the experiments in order to have complete confluence when needed.

Petri

QECT

Figure 4.5:NIH-3T3 optical images taken at 24, 48 and 72 hours after seeding on standard petri dishes (black rectangular border) and
measured OECTSs (red rectangular border).

Petri

Figure 4.6: Caco2 optical images taken at 24, 48 and 72 hours after seeding on stpattadishes (black rectangular border) and
measured OECTSs (red rectangular border).
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4.2.2 Actin and nucleus staining

Further investigations on health status of cells grown on OECTs were done on cell internal structure
using fluorescence images, as exdin paragraph 3.4.2. Actin filaments, known to regulate cell
functions, like adhesion, proliferation, differentiation and internal architettmad cell nuclei were
fluorescently labelled in red and blue, respectively. Figure 4.7a and 4.7b represent cell morphology
of NIH-3T3 and Cac cells on OECT, respectively, after 72 hours for NIFB and 96 hours for

Caco?2 from seeding. Clearly, cell adhesion, growth and morphology are not affected by the OECT
substrates underneath and the electrical measurements carried out, since both cell lines keep their
standard density and organization, tibxge with the integrity of actin cytoskeleton and a vegliead
adhesion to the substrate.

a) b)

Figure 4.7: Fluorescence images bfiH-3T3 (a) and Cac@ (b) cell lines, grown on OECT substrates, once a confluent layer was
reached.

4.3 OECT Configuration effect on cell tissue monitoring

As introduced in the suparagraph 2.5.2.1, OECTs can be employed as biosensors to monitor cell
layer formation or disruption with cells seeded directly on top of them.

The starting point of the work was the theoreticalmeol pr esent ed by Sall eo6:
cell layer resistances with appropriate OECT active area dimension in order to have reliable
monitoring of the cell layer itselDECTs with bigger active areas can then be used to monitor high
resistancedls with barrieflike properties, such as MDCK | (Madarby canine kidney, which are
canine familiaris renal epithelial cells) and C&;owhile devices with smaller areas should be
employed for low resistance cell lines, that have no barrier propestiel as Hela (immortalized
human epithelial tumor cells) and HEGB (human endometrium epithelial celf$)According to
thismodel, the channel area of the devices was chosen ag B mder to have cell layer monitoring
devices, covering a broad range of cell tissue resistances, foam® (leaky/non barrier cells) up

to 10000 kn? (strong barrier cells). Then, two diftant standard cell lines were used, namely €aco

2 and NIH3T3 (described in suparagraphs 3.4.1.1 and 3.4.1.2, respectively), with the aim of being
able to detect only the former cell culture. Indeed, cell confluent layer resistances (widely known as
Transepithelial Electrical Resistanc@EER) of Cace? are between 40 tn? and 15000 kn?,

while no information regarding NH3T3 TEER values have been found in literature, probably due

to the TEER detection limit, which is around-20 q £n?,%%3%or slightly lowerwith currently
available techniques. Noteworthy, the OECT device lower limit is close to TEER linit(5°).

On the other hand, two different OECTs were introduced, having a vertical and a planar configuration,
as described in paragraph 3.2.1. While the vertical configuration follows the theoretical model
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depicted by 38lewing theccélsto grawonlymn the device channel, in the planar one
cells can spread on both channel and gate, basically doubling the electrical icepressstance of

the cell layer, because the ion flux are affected by both the cell layer on the gate and the one on the
channel®” The vertical and planar OECT cressction schematics, with the ion movements upon

the application of a positive bias on the gate, are reported in Figure 4.8a and gh8btively,
together with their equivalent ionic circuit, showing the double ion crossing of the cell layer for the
planar configuration.
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Figure 4.8: OECT schematic crossections and relative ionic equivalent circuit for tleetical (a) and lanar (b)configuration. lon

movements are represented accordingly to the positive bias applied on the gate.

Vertical and planar devices were characterized by means of transcharacteristic curves in complete
DMEM (the cell culture mediurwas useds electrolytesince all the following measurements will

be with cells), that were also used before starting the cell tissue screening experiments, in order to
stabilize the device response (ion uptaking and releasing allow for a stable sensor response after 3 to
4 cycles). Figure 4.9a reports the comparison between vertical and planar OECT transfer curves
(acquired with \d = -0.1V, channel polarization potential also applied in the cell experiments),
showing no great differences in the two sensor responses: the twe bamessimilar trend, except

for a slight change in the slope of the transfer that can be ascribed to fabrication variability among
different OECTs of the same batch. Indeed, Figure 4.9b clearly confirms this possible variability
comparing several transfeurves of vertical and planar devices.

105



Figure 4.9: a) Transcharacteristic curves for a vertical (black) and planar (red) OECTs. b) Different transcharacteristic curves of
vertical (black, dark grey, light grey) and planar (red, magenta, light mageB@J<) proving that the OECT responses are very
similar for the two configurations in the rangeVaf=-0.5 04, being included irslight variability among samples.

4.3.1 Vertical configuration

Vertical OECTs were fabricated with a channel active ar@nafi? and a PEDOT:PS8oated gold

wire immersed from the top of the well into the cell medium as a gate electrode. The conducting
polymer was electropolymerized on the metallic wire in order to achieve a larger gate capacitance,
thus having the greater fgmtial drop at the channel/electrolyte interface (efficient gating to detect on

the channel}>*

Cells were seeded onto the whole device area and measurements were started 4 hours later, in orde
to have the cells already fallen (or even adhered) on the device and not suspehdadedium.

Cell layer monitoring was done studying the dynamic behaviour (time response) of the OECT once
a positive square pulse, withy¥ 0.3 V, was applied on the gate electrode, as described in paragraph
3.2.2. The channels were instead polarizétl Vq4s=-0.1 V. The standard device response, without

cells seeded on top of it and using complete DMEM as electrolyte is £1@.2) ms, obtained
averaging four different devices. Figure 4.10 reports a comparison between the drain current
modulation ¢ut and normalized) of vertical OECT with (Figure 4.10a) and without (Figure 4.10b)
Caco?2 cells for 4 days (96 h) of incubation. This Figure demonstrates that cells over OECT channel
slow down the OECT response while growing and proliferating on it, himgléon flux from the

medium to the PEDOT:PSS active layer and the other way around: as the cell layer forms on the
PEDOT:PSS channel, the effect on the ion is stronger and the transistor response is slower, having
the slowest response after 96 h, thuemthe layer reaches its confluence. On the other hand, the
device behaviour in the medium without any cell growing on it is stable even after 96 h. A final
consideration regards the dashed green line in Figure 4.10a, that represents the current modulation
after 20 minutes from the addition of TrypdtDTA to the cell culture. The curve almost perfectly
overlaps to the response after 24 h from seeding, when there was a limited number of cells on the
device, unable to form a layer, thus the device respoasalmost totally independent from the cell.

For this reason, it was hypothesized that detaching the cells from the substrate leads to the recovery
of the device starting time response before cell seeding, as will be proved later in this paragraph.
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