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Summary

In the latest thily years semiconducting polymers have been extensively investigated for their
optoelectronic properties, reaching in many cases the performance required for commercial
applications. Only more recently, they started to attract attention also for devicasngethe
exposure to an aqueous environment. Several application fields have been emerging, ranging from
photoelectrochemistry to bioelectronics, given the possibility to exploit their optoelectronic
properties in saline electrolytes, together withrthh@compatibility and their inherent softness and
conformability. In particular, systems based on regggular polyhexykthiophene (HP3HT), a
work-horse material for photovoltaics, have been profitably employed for (i) the fabrication of photo
electrachemical cells and for (ii) the modulation of the activity of living systems. In the first case, the
creation of free charges upon polymer semiconductor piatibation has been successfully
employed to sustain reduction/oxidation processes at the pdglewtrolyte interface. In fact, the
energy alignment at the polymer/electrolyte interface is favorable for both oxygen and proton
reduction reactions, thus allowing the application @?3HT in optically driven oxygen sensors and

in photocathodes for hydgen reduction and water splitting. In the second case, the use of conjugated
polymers as photoactive transducers at the interface with living systems is very promising, since it
bears the opportunity to trigger the biological component simply by ligtitput any need for viral
transfection. Polymemediated optical modulation guarantees high spatial and temporal resolution
and minimal mechanical stress on the cells, as compared to standard electrical stimulation methods.
rr-P3HT was demonstrated to eféntly modulate a number of biological modatsvitro, for
instance by inducing depolarization/hyperpolarization in secondary line cells, firing/silencing of
neurons in single cells, brain slices, explanted retinas, and activating tempseasiteye bannels

in human cells. The same material was also at the base of the realization of a fully organic, implantable
retinal prosthesis that led to the letegn recovery of light sensitivity and visual acuity in visually

impaired animal models.



In this sceario, the detailed characterization of hybrid interfaces between conjugated polymers,
saline electrolytes and living cells plays a crucial role, since a deep understanding of the processes
involved is the only key to further improve the performance ofmpelbased devices and to fully
uncover all their application potentiah particular this thesis works focused on the study of the
influence of thedevice structure engineeringth theinterfacial properties dbio-organic interfaces

established betven rrP3HT photoactive platforms and living cells.

The dissertatiostarts with a detailed investigation of the electrochemical phenomena occurring at
the planar #P3HT/electrolyte interface, in dark and upon light excitatidfe show that the
ITO/P3HT ckvice presessta photoinduced capacitive collection of positive chargegolymer
surface balanced by negative electrolyte ioms,the Helmholtz double layer formatiowe then
investigate the influence of théevice structure engineeringon the interfacial phenomendy
consideing two main strategies: (1) implementation ofP8HT-based planar devices with charge
selective materials; (2) engineering of theP3HT/electrolyte interfacemorphology, without

introducing additional materials

We demonstri@ that by following the first approach it is possible to control the sign of the charges
collected at the device surface after photoexcitation. We present the modification of the ITO/P3HT
configuration with an evaporated electron selective layer (ESPhehy}C61-butyric acid methyl
ester(PCBM) partially intercalated within the-BR3HT bulk, achieving p-t y ptey ptey men )( p
configuration. This device implementation leads to a collection of electrons instead of holes on top
of the device surfacerevealed by electrochemical measurements. We explore also different
configurations comprising both hole and electron selective layers (HSL and ESL respectively)
interfaced with the photoactive material, demonstrating that this has dramatic impactfooigmey

of charge transfer phenomena occurring at the device/electrolyte interface. In particular, we present
the development diighly efficienthybrid organic/inorganiphotocathodes for hydrogen evolution

constituted by AP3HT:PCBM active layer samdched between copper iodide (Cul) HSL and

2



titanium dioxide (TiQ) ESL and coupled with a Pt catalyst. We show that this device architecture
allows to achieve hydrogen evolution reaction (HEB3ociateghhotocurrents up to 7mA cmi? at

0 V vs. RHEand an onset potentialor HER equal to 0.702 Mwvith 100% faradaic efficiency.
Furthermore, we interface multilayered architectures with human embryonic kidney-g@98KElls.

The different fabricated configurations, comprising th€@3HT active layer aloner@oupled with

both Cul and TiQor with PCBM only, are tested as photoactive platforms for the optical excitation
of this cell line. By carrying out patch clamp recordings of HEX3 grown on top of the different
devices upon light stimulus, we show tliagre is a direct correspondence between the sign of the
device opticallyinduced surface charging and the cell membrane response, in terms of electrical

potential variation.

Regarding the second strategyorphology engineeringve develop a lightensiive mesoporous
rr-P3HT/electrolyte interface by taking advantage of ass@llition fabrication procedure and we
compare it with the correspondent planar topography. Interestingly, the mesoporous structure induces
two orders of magnitud@crease in theglymer/electrolyte interface surface area and this increment
strongly affects the interfead dynamicsat the polymer surface in contact with the electrolyie
particular the morphological change leads to an increased efficiency of theiqpdated Q
reduction, and an inhibition of the capacitive charging at tR8HT/electrolyte interface that instead
dominates in the case of the flat configuratibnaddition,we demonstrate that the mesoporous
photoactive platform ifully bio-compatible andhatHEK-293cell population cultured on top tie

polymer surfacefully preserves its biological functionalitydowever, based on the comparison
between the results obtained by patch clamp recordings with cells and surface potential measurements

without cells the electrical coupling between device and cells remains scarce.

Accrodingly, te dissertation continues withe description o strategy for the enhancement of the
electrical coupling between the photoactive platforms and living cells, based aghtieeitig of the

cellular adhesion by using-BR3HT microstructuresVe present the successful fabricatiorhafh

3



aspect ratior-P3HT micropillarsof conical shape, by coupling the ferstecond micromachine and
the pushkcoating techniqueWe show that pgimer pillars can be used as highly biocompatible
substrates for both primargortical neuronal celland HEK-293 cells. From scanning electron
microscopy (SEM) images we see tha¢ tadopted shape and density of polymer pillarssiéad
establish a closeoatact with both HEK293 and neuronal cell membrane, with a localized thinning
of the cell membrane, without however negatively affecting cells vialalitd also the neuronal
intrinsic electrophysiological properties and synapses expressiberestingly we observe a
remarkablechange in the morphology of HER93 cells, showing a pronounced tendency to develop
in the threedimensional spacehen interfaced tor-P3HT pillars However, by performing patch
clamp recordingsupon light excitation we do not observea clear benefit in terms of signal
transduction comingrom thetight cellular adhesioachieved. We attribute it to a reduced charge
dissociation efficiencyn proximity of the pillartop structuresdue to the polymer thickness, much

higher thann the case of polymer substrates.

Furthermore,in-view of invivo applications,we explore the use of micrcand nanepatterned
silk/P3HT substrates as antifouling surfaces, able to sizably hinder the bacteria adffesienelop
differentnane andmicro-structured silk substrates, presenting mieels or nanogrooves on their
surfaces, following a simple, inexpensive and high throughput, soft lithographic fabrication
procedure. Interestingly, we observe that @nsidered patterns, both-PB8HT-covered and
uncoveredgefficiently inhibit the adhesion of E.Coli bacteria with@itectingthe proliferation of

HEK-293 cells

Finally, we study,for the first time, the interaction of-R3HT with plant systems. In particular, we
interfacerr-P3HT thin films andnanoparticlegNPs) with plant cellsWe study theeffects induced
by the rrP3HT photeexcitation on the intracellular calcium ion dynamidsArabidopsis Thaliana
leaves guard cells. It is widely recognized thalkciumions flux plays acentral roleon cellular

signaling, acting both as a signal transducer and as a second mesaénfied a remarkable and
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reversible dowsregulation of the spontaneous guard cells cytosolic calcium oscillatioestly
related to the illumination ofhe photoactivgpolymer in form of nanoparticles. Given the strict
relation between the activity of this type of cells and the storhatefions, we investigate the effects

of rr-P3HT NPS photoexcitation on the stomatal aperture. Interestingly, we find a deterministic
relationship between polymer NPs light excitation and inhibition of the stomatal opening.
Furthermore, irview of applications at systemic plant level, we verify thé8HT NPs uptake by
ArabidopsisT halianaseedlings roots by performing confocal imagingeximents, finding that NPs

are efficiently internalized within the roots tissue.

In conclusion, in this thesis the characterization of the interfacial properties between different rr
P3HT-based systems, aqueous electrolytes and living cells is preserapér engineering of the
device structureeveals to b&ey for successfully targetg specific applications within biology and
energy fieldsSome examples are successfully demonstrated here, but many others remain to be

discovered and fully characteridzén view of practical applications.



1. Stimulation and recording of biological functions: the role of conjugated
polymers

1.1 Electrical methods for stimulation and recording

The possibility tocontrol or implement the biological functions of theman body with electricity

has attracted the mankind since thecient times, when people from Greece and Egypt exploited the
electricity produced by Catfishes and ewlspain therapy treatments arior improving blood
circulation [1]. Later, in the middle of 1600s Jan Swammerdam laid the basis of experimental
electrophysiologytriggering the contraction of frog legwuscles by inserting needles inside the
adherent nerve2]. However, he didhot explain the mechanism by which the nerves transduce the
external stimuli. At the end of thE”™" century,Luigi Galvani examined in depth the contraction of
frog musclespy improving the experimental set.uge discovered the electrical nature of the signal
propagation between nerves andsties, developinghe theoryfor the electrical stimulatiofi3].
Starting from the pioneering experimentada by Galvani, a huge number of studies and methods
for thecontrol of thebioelectricity rapidly came out, allowing the excitation and recording of living
tissues and singles cells activity battracellulaty and extracelluldy [4]. Theelectrical techniques
arewidely consolidated and thegreemployed for a large variety of applicationsvimo and invitro

[1], sincethey have the clear advantage of dealing with signals of the same tyipelobelectrical
ones.The first examples of electrodes fibre intracellularstimulation andrecordings were sharp
metal or glass electrodes with soficrometer sizéip, required forminimizing the mechanical stress

on the cellsand thecurrent leakage at penetration Ji&7]. Recentlymetal nanoelectrodes have
been proposedsensibly reducing the device invasiven¢g8s However, the small dimension
increass also the impedance of the contact, leading to @ M@y signal to noise rati(SNR) [1,8].

An important step forward was made by Neher and Sakietween the end of the 1970s and the
beginning of the 1980s, with the developmenthef patch clamp techniq(i@]. This methodapidly

became thelectrophysiologygold standardsince it allowgo study the activityof both single ion
6



channelsaandentire cel$, using a glass micropipette electrode with an aperture size in the range of 1
2 um, allowing to performmeasurements with a much lower backgronote as compared with
previously employed electrode$he pipette is placed in contact with the membrane of the cells
adhered to the samples surface, using a micromanipulator coupled with an optical mici®gcope.
applying a suctiosit is possibldo establish a close contactiveen a membrane patch and the pipette
tip (the secalled gigaseal) thusallowing the study of single ion channels. By applying an additional
depression to the pipett, it is possible to selectively remove the cellular membrane portion in
contact wih the tip making the pipette interior in direct contact with the cell cytopldanthis
configuration (Wholecell configuration)the micropipette electrode is filled with an electrolytic
solution that resembles the cell cytoplasm iargdpossibleo sudy the average response of émire

cell. Both in the intracellular and extracellular casks,cellsactivity can be recorded in potentiostatic
(voltage clamp) or galvanostatic (current clamp) configuratimessuring respectively the potential
difference and the current flowing across the membrane with respect to a reference electrode placed
inside the extracellular batAdditionally, electrical stimulation can be perforngdhultaneouslyy
injecting intracellular currentsmaking this method highlversatile[10]. Patch clamp however,
presents alséour main drawbacks (1) this technique is very powerfiibr the studystimulation of
single cellsbut not forthe studystimulationof multiple celk, since itis possible taaddressone or

few cells at a timg(2) The viability of thepatchedcellsis limited to less than one hqyB) the use

of micrometersize electrode is associated withpedanceelatedreduced SNS(4) the flow of the

electrodeanner solution inside the cell interior induces the dilution of the cytop|8siti,12]

These limitations can be overcome by employing devices for the extracekgarding and
stimulation. In generalextracellular techniques are less invasive, affgihe possibility tastudy
cells and tissuesfor a longer time, up to several montfie2]. The traditional extracellular
bioelectronic devices are basedmatals and inorganic semiconductors. One of the first architecture

employed are thdlulti electrode arrays (MEAgllow to come over the first twaforementioned



patchclamp limitations. These deviceme composed by a large number of planar electrodes
distributed in defined highly ordered geometries givé the possibility t@ddress large number of
cellsat the same tim@hese devicewere firstly employed for interfacg cellsby Gross et.al in 1977
[13,14], and were used extensively fdwmalstimulation and recordingpothin-vivo and invitro [15].

At the moment, MEAs with more 10000 electrodes are employed-uitro studies[16i 18].
Regardingin-vivo studies, it isworth to mention Neuropixels probes, employed for thevino
recording of the brain activif}19]. The striking characteristic of these devices is represented by large
number recordingites(960) comprised in a single shank that canske&ectively addressed by 384
recording channelsThe porous TiN single electrodes, chaesized by low impedance and high
stability in aqueous environment, allowed the lbeign investigation of large populations of neurons

from different brain segments of freely moving rats.

Field effect transistor@~ET) have also been employéat the exracellular recording of the cellular
activity [20]. in this configurationthe currentflowing from source to drain is modulated by the
extracellular potential of the cells that act as the gate signal of théstomn3he key advantage
related to the use of these devices is the possibility to completely overcome the impetidade
problens, since theignal transduction mechanism involved in the recording process using FETs does

not rely on charge transfgrl].

1.2 Conjugated polymersbased electrical methods

The use of inorganic materialsr the fabrication of devices for bioelectronics presents different
advantages that rely on their excellent &leal properties and to the possibility to exploit the
standardithographic techniquefor their fabrication leading to darge variety of sigs and shapes,
allowing for many possibilities in terms @écording and excitain [12]. However,the mechanical
and the chemical ®mmatch between thesegid abiotic components and thgoft biological

counterparts represerd limit for in-vivo applications, since it can lead to increased inflammatory



response$rom the tissuesFor this reasanorganic materials have attracted adbtnterest in the
bioelectronics field, since they are generally softer and present a better biocompatibility as compared
to metals and inorganic materialsloreover, theycan be easily chemically functionalized for
achievingadditional functional propeties [21,22] In particular, conjugated polyme(€Ps)have

been extensively employed for bioelectronic applications, maifdy lowering the electrodes
impedancendin devices thagxploittheir dual electroniand ionicconductivity [23]. Regarding the
former application polypyrrole (PPy) and poly(3;dthylenedioxythiophene) (PEDOTave been

used in the vast majority of repof#i 29]. PEDOTwasgenerally preferred fats higher stability

[30], thusbecoming the workhorse material in bioelectronics applicatiomsganic MEAs covered

by electropolymerized PEDCallowed to achieve highehage injection limit and SNR duringng-

term invivo stimulationand recording, as compared to the uncovered electfadi@%,31] The ease

of processability oPEDOT was exploited for locally restoring the charge transport properties of
brain tissuesfter the formation of glial scars due to metal implaMartin et. al. demonstrated that
PEDOT can be electrodeposited directly around metal electrodes implanted inside neural tissues of
animal models, lowering the system impedawd&out impairing the kain functiong32,33] The

other fundamental property of CPs, that hamfucialimpact in biological applications, is the ionic
conductivity[21]. The latter depends mainly on thmrphology and on the type of the counter ion
employed for counterbalancing the charge during polymeriz§8iéh In the case of PEDOT, the
most employed counterion is poly(styrene sulfonate) (PSS) that confers fondahenaterial,
PEDOT:PSSan enhanced level of swellinghisincreases thenic penetratiorand mobilitywithin

the material bulkThis characteristizvas exploitedn organiceledrochemicétransistors (OECTS)
[21,23] The peculiarity of this class of transistors is that the electroly$@gacjate electrode and the
conductivity of the organic semiconductor is modulated by the percolation of the electrolyte ions
inside the material. This leads to a 3D modulation efabtive material conductivity, conferring to
OECTs a better sensitivity as compared to FEBasides many excellent reports iofvitro

applicationshe Malliara® groupwas the first to translate this technolagyvivo, employingultra-
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flexible OECTs fa recording lowamplitude brain activities in animal models for epile@f&yperior

signatto-noise ratio in comparison with standard surfeetrodesvas demonstratd@5].

1.3 Optical stimulation and recarding

The possibility to modulate and record the biological functions with light is attracting a lot of interest
since it allows to overcome several drawbacks related to the use of standard electrical techniques.
First of all, the use of optical methods expected to bdess invasive, since light, at specific
wavelength and intensities, cha delivered througliving tissueswithout requiring physical contact

or wiring [36,37]. Furthermore, the use of light allowsaddress specific subcellular compartments
with higher spatial and temporal resolution as compared to elettatadiques, and it confers more
flexibility in terms of stimulation and recording, since its shape can be varied in real time for obtaining
different excitation and recording geometridswever the use of optical tools is complicatedthg

light insendiivity displayed by the vast majorityf living cells. Different types of transducers have
been developed, both for monitoring and exciting the bioelectrical act8it$8] Regading the
recording technigues, the use of fluorescent indicason®w largely accepted and employddhe
transmembrane potentials variations can be investigated by employing fluorescentlesalleat
present a strong dependerafethe light emissionfrom the presence of an externalectric field
[39,40]. By monitoring their emission is then possible to quantify the membrane potential oscillations.
The early examples of this kind of systems waoftage sensitive dyes (VSD$40], generally
characterized by a low sensibility, due to an aspecific staining of the cells compartverds.
recently genetically encoded voltage indioed (GEVIs) allowing the precise targeting of the
sulxellular compnents have been proposédl]. Theliving cells activity can be optically assessed

by monitorirg the concentration of molecules directly involved in cellular proceSbescalcium ion

is the most significant example, given d@sntral role on cellular signaling, acting both as a signal
transducer and as a second messeQggciumsensitive dyedisplayed digh sensitivity, sufficient

for recording the variations due to the opening of a synaptic spine single calcium ¢A248il
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The optical stimlation of living cells can be performéy taking advantage dbur mainstrategies

(1) introduction ofgenetically expressed light sensitive actuaborthe cell structurgfigure 1.1 a)

(2) thermal stmulation induced by infrared radiation (IRgure 1.1 b) (3) optical bio-modulation
mediated byhotoactive moleculg$igure 1.1 ¢; (4) light sensitivesolid-state devicefigure 1.1 d.
Regarding the first category, the possibility to transfeds aeith light sensitive ion channels was
firstly proposedby Boyden et. al[44] in 2005,laying the basis of optogenetiffigure 1.1 a) By

using this technique both neural activation and inhibition was obtained, together with receptor
initiated biochemical signalling pathwalyb]. The great advantage of optogenetics corresponds with
the high transfection selectivity, allowinigetstudyof theactivity of small population of cells inside
complex biological tissue3he main drawbacks are related to the safety risks associatedesih

for viral transfection and to the immune response of the host system due to the expression of
hetrologous proteingt6].

The stimulation of cells usindR is based on the change of the bioelectrical parameters induced by
the local temperature increase due to the water IR absoffiare 1.1 b) It was firstly employed

by Wells et. al[47] for the invivo excitation of the nerves and muscles of frogs and rats. Later, the
same technique wasmployed for the deparization of HEK cells and Oocytepl8] and
photoactivation of neurorfg9,50] Thisapproachis verysimple,sinceno biochemicalklteration of

cells is neededand may have importaapplications, for instance in the thermal treatment chronic
pain.However, ther@are some issues that limit its application in medidin@articularcells may be
damaged by the high radiation intensities required and it is not possible to have ahagtirohon

the excitation volumg37,51].

Another method for the optical excitation of cells activity exploits the propertynofecular
photoswitchesor photo cleavable compoundsnolecules thia presenta variation in their
structurefunctionality upon light exposurfigure 1.1 c)52]. Systemdn the former categorysually
comprise an azobenzene unit and show reversiblearis isomerization. By using thesempounds

it is possible tatarget specific cellular components like ion channels, transporters and pumps, G
11



proteincoupled receptor (GPCRs), enzymes and elements of the cytoskBltdn the case of ion
channels, aontrol of the cells membrane potentigdn be achievedihe acrylamideazobenzene
guaternary ammonium (AAQ$ an example of this class of molecules that have been emplayed fo
the recovery of light sensitivity of blind rat retifa3]. Photo cleavablenolealles are composed by

a functional molecule, like a neurotransmitter or enzyme, pmutated inside a photolabile cage
compound. The exposure to a certain wavelength allbes/selective release of the inner molecule
[541 56]. The application of both these classésompounds is limited by the fact that the most part
of them requirs UV irradiation that can damaglee biological matteafter prolonged exposure and

it is characterized by limited penetration trough liviigsues. For this reason current efforts are

focused on the development of a second generation of moleculesavsthiftedabsorptior{52,57].

Thelasttype of transducetare solid state devices for the extracellular optieadgdiated stimulation
of living cells and tissueffigure 1.1 d) This category includedifferent kinds of devices based on
bothinorganic and organic semiconductofée state of the arnh this field ispresented in detail in

the next paragraphs.
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Figure 1.1. Schematic representation of the optical stimulation of living cells performed by genetically
expresig light sensitive iorchannels in the cell structure (opergtics) (a)by inducing a local temperature
increase with IR light excitation (b) and by interfacing cells vgtiotoactive molecule) or solidstate
devices ¢).

1.4 . Optical stimulation mediated byflat silicon-based devices

The first examples gbhotovoltaicdevices for theptical modulation of the biological activityere
based on oxidized silicon. The bioelectrical properties of primarye cellson top of this material
were firstly irvestigated by Fromherz et. §b8i 61], who proposed an electrical model for the

device/cell interface and demonstrated that by using a passivated layecaf giiis possible to
13



perform an electricatapacitive stimulation, excluding the contribution of faradaic phenomena and
electroporation of the cellular membrane. Later, Colicos ef62].proposed for té first time the
possibility to exploit theoptically induced change in conductivib§ silicon for the excitation of
primary hippocampal neuronkn this configuration a fype siliconwafer, covered byhin (2 nm)

SiO; layer, was maintained at a constdmaswith respect to a reference electrode in the bHtle.
illumination promotesthe electron migration at the cell/device interfaared he bioelectrical activity

of the neurons grown on top is then elicit@pacitivelyby the established voltage grewt in the
electrolyte solutiorfi62]. More recently, the same technique was employed by the same group for the
study of the correlation between the neuronal and astrocyte activity and the microgliéofof&sit
Regarding iavivo applicationsPalanker et d64] developed a retinal prosthesis based on silicon
photodiodes. The system is compodada video camera that acquréhe images from the
environment, a smallize computer that processes the imaged aphotodiode arrayimplanted in
subretinal positionThe photocurrent elicited in the silicon pixels is then transferred to iridium oxide
electrodes that transfer the excitation to the retina. Since the size of the pixeld syfoesign, this
devicedoesnot benefit of the increased spatiotemporal resolution associated to optical methods, but

only avoids the use ofhewires necessary farerformingthe electrical stimulation.

All the approaches presented in the current paragraph suffer from the lack of biocompatibility
provoked by material stiffness, already discussed in sectiotnlo?der to overcome this problem,

solid state devicdsased on organic semiconductors have been developed.
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1.5 . Planar solid state rr -P3HT-baseddevices for the optical stimulationof living cells

Conjugated polymersas previously discussealjow to achieveseveral advalages as compared to
the inoganic onesin terms of biocompatibility and mechanical properties. Despite the fact that this
class of materials can reaahower charge concentratidhan that of silicon, their morphological
structure leads to unique device/cell interactions, due @ofdimation ofa diffused intermixed
interfacialregion where the electrolyte species, like molecules and danspenetrate and interact
[21]. Different semiconducting polymertave beenstudied as solid state transducers for the
extracellulamoptical stimulatior{65]. Polythiophene derivatives have proverpb&the best choice, in
terms of biocompatibility and electrochemical stability. In particular, Vaquero [&6aested two
thiophene based polymersith different absorption properties, poly[2,4h8nzothiadiazolet,7-
diyl[4,4-bis(2ethylhexyl}4H-cyclopenta[2,1b:3,4-b Jdithiophene2,6-diyl]] (PCPDTBT) and
regio-regular poly(3hexylthiophene]rr-P3HT) and compared them withpolyphenylene vinylene
based polymer, polg2tmethoxy5-(2-ethylhexyloxy}1,4-phenylenevinylene) MEH-PPV) and a
polyfluorene derivativepoly(9,9-dioctylfluorenyt2,7-diyl) (PFO). reP3HT, PCPDTBT and MEH
PPVall showed good biocompatibility, but only the first two presented also good stability in aqueous
environment, makinghem suitable for longerm invivo studies. PFQinstead, waseportedto be

phototoxic and not electrochemically stable.

Thin films of thiophenebased polymers, in particularP3HT, were extensively studiedor light
induced stimulation purposeby interfacing themin-vitro with different cellular modelsand
explanted tissuesncluding primary neuronalcells [671 69], explanted retinaf8,69], brain slices
[69], astralial cells [70] and nonexcitable line cells[69,71]. The rrP3HT-mediatel optical
excitationof isolated neurons was firstly assessed by Ghezzi, Antognazzgd@f] al.2011. The w
P3HT-basedleviceconsisté in a planar indium tin oxide (ITQgllectrode covered by a thin layer (~

150 nm) of rrP3HT blended with an electmaacceptor molecule, [6,8fhenyl C61 butyric acid
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methyl ester (PCBM), forming a bulk heterojunction (BHJ) structarienary hippocampaleurons

cultures were successfully prepamttop ofthe polymerbased deviceand the effect of the active
material photeexcitation on the neurons bioelectrical activity was monitored by performing patch
clamp recordinggfigure 1.2 a) The resultseveded that20 to 50 ms light pulsesa = 56 0 n m,
mW/mm?) trigger neuronal action potentialéth a success rate higher than 8%figure 1.2 a)67].

More recently the same authors demonstratetdthiealight excitation of bare4#®P3HT films on ITO
electrodes, without PCBM, can elicit neuronal firing in an equivalent manner as thbaBetd
devices[68]. Moreover, in the same report they successfultgrfaced a blind retina with a
ITO/P3HT device,by placingthe photoreceptoedegenerated rat retindmth on the photoactive

devices andon control ITO substrates subretinal configuration. Then, tkgstem was illuminated

with short light pulses (1Ms, 10 nW/mrito4 mW/mnt,& = 532 nm) and the ou
to light was monitored through an extracellular electrode placed in the retinal ganglion cellliayer.
retinas interfaced to ITO/P3HT samples presented a significantly higher response to light stimulus
and lover activation threshold than the one placed on ITO, demonstrating 4A38Hfr can be

exploited as an artificial photoreceptor layer.

Regarding the mechanism that mediates the optical stimulation, in these first reports a capacitive
coupling between thegtymerbased devices and the cells was prop@&68] Thishypothesis was
supported by other works [72,73], in which the electrochemical characterization of
polythiophenes/electrolyte interfacesvealed that, upon light excitation and in presenceurof
underneattelectrode, a surface charge displacemakes placeThis leads to amccumulation of
charges at the polymer/electrolyte interfacepotentially  exploitable for the
depolarization/hyperpolarization of living celldowever,despite the fact that the study of neurons
in-vitro represerd an essential step famportant applications in neuroscienti@s class otellsis

not a good model for understang the mechanism behind the cell/device interaction, Sinise

characterized by a codifie@sponse, the action potentiaiich isindependent from the nature of
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the stimulus. For investigating the phdtansduction mechanism, it is better to studg-ercitable
biological models that do not show an intrinsic electrical activity, allowing a direct correlation
between the origin of the stimulus and the specific variation of the cell membrane electrical properties
[71]. In particular, Human Embryonikidney 293 (HEK293) cells, a no®xcitable genetically
immortalized cellular linewas selectefi71]. This cellular model was isolated from the kidney of a
human embryo in the laboratories of prof. Alex van der Eb in [B#3This cell line offers easiness

in handing, together with a compact shape that allow to reduce space clamp artifacts during
electrophysiologicaimeasurement§75]. Martino et al.[71] demonstrated that the local rise in
temperature duetthe rrP3HT or r-P3HT:PCBMphotoexcitation is able tmodulate theHEK-293

cells membrane potentialwo different cell bioelectrical behavior wedetected, corresponding to

cell membranalepolarization and hyperpolarization, achieved by illuminatireggystem with 20
and200m$ i ght pul ses (o = 475 nm, |79 gdpdctiveliguen s i t \
1.2 b,c) The device thermal response in the employed illumination conditions was characterized,
finding a local temperature increase apt°Cusing 200 ms light pulsewith a buildup time constant

of about ® ms. These cellular responses weaatributed tothermallyinduced changes in cell
membrane capacitance, according to the GoldhhasgkinKatz (GHK) equation. The most
probable physial explanation othis phenomenon lies in a thinning of the cellular membrane as a
consequence of a spatial reordering of the ligidyer indwced by the temperature gradient, as
supported by a recent wofi6]. The author reported also the presenfean additional signal
componentduring HEK-293 patch clamp recordings, measurable only when the active material is
deposited on top of an ITO electrofegure 1.2 d) This effect was attributed tan electrical
phototransductiorprocessdue to the optically inducethpacitivecharging of the polymer surface.
However,the authors did not provide a detailed description of the effects of the-qdqmdoitive
response otheHEK-293 hoelectrical activity{71]. The photothermamodulationof HEK-293cells
membrane potentiavas later demonstratealso using other conjugated polymers, in particular

PCPDTBT, characterized by a lightsaioption peak in the NIR regiomgry promising for iavivo
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applications, given thkigher transparency displayed by living tissues in this range of wavelengths

[66].

More recently, the thermal effect induced by the polymer photoexcitation was expiloite
distinct, possible apations: (i) theinhibition of neuronal firing andii) the modulation of
temperatureactivated transient receptor potential cation channigl particular theVanilloid
Receptor 1 (TRPV1) channelRegarding(i), Feyen et al[69] demonstrated that the prolonged
illumination of rr-P3HT and PCPDTBT thinfiimé6 550 ms , > = 53?@nd178 to
nm, 24 mW mni? for the reP3HT and PCPDTBT cases respectivaiignces both spontaneous and
elicitedaction potentials in hippocampal primary neur@figure 1.2 e)reduceshe firingdynamics

of mousebrain slicesunder induced epileptic activitgnd inhibits the spikingpatternsof blind
explanted retinasThese results demonstrate the potential usthede photoactive systems for
antiepileptic therapynd for the realization of artificial retina implanRegarding (ii),we recently
employed thin layersf rr-P3HT for the opticatriggeringof TRPV1 channels, with an increased
temporal and spatial relsition as compared to standard activation protojgdlg This class of ion
channels can be activated by several chemical and physical stimuli, inchedihgnolecules like
capsaicin, voltage, spider toxins, acicpH, several fatty acids such as the endocannabinoid
anandamideRegarding the thermal activation, TRPV1 can be opened at a temperature higher than
43°C, but the combination with other type ¢imali may reduce the threshold temperatunée
showed the TRPV1 activation HEK-293T cellsadhered on top of illuminated glass/P3HT devices
(figure 1.2 f) with a photoexcitation densityorresponding to a local heating of the bath up to an
absolute temperature of30°C, suggesting the presence of a concomitant stimulation effect.
proposed that the observed decrease in activation thresholtbedue to a local photmnduced
acidification of the medium, since by increasing the medium buffering cagahilreduction in

TRPV1 activation isnoticed. This view is also supported by other reports, in which the electron
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accumulation on the photoexcitedRBHT surface and the subsequent formation of a charge

balancing layer of acidic polarized water molesukdemonstrateld@8,79]
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Figure 1.2. (a) Schematic representation of the set up used far4A8HT-mediated optical excitation

of isolatedhippocampaheurongupper panel) and representative patch clamp recording showing the
neuronal action potential firing induced by 50 ms lightpulses& 5 6 0 n m? lowkrangitW/ mm
Reproduced from refl67]. Me mbr ane pwW thanges ireaorded (iIREK-293 grown on
glas$P3HT upon excitation with 20 ms (b) and 200 ms (c) lightses & = 4)7atGncreasing

light intensities (7.7 mW/m#f 15 mW/mn3, 35 mW/mmi, 47 mW/mn?). (d) Membrane potential

( 9 varigion acquired in HEK293 cells grown on top of ITO/P3HT devices under the same light
excitation conditions of panels c andRli nk b o x es ¥ ccogpohentgtiributed tb the &
capacitive chargingccurring at the polymer surfade@anels b,c and d areproduced from ref71].

(e) Silencing of the firing activity of hippocampal neursegdedn r-P3HT thin films induced by

light excitation(green bars550ms > = 530, 3 Reptoducedffom refso]. fim
Membrane potentiathangerecordedn HEK-293 cellsstably expressing human TRPgflown on

top of rrP3HT upon photostimulatiowith 100 ms visible light pulses, at increaspigptoexcitation

densities (from 26 to 343 mW mfh Light stimulus isrepresented by green shaded areas
Reproduced from ref77].

The invitro studies on the cells optical stimulation mediated #33iHT-devicesleadtheBe n f e nat i ¢
andL a n z a ni Ogoupste testthesesygstems as retinal prosthesisvitro [80]. They fabricated
a fully organic device that comprises a conformable silk substrateecbisy PEDOT:PSS and-rr

P3HT layers, acting respectively as the electrode and the photoactive conjfbhérte prosthesis
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was implanted in the buetinal region of aat model for retinitis pigmentosandElectrophysiological

and behavioral experiments were carried Betovery of both light sensitivity and visuatuity up

to 610 months after surgery, directly associated to the presence oimglant [80], was
demonstratedTheseexperiments open the way to the development of a new approach for the
treatment of degenena¢ blindness, based on the use of organic functionally autonomousniisipl
overcoming the lovbiocompatibility, the need of power supplies and external cameras assdoiated

the use of silicon and metbhsed prosthesis.

1.6 Enhanced living cells stimulation and monitoring by @gineered device morphologies

In recent yearsmaterials scientists, biotechnologists and neuroscientists invested joint, extensive
efforts towards the realization of thrdemensional structures suitable for interfacing with living cells
cultures and tissued8,11,12] Different geometries (nanowires, nantps, mushrooms,
nangarticley, structures densities, materials and fabrication technologies, as well as diverse cellular
models, have been investigated. Tihglementation of the planar technologies discussed in the
previous paragraphs, withane and mico-structurescan lead to enhanced device capabilities in
terms of stimulation and recording, opening the wayaroincreaseciumber of applications in
biotechnology, spanning from regenerative medicine to neuroscience, from pharmacology and
physiology toneural computing and tissue engineelfi@d1]. Regardingthe study and modulation

of the bioelectrical activitya large part of the implementati strategies was aimed to the
enhancement of the extracellular electrical stimulation efficacyo&ide SNR duringrecordings

[8,12]. Although extracellular electrical methodistroduce some striking advantages respect to the
patch clamp technique and standard intracellular electr(sies sectioril.1), they suffer from
intrinsic limitatons related to the presence of a cell/device interface. Concerning the recording

process, by using external electrodes/FETs it is not possilleasure the actual balectrical signal
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butthesecal | ed dAl ocal fi el d p o tupanimposiibnoof thetelecrical i s
signals related to the different cellular activities, such as action potentials, synaptic currents and
calcium waves. The signal deconvolution is usually complicated and requires specific software and
great computational peer. In addition, the reduced cell/device coupling that is possible to achieve
using standard planar morphologidswersthe SNR, leading toa poor recording quality82].
Furthermore, the low cellular adhesion may lead to a temudén the extracellularstimulation
effectivenesg[12]. Both recording and stimulation are based on the need for efficient signal
transductiorbetween the electronic device signals #mlionic response of the biological systems

For this reason, both processes would benefit of a device implemenglimto promotethe
cell/devicecoupling[8,12]. Considerable effort was undertaken in the engineering of specific device
morphologies for enhancing the cellular coupling. In particulag main strategies have been
followed: (1) direct intracellular accedsy the electrodes(2) electrodeengulfmentby the cell
membraneRegarding the former approach, as already discussed in section 1.1, the introduction of
metal electrodes inside the cells body lead®w SNR, as a comsjuence of the small dimensions
needed for reducing thevasivenessA way forovercoming this problemonsissin the employment

of nano FETs devices, sintleis class of devices @&ssociated to a negligible input impedarae
presented in section 1.Tian et al[11,83]fabricatednano FETs on top of kinked silicon nanowires

and intefaced them with cardiomyocytes. After the devices internalization inside the cells, the
authors were able to carry out action potential recordowaparable tgimultaneous patch clamp
control measurements. In this manner tlieynonstradd the ability of these devices to perform
reliable, high SNRntracellular recordingsMore recently, this work was extended by developing
new platforms in whichhe source and drain electrodes are depositelpdanar substrate and the

cell cytosol is put directly in gdact with the Si nanowires through Sianotubes grown onto the
nanowires[84]. This approach is particularly interesting because it can lealdettabrication of

arrayed nanoFETELL].
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The secondstrategy relies on these of pillar-like microstructuresengulfed inside the cellular
membrane for achieving high electrode/cell coupling. In this configuration the cellular membrane is
not perforated, ensuring the abseatdetrimental effects on the cells physical properties. However,
the stimulation and recording performance depends dramatically by the ratio between the
transmembrane conductance and seal conduct®/a&:85] In particular, for obtaining a high signal
transduction efficiencyhe conductance associdt® the cellular membrane should be maximized
and the one associated to the seal minimiZée. seal conductance can be minimizeddducing

the thickness of theleft region, increasing in this way the resistance associated to this portion of the
electolyte. For this purposespira etet. al.[16,82] havedeveloped gold pillars microstructures with

a mushroom like structure, characterized by a tight cellular adhe§hoa. micropillarbased
platforms have been employed for trexording of the membrane dynamics of severalulzall
modés, including cardiomyocytd86] and hippocampal neurof&7], with an enhance8NRduring

signal acquisition, enabling the measurement of subthreshold events with minimal f[ti&firg

way for further increasing the recording performance caisisbombhning the benefitgeneratedby

the pillar-inducedtight-sealwith an increased cell membrane conductance obtdipeaaking tiny

pores (1620 nm) in the lipidic membran@&8]. A notable example is the electroporation apprpach

recently employed with high aspect ratio conical nanopi[&8%

The design of implemented cell/device interfacial morphologies was explosed fat the
development obiocompatible scaffolds for 3D cell culturéhe need for irvitro cultures in three
dimensions comes from the fact that the growtlewaryotic cel in conventional 2D substrates
leads to a cell monolayer that cannot give @ueate representation of the extracellular matrix found
in living tissueq90]. The most part of the complex biological resporfsesd in organ or tissues,
like cellular proliferation and migration, apoptaosieceptor expression, transcriptional expression,
differs dramatically fronthat ofthe conventional 2D culturg90,91]. A large variety of synthetic

and biederived polymers have been investigated, including m@lymer substrates (among many
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others, PDMS, Sk8, polycarbonate, PLAP2i 94] andCPs[91,95,96] mainly for tissue engineering
and regenerative medicine applicatiofrs.particular, the use of CPs for this purpose allows to
combine the advantage of growing the cells in three dimesswith the possibility to electrically
modulate and monitor the biological functioAsiotable example is representedRBDOT:PSS that
hasbeen proposed for the realization of 3D bioscaff¢@fs97], able to electrically modulate the
activity of excitable cell$98] and to use electrical stimuli to guide cell proliferation and stem cells
differentiation[96,99] In many cases, devices transpareamoyains an issue, thus hampering the use
of bioimaging analysis techniques. Very recently, an interesting work by Sndalolleaguef91]
reported on the fabrication of a PEDOT:P&&ed macroporous device, integrating electrochemical
sensing capabilities fan situ live cells monitoringThey demonstrated that the proliferation of
epithelial cells on the ewluctive hydrogelike scaffold can be quantified by measuring the changes
in the PEDOT:PSS impedance before and after cells seeding, similarly to what already performed

using planar electrod¢$00,101]

Nanostructured material morphologies have also been investigated for the engineering of wireless
platforms for the optical stimulation of living cellSoncerning theolid-statesilicon based devices,

th e T reseanch group rerecently developed amorphous Si mesostructures showing ebiiseld
structure that resembles the natural biomatefd&& 104]. This material architecturdisplays very
interesting mechanical properties, cltatae r i zed by avalYedawo ordeds of magoididel u s
lower than the one of crystalline silicon. The material stiffness is further lowered after the immersion
inwateré ectrol yte, di spl ayiclosgrtoaollagelosnl§sh Ehis new dasd u s
of silicon-based devicekas proven to besuitable for the optically mediated thermal stimulation of
living cells, given the reduced thermal conductiatyd capacity induced by the porous architecture
[11]. They were employed for ththermal activatiorof dorsal root ganglia (DRG) neuroastion
potentias with a lower illumination intensity timathe one commonly required for the photothermal

stimulation mediated by inorganic materifll®4,106]
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An alternative approach conssh the use of nanoparticles (NP$oth of inorganic and organic
nature,as highly specific lightictivated actuators for the localized, rioaasivemodulationof the
biological activity[22,107 109]. The striking advantage of NPs associated to the possibility to
deliver them to the cells and tissuesugh injectiondike drugs, reducing the invasiveness duiimg

vivo medical treatmentgL09]. The most employed inorganic NRs cellular stimulation aregold

Nps very interestingfor their ease of functionalization and optical properti@sability. By
modifying the particles morphology and consequently altering the gold surface plasmon resonance it
is possible to obtaigold NPs with optical absorption marums spanning from the visible range

the NIR[110,111] These systems have beemployed for the pitothermal modulation ofhe
activity of severatellstypologies in particular neuron§l06,109,112,113]Benzanilla et al[106]
haverecentlydevelopedjold Nps functionalized witligands for the targeting of specific neuronal
membrane proteins, showing the thermal stimulation of DRG neurons with a minimum amount of

NPs, given the superioesistance to washout displayed by the ligaodjugated gold NPs.

However, the employment of gold NPsimvivo applications is limited by the increased toxicity
presented by the gold metal passing from the inert bulk form to[NPs115] Au NPs toxicity
mostlydepend®nthe particleshape, size and surface charge, and it is associated to increased levels
of cellular oxidative stress and apoptosis, as observed on retinal nefrbfls Organic
semiconductor NPs are very interesting in view of the development of highly biocompatible artificial
nanostructured ligh&ictuators. They are easier to sysihe and functionalizeas compared to
inorganic NPsand they show goodnvironmental stability, high brightness alatige absorption
cross sectiofil09,116] This class of NPs can be prepabgddrect monomers polymerization in a
heterophasic systerfil17i 120] or by nancprecipitation or mirdemulsification of preformed
oligomers or polymerfd21,122] These sygms have been recently employedtfeoptically driven
modulation of biologicaprocessefl23,124]and as intracellular temperature sen$d?%]. Starting

from the results obtained using-P3HT-basedphotoactive platformsliscussed in section 1.5
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Lanzani, Antognazzaet al. have deveped sterile HP3HT NPs by taking advantage of the
nanoprecipitation metho@hese polythiofendased NPs were tested in two different configurations:
bare and Mydroxysuccinimidyl ester groups (NH®)nctionalized nP3HT NPs. The
biocompatibility of loth NPs types wasgsted by performing viability assays and electrophysiological
experiments with HEK293 cells lines irvitro, finding that the cells physiological functions are not
alteredby the presence of the NF426,127] Laser scanning confocal microscopy experiments
revealed that the bare-PBHT NPS are rapidly internalized by the cellspbably through
micropinocytosis oprotein corona formatin [128]. Instead, the presence of the NHS group leads to
the NPs attachment to the cellular membrane, presumably as a consequence of the interaction betweer
the NHS functional groups and the primary amines of the cells membrane p{a@3sThe
different NPs/cell interaction leads thssimilar cellular photoinduced responses. HI3 cells
treated with bare +P3HT NPs in fact, do not show any response during patch clamp recordings upon
light excitations[126]. The same experiments performed on cells treated wRIBHT-NHS NPs
showed instead a photoactivated res@osimilar to thehermally activateebne obtained using #r

P3HT thin films [66,71] Recentlywe reportedthat the unfundbnalized rfP3HT NPs, upon
photoexcitation, increase the iatellular Ca'concentration of HEK293 cells,through a reactive
oxygen species (RO$)ediated mechanisfil30]. This picture is supported by performing calcium
imaging experiments and measurements with fluorescent indicators and pharmacological agents for
the ROS detection/suppression respectively in presence of the light stimulus. The photo
electrachemical characterization further consolidatiee thesis, suggestirthe a ROS production
pathway similato the oneobserved in HP3HT thin films[78,131,132] involving the initial phote
activated oxygen reduction at polymer/electrolyte interface, forming the superoxide ion that further

evolves leading to the generation of different RO].

Furthermore,it was demonstrated that-lR3HT NPsdirectly affect thelight sensitivity and the

behaviorof Hydra vulgarisgyelesspolyps[133]. The results obtained reveal that éxgosure of i
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P3HT treatd hydras increases their tendency to be more contracted, differently from to the untreated
ones that tend to be more elongated. When the light stimulus is interruptBii’gtreated animals
maintain the enhanced contraction state, whileitieeatednesrecover theicontraction/elongation
behavior Moreover, it was found the polyps treated both with light asRRBHHT Npsdisplay ahigher
expression of an opsiike gene, directly involved in the light transduction mechanism of the animals.
These resultput a step forward in the employment oP3HT based phottransducers for the 4in

vivo restoration of the light sensitivity, opening the way to a new medical approach baed on
direct injection of thenanostructureghotoactive material in the bodeducingthe invasiveness of

the associated surgical procedure.

In the next chapters we present different strategies to engineer hybrid interfaces established between
rr-P3HT-based photoactive platforms and aqueous electrolytes, focusing in the chzatoteof

the biological effect on living cells activity and functionality.
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2. Planar rr -P3HT-based devices interfaced with aqueous electrolytes and living

cells
2.1 Introduction

In the previous chapter (in particular in section 1.5 and 1.6) we peesdifferent applications in

which r-P3HT was exploited for the polymaearediated optical modulation of the activity of a number

of biological modelsn-vitro and for the recovery of light sensitivity and visual acuity in visdally
impaired animal models-vivo. In this scenario, the detailed characterization of hybrid interfaces
between conjugated polymers, saline electrolytes and living cells plays a crucial role for the
understanding of the processes involved and for developing strategies for theeimgmbwof device
performance. In this chapter we focus on the investigation of the electrochemical phenomena
occurring at the planar-P3HT/aqueous electrolyte interface in dark and upon light excitation. We
propose an approach for controlling the intedhcelectrochemical properties based on the
implementation of HP3HT-based planar devices with charge selective materials. We start by
showing the photocurrent and photovoltage trends of the simplest configuration employed, that
comprises a thin +P3HT flm deposited on a standard ITO electrode (figure 2.1 a). We then present
different device implementation strategies based on the coupling of the active semiconducting layer
with different hole and electreselective layers (HSL and ESL respectively). Womsider two
implemented device architectures: él)-tpy ptey ptey mé-n ) ps t,ohtainédby aupling
rr-P3HT with an ESL (figure 2.1 b); (2) a multilayered configuration constituted by an active layer
of r-P3HT, blended with an ESL materialdasandwiched between a HSL and an ESL (figure 2.1

C).
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Figure 2.1.Schematic drawing depicting the standard ITO/P3HT (a) and the implemented photoactive device
architectures composed byRBHT coupled with ESL in a-pn configuration (b) and +##3HT sandwiched
between HSL and ESL (c).

We discuss the changes induced by charge selective layers on thelgkttachemical capacitive

and faradaic phenomena occurring at device/electrolyte interface. In particular, we demonstrate that
the architecture (2f particularly suitable for the development of highly efficient organic/inorganic
photocathodes for hydrogen evolution. In the last part of the chapter we show the photoinduced
modulation of norexcitable line cells membrane potential, using the differfatiricated
architectures, by performing whetell patch clamp recordings. In addition, we extend the

electrochemical characterization by measuring the-ligthiced changes in the device local surface

potential, using the same set up employed for tharefghysiological recordings.

The results related to the fabrication and characterization of photocathodes for hydrogen evolution
are included in the following publications: (E) Fumagalli, S. Bellani, M. Schreier, S. Leonardi,
H.C. Rojas, A. Ghadirzadels. Tullii, A. Savoini, G. Marra, L. Meda, M. Gréatzel, G. Lanzani, M.T.
Mayer, M.R. Antognazza, F. Di Fonzelybrid organidinorganic H -evolving photocathodes:
understanding the route towards high performance organic photoelectrochemical water sglitting
Mater Chem A. 4 (2016) 21v8187. doi:10.1039/C5TA09330A (2) H.C. Rojas, S. Bellani, F.
Fumagalli, G. Tullii, S. Leonardi, M.T. Mayer, M. Schreier, M. Gratzel, G. Lanzani, F.D. Fonzo,
M.R. AntognazzaPolymerbased photocathodes with a solutiprocesable cuprous iodide anode

layer and a polyethyleneimine protective coatingenergy Environ. Sci. (2016).

doi:10.1039/C6EE01655C.
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2.2 ITO/P3HT: fabrication and electrochemical characterization

Thin films of bare WP3HT represent the starting point for thedy of the device/electrolyte
properties carried out in this work. The fabrication of this device is based on a single spin coating
deposition, followed by a thermal annealing, for improving the crystallinity of the material and
enhancing its charge digsation performance (see appendiA for details). The films are deposited

on top of ITOcovered glasses that act as electrodes.

The electrochemical properties of theP8HT/electrolyte interface can be directly evaluated by
carrying out galvanostatiad potentiostatic measurements using an electrochemical cell connected
to a potentiostat. Here, a threlectrode configuration of the electrochemical cell is employed,
comprising ITO/P3HT as the working electrode, an Ag/AgCl electrode as the poteetiahoef (RE)

and a Pt wire that completes the current path as the counter electrode (CE). In this scheme, it is
possible to avoid voltage drops due to the current flow. All the electrochemical experiments are done
by immersing the two/thirds of the devieeside an electrolyte (NaCl 0.2M, unless otherwise stated)
both in dark and by illuminating the samples with a light source (LED or Xe light source). For

additional information on electrochemical experiments set up see Appendix A.2.

Figure 2.2 panel a showthe typical photocurrent trace recorded during a potentiostatic,
chronoamperometry measurement by shining a 100 ms pulse of light to a ITO/P3HT device from the
ITO direction and by applying a voltage equal to the open circuit potential (OCP, on avesag® cl

0.2V vs. Ag/AgCl), in order to maintain the system close to the electrochemical equilibrium. The
behavior is capacitive, with fast current spikes at the beginning and at the end of the illumination,
characterized by a decay time constant in therayfieew milliseconds. Instead, the photopotential
measured between the device and the RE during galvanostatic, potentiometry measurements, upon
the same photoexcitation conditions (figure 2.2 b), is characterized by an initial downward dynamic
when the Ight is switched on, reaching a negative value that start to slightly decrease towards positive

values after few milliseconds.
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Figure 2.2 Representative photocurrent (b) and photovoltage (b) traces measured in-aletttreees

electrochemical cell upoexcitation with a 100 ms light pulse (470 nm, 2.8 mW/ZDn'mmpinged both from

the ITO or electrolyte (El) side. During the photocurrent recording a constant bias of 0.2 V vs. ag/AgCl, equal
to the device open circuit potential (OCP), is applied. The cladesl area represents the light excitation
interval.

This behavior is related to a positive charging of the polymer surface, that attracts negative ions from
the bath, forming a Helmoltz double layer at th&8HT/electrolyte interface. The ITO electeod
instead acts as a sink for electrons (figure [Z8). This picture is corroborated byserving the data
acquired by illuminating the sample from the opposite direction (electrolyte (El) side). In this case
both the photocurrent and photopotential values are lower, reflecting the fact that the ITO/P3HT
interface, where the exciton dissdma occurs, is now at the opposite side leading to an increased
electrons recombination probability within the polymer bulk, whose thickness (in general between 30
and 250 nm[69,71,77,134) is higher than the diffusion length of the exciton (approx.. 10 nm,

[135,136).
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Figure 2.3 Schematic representation of the three tebeles electrochemical cells during operation that
highlights the charging that occurs at the ITO/P3HT and P3HT/electrolyte interfaces, induced by exciting with
light pulses in the millisecond time domain.

2.3 Device implementation using charge selective lays

2.3.1. ITO/p-i-n architecture

The charging at the polymer/electrolyte inter
|l ayers inside the structure. I n particular, w
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| ayetrep(lnayer). RE8H&, awgpleede pyr«C6-dndyPhenwnkid
ester (PCBWM)pead atylee ,n bl end-e g p e o et bveereinfy o rfnoil N g
fabrication strategy employedthom ¢émtlann @pihrod ot
(OTFRY¥]) I n particular, we modified the |1 TO/P3

by depositing a PCBM Dnl mopt ofcknaessu+rfaGe by

sol vent annealing for the pLeB8mMdatsitarucotur ¢ hef
P3HT: P@BMei | ayer. I n order to inter-PaHa&atbkaybae
withoati madg f-cert ysstselmii ne structur e, it 'S neces
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time (60 seconds) and wuse dichloromethane (DC
P3HT i 4G e appendix A.3 for. addi wasndkembab
this fabricat-tygperbayerl dagdshtoeeayiclose to tI
PCBM I[184.erThe device is then complyptted alyyere\ a,
~20 nm) (figure 2.4 panetdi-n a3 ampBiEdct maigetiesd dien
figur s e 4app dmfaltunatelyAthednstrument resolution is not sufficient to identify

the P3HT:PCBM-type layer and to clearly distinguish it from the overlying PCBM layer.
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Figure 2.4 (a) Cartoon depicting the-ipn device sucture. (b) SEM micrograph of theigm structure cross
section.

Further structur al anal ysis would be needed
mor phol ogy o f t he device. However, t he phot
conviigncit hough indirect, demonstration, show

photocurrent and photovoltage dynamics .-i-nl n f
device, as in the 1 TO/P3HT case, mnese pfuremyt ta
excitation incidence direction. Il n part-ncul al
architecture exhibits the same behavior of t1l
photocurrent spikédedwhbhbanotflhhe Fieglt edstowithe p
the polymer/electrolyte interface (figure 2.5

photocurrent sign is reversked (TOQB-BEThdDwss @ )h.e
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Figure 2.5.Representative photocurrent (b) and photovoltage (b) signals obtained by exciting the-hTO/p
device with a 50 ms light pulse (470 nm, 2.8 mW/mm?2) from different directions. A constant bias of 0.1 V vs.
ag/AgCl, equal to the device OCP, is apg@lduring the photocurrent recording The cyan panel represents the
light excitation.
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These measurements show that through a proper engineering of the hybrid polymer/electrolyte

architecture it is possible to select the sign of majority charges faciagjtie®us environment.

2.3.2. rr-P3HT-based hybrid organicinorganic photocathode for hydrogen evolution
In the previous paragraph we saw that the introduction of a PCBM layer betweahlTrand
electrolyte changes the sign of the capacitive photocharging rogrwat the device/electrolyte
interface. In this paragraph we consider a different strategy based-®3HT/ESL material blend
as the photoactive layer, sandwiched between a HSL and an ESL. We exploit this architecture for
enhancing the efficiency ohierfacial faradaic photelectrochemical processes. In particular we
present the development of hybrid organic/inorganic photocathodes for hydrogen evolution. We
explore different HSL and ESL materialgbtaining the best results witan architecture that
comprises (from bottom to top): (1) a semitransparent electrode of fleawped Indium Tin Oxide
(FTO); (2) a spircoated layer of copper iodide (Cal HSL; (3) a sphtoated photoactive layer of
rr-P3HT and PCBM blended together (P3HT:PCBM) formingbw@k heterojunction (BHJ)
configuration; (4) a layer of amorphous Ppj@eposited by Pulsed laser deposition (PLD), that act as
ESL; (5) a sputtered layer of Pt, a good catalyst for HER (figure 75614&). The electrochemical
characterization of this photocathode reveals a high efficiency towards the hydradetioev
reaction (HER). In particular, we recarER-associateghhotocurrents up to 7mA cmi2at 0 V vs.
RHE and an onset potential for HER equal to 0.70&itf 100% faradaic efficiency. The complete
description of the device fabricaticand characteriation, together with the results obtained by

considering different device architecturessreported in appendiX.5.
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2.4 Coupling planar rr -P3HT-based devices with HEK293 cells

2.4.1. HEK-293 cells cultures and viability onplanar rr -P3HT-baseddevices
HEK-293cells are plated on the different device architectures presented in sectionp2icular
on ITO/P3HT, ITO/pi-n, ITO/P3HT:PCBM (appendix A.l)and ITO/Cul/P3HT:PCBM/TIQ
samples. Regarding the latter sample type employed for hydrogen evolutione wtr@suspecific
configuration that lacks the Pt catalyst because the presence of Pt would in principal enhance the
efficiency of the oxygen reduction reaction, leading to a possible ROS overproduction that has proven
to be detrimental, mainly for an indutexidative stres§l42] and norspecific damage of DNA,
proteins and lipid$143] (see appendix A.6 for further fabrication detailShe preparation of the
cells cultures on top of the different sales is carried out following a procedure described previously
[71], that implies the use of a glycoprotein of the extracellular matrix, fibronectin, that is deposited
on the polymer surface, acting as an interlayer for enhancing cells adhesionyasefisted by
Scarpa et. al. for promoting the adhesion of different kind of cells on PBHI] (see appendiA.7
for details about the preparation of cells cultures).
The first step in the characterization of the hybrid HEX3/device bienterface is the assessment of
cells viability. This was already assessed by Martino eff7al. in the case of bare-R3HT and
P3HT: PCBM s ampl e s ;diamidntZhPhangindoleg(DAPH/mopididm idglide (PI)
method and the tetrazolium salt (MTT) assay. The former consists in the staining of the cells with
two different fluorescent dyes, DARpecific for all cells nuclei, and PI, that stains only dead cells.
The evaluation of the number of viable cells is then carried out by counting the cells over different
fields of view, obtaining the percentage of healthy cells at a specific cell ctithegooint. MTT
assay, is based on the evaluation of the quantity of the MTT dye reduced by the cell to its formazan
form trough mitochondrial activitjl45]. The quantity of formazan is related to the number of cells
and can be evaluated by measuring the optical density of thetM@iied cell cultures at a selected

wavelength (& = 570 nm) and at differ eontof ti me
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the cells. The results obtained wrP3HT and P3HT:PCBM thin films showed 96 % of viable cells
from DAPI/PI staining and an increase in cells proliferation during time (1,2,3,4 and 7 ddtys)in

exhibiting a similar rate as in the control glasbsrates case (figu&6) [71].

(b)

MTT Absorbance
O O KB K, N
o (0] @ (0 o

Days in vitro

Figure 2.6 (a) representative fluorescence image of the ¥2ER cells nuclei of alive and dead cells stained
with DAPI (blue) and PI (red) respectively. (b) absorbance of the MTT dye in contact wittfRBIEBultures
measured at different time points.

We do not directly assess theHEK-293 cells viability on the ITOApn and
ITO/Cul/P3HT:PCBM/TIQ samples, since in the first case we expect a similar behavior as for

P3HT:PCBM devices and in the other one the biqaatihility of the TiQ exposed layer is already

well-documented146i 149].

2.4.2. HEK-293 cells electrophysiology

Amongthe methods employed for recording of the cells bioelectrical activity, fk&toip technique

in whole-cell configuration represents an optimal choice for the study of the biophysical interaction
between cells and photoactive devicesiino, since it gies the possibility of monitoring the actual
variations of membrane potential and of the currents that flow through the membrane, as introduced

in section 1.1. In particular, the devices with the cells grown on top are immersed in a proper
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extracellular saltion, in floating configuration, i.e. without contacting the ITO electrode to any
external circuit. Wholeell recordings in current clamp configuration are then performed, both in
dark and in light conditions, in order to investigate the direct effettteofllumination on the cells
electrochemical behavior. The light is impinged on the samples using a LED systeoofipksd to

the fluorescence microscope integrated in the pelnimp set up, achieving a focalized light spot
(540 um diameter) with amiensity of about 1 order of magnitude higher as compared to the one
employed during the electrochemical characterization discussed in section 2.2. Since the microscope
is in an inverted configuration, light comes from the ITO direc{gee section A.7 foadditional

details about patch clamp recording$he typical cellular response recorded in current clamp
experiments during the ITO/P3HT device photoexcitation with light pulses in the millisecond time
domaine = 470 nm, | i ght toid6.5 W mrif)tsyeported mndigur@g. A$ r o m
briefly presented in paragraph 1.5, when the polymer is excited with 20 ms light pulses the membrane
potential variationd) is characterized by two main components, both dependent on incident light
intensity (1) fast spikes at the beginning and at the end of the illumination, that resemble the
capacitive response discussed in section 2.2; (2) slower depolarization during light excitation
followed by a hyperpolarizing signal when the light stimulus is switafé(figure2.7 a). When the
stimulus duration is increased to 200 ms, the cell experiences a depolarization/hyperpolarization
switch during the illumination time (figu&7Db). The origin of this signals was clarified in a previous
report[71]. In particular, it was demonstrated that the fast signal component is most probably related
to the photocharging of the polymer/electrolyte interface, since it disappears when ITO electrode is
removed. The slower component instead, was attributed to a variatitthe cell membrane
capacitance due to the local heating of the bath induced by the thermal energy released by the polymer

as a consequence of nadiative recombination of excited stafég].
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Figure 2.7. Current clamp recordings of the HE203 gown on top ITO/P3HT devices upon light excitation
(&= = 470 nm) with 20 ms (a) and 200 ms (b) I ight
shaded areas.

When the ITO/P3HT device is modified obtaining thierpstructure, the thermabntribution of the
cell membrane variation is comparable, both when 20 or 200 ms light pulses are impinged-on the rr
P3HT layer (figure2.8). Instead, the fast transients observed in the ITO/P3HT case are still present,

but with an opposite sign and a veed intensity (figur@.8a).
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Figure 2.8Current clamp recordings of the HE203 grownontop ITOfpn devi ces wupon | i gh

= 470 nm) with 20 ms (a) and 200 ms (b) light pulses. The illumination interval is represented by the cyan
shaded areas.
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The introduction of a P3HT:PCBM BHJ rsiwiched between hole and electron selective layers,
leading to the ITO/Cul/P3HT:PCBM/Ticonfiguration, induces a photoinduced HE2B3 cells
membrane potential variation trace similar to the I'FOrpcase, but with an increased intensity of
the fast eletrical component (figur@.9). In order to understand the specific contribution of the
charge selective layers to the photomodulation of the cells membrane potential, we repeat the
experiments on HEXR93 cells grown on top of ITO/P3HT:PCBM samples, foogsin the response
related to the device surface charging. The results show that thbaldd architecture alone does

not affect the sign of the fast membrane potential variation, thus confirming the crucial role of the
charge selective materials for theontrol of the sign of the charges accumulated at the
polymer/electrolyte interface. However, an improvement of the signal intensity in the
ITO/P3HT:PCBM case is noticeable, reflecting the better charge dissociation efficiency within the

inter-diffused BHJphase .
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Figure 2.9 Current clamp recordings of the HE203 grown on top P3HT:PCBHMased devices upon light
excitation (& = 470 nm ) with 20 ms |ight pul ses.
area.
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The fast contribution to thmmembrane potential variation, due to the device/electrolyte interface
photocharging, can be further characterized by performing experiments without cells, for the
evaluation of the potential established at the device surface, using the same set up atnpluyed

patch clamp measurements. In this configuration the bath and the eldidteddmicropipette are

loaded with the same electrolytic solution used during patch clamp electrophysiology, in order to
avoid the establishment of junction potentials. pipgette is then micronanipulated close to the
floating device surface (~42m) and voltagelamp measurements are carried out by simultaneously
photostimulating the device using the LEDupled microscope. The surface potential is then
obtained by multipling the acquired current traces by the pipette resistance. This experiment allows
to extend the electrochemical characterization discussed in section 2.2, studying the system in the
same conditions of the electrophysiological experiments, i.e. withouactorg the ITO to the
external circuit and by illuminating only a small fraction of the device @eéetailed description of

the experimental conditions adopted during surface potential measurements is reported in appendix

A.8).

The surface potential/§ur) variation upon light excitation with 20 ms light pulses (= 47 0 n m,
intensity = 46.5 mW mrf) recorded on top of the four different samples is depicted in fiya@

Firstly, we can appreciate the correspondence between the surface potential trace and the fast spikes
recorded during current clamp acqtigs, confirming the electrical origin of the signal. All the

tested devices show a capacitive behavior. ITO/P3HT and ITO/P3HT:PCBM samples exhibit positive
potential transients that decay to zero after few milliseconds after the light onset, corregpoadi

positive charging of the device surface. IT®#p and ITO/Cul/P3HT:PCBM/Ti® present a
capacitive behavior with similar dynamics, but corresponding to a negative surface charging. These
results are in agreement with the phol@arging mechanism @sented in sections 2.2 and 2.3,
exception made for the ITOfpn architecture, that shows negative photogenerated charges at its

surface, even though the light excitation comes from the ITO side. This difference can be explained
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by considering that in sface potential experiments the light excitation intensity is about one order
of magnitude higher than the one employed in the electrochemical characterization. This situation
leads to a higher penetration of light within the device, increasing the cdianibaf the
P3HT/PCBM interface to the charge dissociation. From the LarB®sent law, considering a-R3HT
absorption coefficient of about 1@m* [150], it is possible to estimate an intensityatement of

about 37% at 100 nm, corresponding to ~1 mWaand ~17 mW mmiin the pi-n and P3HT cases
respectively. Furthermore, it is possible to make different considerations regarding the maximum
surface potential values achieved by the differeahitactures: (1) ITO/P3HT:PCBM exhibits the
highest surface potential intensity (~7 mV, figdr&0a), reflecting the enhanced charged extraction
due to the diffuse PSHT/PCBM interface given by the thdkerojunction configuration. (2) The
addition of H& and ESL to P3HT:PCBM do not increase the capacitive contribution to the surface
potential (~7 mV and ~ 3 mV in the ITO/P3HT:PCBM and ITO/Cul/P3HT:PCBM/TiO
respectively, figure2.10a) and a constant negative contribution to the surface potentialrappea
during all the illumination time (~0.2 mV figure2.10c). The presence of the sustained negative
signal is consistent with a negative device surface charging, immediately followed by a faradaic
electron transfer, similarly to what observed during thgfopped linear sweep voltammetry
experiments (appendik.5.2figure A.5.4b). (3) ITO/pi-n shows a lower capacitive charging of the
surface as compared to ITO/P3HT (~ 1 mV and ~ 3.5 mV respectively, #dgLO®), that is not in
agreement with the corapable photocurrent peaks the two device architectures shown in section 2.2
and 2.3. Again, the explanation of this discrepancy comes from the different light excitation intensity
employed in the two experiments, that leads to the different charge digsoai@chanism already

discussed.
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Figure 2.1Q Surface potential recordings performed on th®3HT devices implemented with charge
selective layers (a) or with theim architecture (b). (c) Magnified view of the panel (a) that highlights the
faradaic contribution to the surface potential signal acquired on the ITO/Cul/P3HT:PCBMdAEGCe
surface. 'l T umi nati on c ofldgtpuiseduration =20 ms. Ldgfit Bxcitation is 4 6 .
represented by the cyan shaded area.
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3. r-P3HT-based mesoporous devices

3.1 Introduction

In chapter 2ve showed thaty modifying the simple ITO/P3HT architecture by introducing different
materials, with hole or electron selectigapabilities it is possible to change the photoinduced
electrochemical properties of the device/electrolyte iaterf In particulanns light pulses induce a
positive purelycapacitive charging of the P3HT/electrolyte interfand the sign of the accumulated
charges can be reversed by introducingptien configuration. In additionhe implementation céd
standardP3HT:PCBM bulkheterojunction with HSL(Cul) and ESL(TiO2) together witha Pt
catalyst lead to an enhanced efficiencpwardslight driven faradaicprocessesexploited for
hydrogen evolutioriThe ITO/P3HT:PCBMTIiO2 partialconfiguration allow insteasgthave a balance
between faradaic and capacitive processethe ms time domajnas shown by linear sweep
voltammetry and surface potential measureméntshis chaptewe describe different strategy for
the control of the device/electrolyte interfacelectrical parameterdasedn the engineering of the
device morphologywithout introducing additional materialsA mesoporous fP3HT based
architecturas obtainedby taking advantage of an -@blution processed fabricatioimtroducinga
ITO nanopartiles (ITO NPs) layer between the flat ITO electrode and tR8IHT photoactive layer.
The variation of the electrochemical behaviorta tesulting device isharacterized, demonstrating
that theincrease in device surface aleads to the possibility 6 controlling the type of charges
accumulated at the device surfackangingthen thebalance betweephotoinducedaradaic and

capacitive eventat the polymer/aqueous electrolyte interface.

The results presented in this chapter are include@.imullii, A. Desii, C. Bossio, S. Bellani, M.
Colombo, N. Martino, M.R. Antognazza, G. Lanzagimodal functioning of a mesoporous, light
sensitive  polymer/electrolyte  interface Organic  Electronics. 46  (2017) igB.

doi:10.1016/j.orgel.2017.04.007.
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3.2 Fabrication and morphological characterization

The fabrication of the mesoporous”?BHT-based configuration starts with the deposition of an ITO
NPs(ITO NPs average diameter ~ 50 ntigpersion on a flat ITO electrotdy four subsequent spin
coating stepsfollowed by a thermal treatmeaitt 200°C The device is then completed by filling the
ITO-basedporous electrode withr+P3HT by spin coating and by subsequdémérmal annealing
ITO/P3HT samples (P3HT thickness ~ 30m) are fabricated as a control, by eayirhg the same
spin coating and annealing parametésge appendiB.1 for more fabricationdetails). The two

different device architectures are depidrefigure 31 panels a and.b

(a) ELECTROLYTE (b) ELECTROLYTE
— H '.ﬁq;l"."'d'.'. IR
ITO
GLASS GLASS
Light Light

Figure 3.1. A cartoon depicting the planar (ITO/P3HT, panel a) dredrhesoporous (ITO/ITQPs/P3HT,
panel b) device structures.

The mesoporous configuratide characterized bgcquiringSEM crosssectionalimagesthat show
the surface area increase associated to the new morpltitpgg 32 a) SEM images are acquired
in the same experimental conditions of the IT@Gfpsamples (see section A.A.proper reP3HT
solution concentration (10 g') leads bothto a perfect intercalation of the-R3HT inside the
nanastructure, highlighted byhe comparison between thelfdevice architecture (figure3a) and
the uncovered ITONPsbased electrode (figure 22b), to obtaina r-P3HT optical absorption

comparable to the one obtained with thenplad TO/P3HT sample (figure 3.2.c
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Figure 3.2 SEM crosssection image othe ITO/ITO NPs/P3HT (a) and the ITO/ITONRy architectures.
Scale bar, 100 nnfc) Optical absorbance spectra 6PBHT layers deposited on top of ITPs (red line)
and planar ITO (black line).

The observations made by looking at the SEM imagesar#rmed by carrying out Kr physical
adsorption experimen{appendixB.2). The ITO/ITONPs/P3HT device exhibigsurface area value
very close to the onaf the ITO/ITONPs uncovered electrodd@ + 21 crdand186 + 19 crf, for 1

cm x 1 cmslides, respentely), associated to an enhancement factol&3 + 19respect to the

geometrical surface area

Atomic force microscopy AFM) images (appendix B.2) complete the morphological
characterization, highlightiniipe surface roughness increase passing fromanangfigure 3.3a)to
the mesoporoudigure 3.3b) rr-P3HT based deviseassociated to a Roughness Mean Square (RMS)

value of 6 nm and 16 nm respectively.
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111 nm

Figure 3.3.AFM topography images of the planar andsoporousr-P3HT-basedievices, respectely.
Scale bar, 200 nm.

3.3 Electrochemical characterization

A variation in tte electrode morphology can lead in principle to a different position and occupation
of its energy level§151]. For thisreasonthe work function(WF) of the ITO/ITO NPs electrode

firstly checkedby performing Kelvin probemeasurements (append®), finding a comparable WF
value forthe ITO NPs modified and unmodified ITO electrodes (4.6 and 4.5 eV respectively). This

indicates that in this specific case the electronic strucuretiaffected by the morphologiciiange.

Furthermore, the electrochemical properties of the full dearickitecture are investigated, sirthe
porousstructurecan affectthe length of the depletion region inside teemiconductotayer, the
Helmoltz layer capacitancand thecharge transfer processasthe polymer/electrolyte interface
[1517 153]. A useful technique that allsvto have anoverview on all these properties is the
electrochemical impedance spectroscopy (EIS). EIS is performed with the same electrocdemical
up employed for the photocurrent apdotovoltage measurementeéappendixA.2 and B.2 for
more detaily and it consist irthe evaluationof the impedance of the system by applying voltage
sinusoidalperturbations (in the order of tens of millivol®)perimposed to a constant bimetween

the sample (WE) and the REhe experiment is carried out by varying the frequeatcy single
voltage oscillatio amplitude.Since the system is subject a small perturbation, it is possible to

consider only théinear part of the currentoltagecurve simplifying the frequency analysis. The
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impedance response can be modeled with equivalent electrical circuits, where the single components
are related to the specific physical processes that take place at thedalegimlyte interface, such

as the double layer capacitance buifgland charge transfer processEES is carried out on planar

an mesoporous-#P3HT based devices, both in dark and upon CW light excitasion€ 47 0 n m,
mW mmn2) and by applying a constant potential equal to the open circuit potengiplr(\ark (0.2

V vs. Ag/AgCl for the ITO/P3HT device and 0.19 V vs. Ag/AgCl for the ITO/ITO NPs/P3HT device)
and light (0.36 V vs. Ag/AgCI for the ITO/P3Hdevice and 0.33 V vs. Ag/AgCI for the ITO/ITO
NPs/P3HT device) conditions, in order to maintain the system close to the electrochemical
equilibrium. The mpedance phase and modulus vs. frequérames(Bode plots)are reported in
figure 34 panels a. The phase diagrams of the ITO/P3HT device (figudga@nels a and b, for dark

and light conditions, respectively) are composed by three distinct regions, exhibiting one minimum
at frequencyvalueshigher than 10 kHz, one maximum betweBdD Hz and 10 kHzand one
maximumat frequencies less than 100.Hhe equivalentircuit that best model this system (figure
3.4e and f)comprises, accordingly, three main circuital loops:cépacitance and resistance values

Cs and Rs that descrilige electrolytic soltion; (2) an RC dicuit related tahe polymer/electrolyte
interface, composed by theharge transferesistance, &, and bya constant phase element @hat
modelsthe Helmhdtz double lagr. The constant phase circuital component describes the behavior
of an imperfect capacitprallowing to take into account nedeal processeshat affect the
polymer/electrolyte interface double layer capacitarsigch as ionic contributions to surface
conductivities, ion diffusion into the polymer layer or surfacetogteneitie$154,155] (3) aresistor

and a capacitor in parallel, described byaRd G values, that modahe charge reorganization
processes thatan take plee within the polymer semiconductor or on its surfdea¢dng to the
formation of a space charge layer at th®3HT/electrolyte interfacer surface statethatmediae

the charge transfer to tleéectrolyticsolution[151,156] In order to understand the phenomenon that

is related to the presence gf &d R, terms, additional experiments are required, falling out from the

scope of the present work. The illuminated devices exhibit a substantial decrelastn dfe
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impedance modulus and the phase angle in the low frequency region (<10 Hz), probably as a
consequence of ions percolation within the polymer bulk and ghattation phenomena (figure4s.

b). For this reasonhk equivalent circuit related to tegperimentight condition requires the addition

of a Warburg element, commonly employed for modeling the diffusion of ions inside electrodes

[157].

Interestingly, the ITO/ITO NPs/P3HT device stoavvery different behavior (Figure43panels ¢

and d for dark and light conditions, respectively). The correspondeiéent circuit lacks both the

RC circuital loop associated to the polymer semiconductpaii@ ;) and the Warburg component
(figure 34 g). This situation can be explained llye presence o& diffused semiconducting
polymer/electrolyte interface thrgbout the device bulk that leads to shallower surface traps and/or
to a condition in which a space charge layer cannasupported[152,153] The fitting curves
obtained by considering the equivalent circuit just discussed are in optimal agreement with the
experimental datéfigure 34 a-d, solid lines).The numerical valuesxgactedfrom the fitting are

depicted in table 3.
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Figure 34. (a,c) Experimental Bode plots for the ITO/P3HT (empty squares, panel a) and ITO/ITO NPs/P3HT
(filled square symbols, panel c) devices, in dark conditions. (b,d) ExperinBattalplotsor the ITO/P3HT

(empty stars, panel b) and ITO/ITO NPs/P3HT (filled stars symbols, panel d) devices, upon photoexcitation
(central emission wavelength, 470 npphotoexdation density, 2.7mW/mm2). Impedance values are
normalized to the geometrical devaea in all cases. Equivalent circuits used to model experimental data are
shown in panels (e) and (f), for the ITO/P3HT devices, in dark and light conditions respectively, and (g), for
the ITO/ITO NPs/P3HT devices, for both dark and light conditionsingiturves are shown as solid lines in

all consideredtases (chs q u a r e d?=1.432;0.20¥; 0.438; 0.135 for fitting curves reported in panels

(@), (b), (c) andd), respectively).
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Device Yo  n Rer Rs C W R C
(MScm'?) (@em?) (qemd)  (MFem?) (uScm'? (q cnd) (UFcm'?)

ITO 74 092 - 53 1410 i i ;
ANOIRS 782 097 - 55 121 i i ;
NPs

ITO/PSHT 52 91 43.16 65 121 i 21.16 05
(Dark)

ITO/P3HT 64 087 1-10 62 1110 111 41.16 0.9
(Light)

ITO/TO _ _ )

NPs/P3HT 685 097 51-1¢ 55 1110

(Dark)

ITO/ITO

NPs/P3HT 671 097 56-10 55 1110 i i ]
(Light)

Table 31. Numerical values of the circuital components used to fit the EIS experimental tstedlat the
equilibrium potential in dark (0.2 Vs. Ag/AgCI for the ITO/P3HT device and 0.19Wws. Ag/AgCI for the
ITO/ITO NPs/P3HT device) and light conditions (0.36&/8%, Ag/AgCl for the ITO/P3HT device and 0.33 V
vs.Ag/AgCI for the ITO/ITO NPs/P3HTevice).

EIS measurements are also performed on the ITO and ITO/ITO NPs electrodeenirhkrole of
rr-P3HT in the photoinduced changes in both the impedance modulus (figa)eaBd phase (figure
3.5 b) is highlighted by the exact correspondencehef bode plots acquired in light and dark

conditions (figure &).
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Figure 35. Impedance modulus (a) and phase (b) of ITO and ITO/NPs samples, obtained from EIS
measurements acquired in dark and upon light excitation (central emission wavelengtimm470
photoexcitation density, @mwW mm?). Impedance moduli are normalized to the geometrical device area.

In order to obtain a direct comparison of the interfacial properties giémar and mesoporous rr
P3HT-based devices, the charge transfer rasist@§R) and Helmholtz double layer capacitancg)(C

guantitiesarecalculatedrom the Helmholtz RC circuital loofpom the followingequations

3
3¢
¢

O—-
<

¢
¢
Py
@
¢

where ZqHrepresergthe impedance of the Helmholtz circuital loop.&d G values are calculad

at the lowest measured frequency (0.01 Hz), since the Helmholtz loop contribution is mainly related
to ionic diffusion processesndbecome predominant at low frequencigsparticular, in the low
frequency regime, €in dark is directly related to dace area increase introdacky the porous
morphology, R and G, in light provide information about the photoelectrochemical processes that
take place at the device/electrolyte interfdnedark conditions G correspond to 7.2 pF chin the
ITO/P3HTca (in agreement with previous repofis4,158,159and 742 pF crfor the ITO/ITO
NPsP3HT device, correspoimd) to an enhancement factirabout 100, the same order of magnitude

of the oneobtainedrom Kripton physical adsorption experimerf&sl2 121). The difference between

the values an be related to the different atomic radii between the ionic species in the electrolyte and
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Kripton. When the devices are photoexcited, the difference between the porous anGiplataes

is reduced, correspomd) to a decrease in trenhancement faatdéo about 20. This is related to the
photoinduced accumulation of charges at the plar@BHT/electrolyte interface, that increasiee

Cw value for the flat case to about 37 uFgmwhile theCn value for themesoporous fP3HT-based
sampleupon lightis comparable to the one in dark (723 uF3nThe ITO/ITO NPs/P3HT device
exhibits lower R values both in dark and light conditioas compared to the planar morphology
(245 and 5k Ycn? respect to 11000 and 146Ycn? for the ITO/P3HT sample, in dark and upon
light, respectively) reflecting an enhanced propensiohdevelopng interfacial charge transfer

processes at the mesoporous polymer/electrolyte interface.

In order to extad the EIS characterization to tlegimeout of equilibriumj.e. by applying a constant
potential shifted from ¥, it is convenient to adopt a simplified approach, based on the modeling of
the system with a frequency dependent RC circuit and considefmghe low frequency regime
[154,159161] First of all, effective capacitance a

themeasurements in equilibrium conditions usiing following equations:

e I m | . S S
61 ek A -
Being Z the measured i mpedance. C(¥) amd R(7Y)

and Ry (Table 32), confirming thereliability of the simplified model and that the response in the

low frequency domain is mainly due to processes that take place in the Helmholtz layer.
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Cr(uFem j  CM)(uFem §  Ru(kq cnv) RM™) (kq cn)

ITO/P3HT (dark) 7.2 7.7 11000 11000
ITO/P3HT (light) 37 36 146 136
ITO/ITO NPs/P3HT (dark) 742 748 245 234
ITO/ITO NPs/P3HT (light) 723 730 51 50

Table 3.2.Capacitance and resistance values for the planar and the mesoporous device architecture, in dark
and light conditions, as obtained bethIS data fitting (€and Ri) and by assuming a frequerdgpendent,
equi val ent circuit (C(v)» anAROLH( All)data are Rerrhatizedeto thee f r
geometrical device area.

C(¥) and Rf), calculatedor both theplanarand the mesoporosamplesaredisplayedrespectively

in figure 3.6a and c as a function of the frequenckieTTO/ITONPs/P3HT devicexhibitshigher
capacitance valueat low and intermediate frequenciesspect to the planar cagaurthermoreit

does not presemelevant differencebetweendark and light conditionslhe ITO/P3HT architecture
instead, at the lowest frequencies (<0.1 Hz) upon light, skaoligher capacitance as compared to
dark valuesprobably due tantercalationof ions withinthe polymerbulk that leads to an increased
rr-P3HT/electrolyte interface effective arddy comparingR(¥) in the two device architectures

low frequencies, and in dark/light conditionisjs possible to confirm that) The occurrence of
charge transfer reactions is promotediglit ( R J daring light excitationis lower than in dark, for

both sample¥ and (ii) themesoporous fP3HT-basedmorphology facilitates the occurrence of
interfacial charge transfer reactions, highlighted byfde thatR ( ¥ ) is lawenthean irthe flat

case C(¥) and Rf) are also calculated at 0.01 K2(») and R¢)) from the measured Z in the out

of equilibrium conditionyarying the applied bias the ranga 0.3 V + 0.36 V figure 3.6 b and d,
respectively)R(») i s s ubst an 0.3\ all goditioosyespecat tdheilactrresponding
equilibrium valueqrelative decreasef 97%, 79% formplanar rfP3HT-based devicén dark, light;

97%, 78% forthe mesoporous one in dark, light), indicating that a cathodic process is occurring at
this specific vale of the applied bia€(») preserd a slight incrementasthe external bias become

more negativgéabout 85% and 40% relative increasé 0.3 Vin the planar and mesoporadsvices

respectively).One explanation for this phenomenon may reside in tdweircenceof reversible
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intercalation of redox ions at the interfawghichresuls from faradaic processes, correspogdo a

pseudecapacitanceontribution[162]. Moreover, a peculiar dependence o# £¢n the external bias

of the illuminated ITO/P3HT sample around 0 V vs. Ag/AgCl is noticeable. The interpretation of this

effect is notstraightforwardand requires additional experiments that will be the objectfofuae

work.
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Figure 3.6. Device/electrolyte interfacelectrochemical behavior for ITO/P3HT in dark (empty squares,
black) and upon light stimulation (empty stars, black), ITO/ITO NPs/P3Hi&ik (filled squares, red) and

upon light excitation (filled tars, red). Panels (a) and (cpsWw

t he

effecti)andresismamca ci t a

R(¥) as a function of the frequency, alstained from EIS experimental data acquired at the corresponding
equilibrium potential. Panels (b) and (@portC(v) and Rv), calculated av =2 "- 0.01Hz, asa function

of theexternal bias. Light excitation: 470 nm, 2.73 mW #whotoexcitation density. All data are normalized
to the geometrical device area.

In order tocharacterizeéhe charge transfer processaking place at the device/electrolyte interface

photocurrenmeasurements are carried (figure 37 panels a and,lsee appendix B.2 for additional
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experimental details)The photocurrentJgn) traces recorded bgxciting the ITO/P3HT device with

250 ms light pulsesa=470 nn) in equilibrium conditions, show the capacitive behavior fully
discussed in section 2(Bgure 3.7 a) Converselythe ITO/ITO NPs /P3HT sample exhibé purely
faradaic photocurrent, represented by a constant signal durindpdiheillumination time(figure 3.7

c). When a negative bias is applied between the samples and the Riteniséy of thecapacitive
spikespresentedy the planar device are reduced and a constant faradic complmesatppear

(figure 3.7 a) However, the ITO/ITONARSP3HT at 1 0.2V is about on
than in the flat casdigure 3.7 a and @mounting to ~ 100 pA crhand ~ 10 pA crf respectively).

The overall difference in the photocurrent respotinse is noticed between the two architectures
reflects the reduced charge transfer resistance displayed by the mesoporousimevider to
investigate the origin of the charge transfer eventsJghexperiments are repeated fhyxing N>

inside the electrolytic solution, feemovingthe dissolvedmolecular oxyegn (figure 3.7 b and d)n

this condition the faradaic contribution to the photocurrent drops to zero in both cases, confirming
the central role of oxygen in the charge transfer processes, in agreement with previous works

[78,131] andalreadydisaussed in chapter 2.
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Figure 3.7. Photocurrent response of the ITO/P3HT (a) and ITOMR3/P3HT (c) devices, upon visible light
excitation (470hm, 250ms, 2.7mW mm ? photoexcitation density) and under external bias (values are
referenced to the Ag/AgCI reference electrode). The inset in panel (a) is a zoom over the steady state
photocurrent signal in planar devices. Panels (b) and (d) report a comparison of tieimpbot density
recorded in ITO/P3HT (b) and ITO/ITO NPs/P3HT (d) devices, before (green solid line) and after (grey solid
line) oxygen removal. The faradaic contribution to the photocurrent is completely suppressed in both cases.
All data have been nortized to the geometrical device area

The dependence dpnfrom the light stimulus direction iglso assessed (figureBR When the light
comes from the electrolyte side, a decreaskdrcapacitive spikamplitudeis noticeable (figure 3.8
a). As discissed in section 2.2, this phenomenon is due to the fa¢chéh&tO/P3HT interface, where
the exciton dissociation occursnow at the opposite sid8incethethickness of the planar-R3HT-
based sample is higher than the excddfusion length(appox. 10 nm[135,136), excitors face an
increasedrecombination probability within the polymer bulkhe mesoporous device response

instead, desnot show any dependence frahe light excitation direction(figure 3.8 b) Thisis
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probably die to the establishment of a diffused polymer/electrolyte interface within the porous

ITO/ITO NPs/P3HTdevice bulk.

@, ()

=30 4

T a0 -60 -
g 0 -90 |
g 304 L__ ﬁg
S w0 N 120
g 901 = +0.2 V (Veq) glass side
7 120 “ -150 - +0.2 V (Veq) electrolyte side
-150 2 —- 0.2V glass side _
4801 " ow e e -180 4 | - 0.2V ellectrolyte §|de
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

t(s) t(s)

Figure 3.8. Photocurrent response of the ITO/P3HT (a) and ITOMNR3/P3HT (b) devices, upon visible
light excitation (470hm, 250ms, 2.8mW mni 2 photoexcitation density), under external bias (potential values
vs Ag/AgCI reference electrode) and for different light incidence directions. All data are normalized to the
geometrical device area.

The electrochemicatharacterization is concled by testing the devices stability, since the optical
and electronical properties of the organic semiconductor may be affected by the photoinduced
faradaic reactiondDespiterr-P3HT ha& alreadyshown an optimal durability when employasl the
photoactivelayer in electrochemical[131,141,163]and biologicalin-vivo [81] applications,it is
necessaryo check ifthisis the case odilso forthe mesopaus morphology anith theexperimental
conditions adopted in the present wdfkr this purpose, UWis spectraof the ITO a ITO/ITO

NPs electrodes (figure®a,b) and of the full device architectures (figure&d)are acquired before

and after the lectrochemical experimentshowing no significant differences and confirmihg
excellent rfP3HT stability. In addition it is possible to appreciate the optistability of the

uncovered ITGbased substrates, in line with recent literafli6zt].
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Figure 39. UV-Vis transmission spectra of the ITO (a), ITO/ITO NPs (b), ITO/P3HT (c) and ITO/ITO
NPs/P3HT (d) devices, before and after all the electrochemical ree@nts discussed in section g@al
illumination time during the electrochemical measurements:if0tas; external bias rang®.3 +~ 0.36 V vs.
Ag/AgCl).

3.4 Surface potential measurements

Before testing the new mesoporous device architecture with living tedishotoinducedolymer
surfacecharging is characterized in the same conditions oéldnetrophysiological experimentsy
carrying outsurface potential measuremenmtsroduced in chapter 2¢eappendixA.8). Figure 310

panel a and b depicts the results obtained by photoexciting the flat and mesopBR@H$ based
morphologies with Bns, 470 nm, light pulses. Differently from the photocurrent measurements case,
the ITO/ITO NPs/P3HT samplehows a capacitive charging at the polymer/electrolyte interface,
probably as a consequence of the different electrical scheme associated tdaite sotential
experiments, in which the ITOased electrode is floatir{figure 3.10 a)The positive spike related

to the surface photocharging is about one order of magnitude lower than in the plapdutase

presend a similar dependence from the ithination irtensity () (figure 310 panel b) In addition to
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the capacitive behaviour, the mesoporous morphology introduces a negative variation of the surface
potential, that is superimposed to the fast-favadaic photocharging and reaches a constduéva

after 2 msThe negative plateu remainnchaged fothe wholeillumination period(figure 3.10 a)

and does not decay to zero even when the photoexcitation is extended to 200 ms. {fijpaed

c). Accordingly to photocurrent experiments, this bédracan be attributed to the negative charging

of the polymer surface and to the subsequent establishment of redox reactions at the device/electrolyte

interface.
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Figure 3.10. (a) Normalized surface potentigly recorded in the close proximity ¢4um) of the polymer

surface, in the case of flat devices (black solid line) and mesoporous devices basetlBs [f€d solid line).
Photoexcitation (pulse durationnis; excitation wavelength, 47n; illumination density, 46.BW mni ?)

is represented by the cyan shaded area. (b) Dependence of the surface potential positive peaks on
photoexcitation densitl. (c) Vsut trace acquired by exciting th€O/ITO NPs/P3HT device with a 200 ms

light pulse éxcitation wavelength, 47@m; illumination density, 46.B1W mn ?).
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3.5 HEK-293 cells electrophysiology

HEK-293 cellscultureson top of ITO/P3HT and ITO/ITO NPs/P3Hire prepare@s previously
described in chapter (Bee also AppendiR.7). In order to verify that the porous structai@snot
introduce any change in the cellular proliferation and morphology, Higgttand fluorescence
images of the cells adhered on the different devices are acgDidll. and phalloidirFITC are
employed for the labeling of cells nuclei and cytdstan respectively (AppendR.3). The acquired
imagesdo not show significant differences betwesamgleand multiplecells cultured on the planar
(figure 3.11 a,b and figure 3.12 a,Bphd mesoporougfigure 3.11 c,d and figure 3.12 c,d)

architectures

10 ym 1%11

Figure 3.11. Representative bright field and Immunofluorescence images of single29BKells plated on
top of ITO/P3HT (a, b) and ITO/ITO NPs/P3HT (c, d) devices, after 72 hours incubation2EBells F
actin is stained with Phalloidin (green) anditmucleus with DAPI (blue).
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Figure 3.12.Representative bright field imagesrofiltiple HEK-293 cells plated on top of ITO/P3HT (a) and
ITO/ITO NPs/P3HT (c) devices. Immunofluorescence images of B&Kcells, plated on top of ITO/P3HT

(b) and ITO/ITO NPs/P3HT (d) devices, collected in the same field of view of the bright field images in panel
a and b. Cells incubation time: 72 hours. HES3 cells Factin is stained with Phalloidin (green) and their
nucleus with DAPI (blue).

Wholecell patch clampelectrophysiologyrecordings are then performed, in current clamp
configuration (1=0) and upon light excitatioagdopting the same experimental conditions employed
for the surface potential measuremgbtmslight pulsesa- 0 n#y illuminationintensity ranging
from 1.5 to 46.5mW mni?, figure 3.13a and B During the firgd 1ms after illumination onsethe
variation of the potential inside the cells grown on top of the two device morphotdidsts a
similar dynamidbut with a different intensitybeingabout two times lower in the mesoporous case.
This signal contributiorresembles the capacitive cherg of therr-P3HT/electrolyteinterface
discussedn paragraph 3.40wver alonger timescalethe situation is markaly different. The cells

inner potential variation induced by the flat interface is relatedeeanembrane capacitance change
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due to the photoinduced heating of the payisurface (figure 3.18and schematized in figurel®).
The cells grown on top othe rrP3HT-based mesoporous device show an opposite behavior,
consisting in a negative constant variation of the membrane potentiiathe light is switched off,

resembling the photoinduced surface potential t{égdre 3.13b).
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Figure 3.13.Variation of the potential inside HER93 cells grown on top of ITO/P3HT (panel a) and ITO/ITO
NPs/P3HT (panel b) samples for different photoexcitation densities (5 ms light piiesm maximum
emission wavelength, photoexcitation is represented by thestyzaled area)

The mechanism behind the HEX3 cells electrophysiological response, can be clarified by considering the
different effects that it is possible to phéholuceatthe device/electrolyte interfacassumed in figure .34.

The photoexcited ldt r-P3HT-based devicgfigure 314 panel a) presesta positive charging of the
polymer/electrolyte interface, counterbalanced by an accumulation of electrons in the ITO layer. This fast
capacitive photae&harging causes a transient positive photocupeak and a positive surface potential signal,
observable during the first 1 ms after the optical excitation starts. Thead@ative recombination of excitons
instead, giverise to aheating of the polymer surface. This two different processes efieitcdlls electrical
response in the< 1 msand t> 1 ms time scales, respectively, as already discussed in paragrapfitae4.2.
mesoporous samplevhen optically stimulatedexhibits a bimodal electrical response, characterized by a
capacitive positivelgface photocharging at t <nis (figure 314 panel b1) and surface collection of electrons
followed by afaradaicelectron trasfertaking place at t > 1 n{figure 3.14panel b2)attributed to the oxygen
reduction reactionlhese phenomena aeiden@dduringphotocurrent and surface potential experirmantd

their correspondencis foundin cellsmembrane potential variation traces.
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Figure 3.14. Schematic drawing of the main processes occurring in the planar ITO/P3HT (a) and in the
mesoporous ITATO NPs/P3HT (b) devices. Initial phet@pacitive current, due to hole accumulation at the
polymer/electrolyte interface, is observed in both cases (panels (a) and (bf))afler photoexcitation,
however, thermal effects are observed in the first ¢agsdeading to cell membrane depolarization, while
faradaic currents predominate in the second case (b2), mainly due to electron transfer phenomena.

At this point it is imporant to make some considerati@i®ut the shape of the signa¢ésorded in
theexperiments witland without cellsA clear correspondent®tween the surface potential aredl
potential variation tracesttributed to electrical effects, both in the planar and mesopoesgs, is
noticeable.A possible interpretation lies in the &pse of an actual variation of the membrane
potential. The signal acquired can be the result of a coupling clutifiéce signal to the recording
electrode. For understanding thespible reasons of thedfect, it is useful to consider the cel#vice
interface with atwo-compartmentmodel introduced byromherz et al.depicted in figure 3.15
[58,59] The cell membranean be divided in two regions: the basal memhradbkeredo thedevice
surfacdeaving a cafined space in between, the cleft regithrg lateral membrane which is in direct
contact withthe extracellular bathThe resistance Ees that connects the cleft and the extracellular
spacesis a very useful parameter for the modeling of the cellular adhesiois@issed in paragraph
1.6and in several studieswrductedn siliconbased semicaluctorelectrode$59,165]andongold
micro electrode§l2]. Effective extracellular stimulation is possibbaly when cells adhere tightly to
the surface of the device, achievindR@s value muchhigher than theslectrolyte resistancRel)
[12,60] Uponillumination and in current clamp configuration, the potential inside the cell) (¥

measured with respect to the reference bath electrode and it does not correspond teathe late

63



membrane potential. The latter is indeed the difference betwegran the extracellular lateral
potential (\éur), corresponding to the surface potential of itheninated regon depicted in figure
3.15a For Reett = 0, no current passahroughthe membrane. Whendgi & Rel thevariation of the

three relevanpotential values (Mett, Vcenand Veur) i S ¢ 0 mperddr agdihd eaga)remiting

in a negligible variation of th&ateral membrane potential. fact, this is observed bgomparing
surface potentiakecordings (figure 3.0)and whole cell patch clamp tracéigyre 3.13, considering

that in thelatter case a thermal depolarizatiohtloe cell is also establishetbading to a slight
difference othe signal dynamics respecth® surface potential sa. Inlight of these considerations

it is clear the necessibf adopting new fabrication strategies aimed to the enhancement of the cellular
adhesion on the photoactive platforms, in order to achiewdfactive electrical stimulation of the

cells.

Electrolyte
Rel
Vief =
surf[ NS ref =0
cheft Zsurf l
Iph Cplalr

Device [

Figure 3.15. Electrical schematization of the tvaemmpartment model applied to the case of cell stimulation.
The cell membrane is divided in two different parts: the basal membrane and the lateral membrane, that are
represented by a resistor and a capadaitqgrarallel,CngandRngand G, andRn . respectively. The space
confined between the basal membrane and the device is called cleft and is connected to the extracellular
solution via a resistanc®er. When the device is illuminated, a currémtcirculates in the system, and the
behavior of the device/electrolyte interface is described by the impedZngesnd Zsus in the cleft and
extracellular regions, respectively. This situation can be established even if the device is not directBdcontac
to the remaining part of the circuit, because the circuit is closed on a parasitic capaCtahe (he
device/electrolyte interface. During the patdamp experiments in currenlamp, the potential inside the cell
(Veen) is measured, with respt to the counteelectrode potentialrer, that can be considered equal to zero.
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4. rr-P3HT pillars-based devices for living cells optical stimulation

4.1 Introduction

In the previous chapter we described the implementation of the photoadd@&lTr kased device

with a mesoporous topography, showing that it leads to a different electrochemical behavior of the
polymer/electrolyte interface, characterized by an increased efficiency towards faradaic processes.
However, the patch clamp experiments with HE®3 cells highlighted the presence of a scarce
device/cells electrical coupling, both in the planar and mesoporous cases, that causes a decrease ir
the photoinduced electrical stimulation efficacy. For this reason, we edieuat attentiorntowards

new féabrication strategies aimed to the enhancement of the electrical signal transduction at the
device/cell interface. As discussed in section 1.6, one possible solutiororefiesemployment of
microstructures for the tightening of the cellular adhediwoough the cell membrane engulfment. In

this chapter we present the fabrication and characterization of arrays of high aspect ratio (HAR) pillars
entirely made of HP3HT. To the best of our knowledge, ligksponsive microand nanestructured
devices, reently reported in literature and described in paragraph 1.6, are all based on inorganic
semiconductor§l1,166] The size of the HAR micropillars permits to combine the higinade of
cellular adhesion with the possibility to grow the cells in three dimensions, exploiting the advantages
of 3D cell cultures. The use of structurally defined scaffolds, like poNoased HAR pillar arrays,

is strongly affecting the cell cultuffeeld since it leads to a better control over the 3D cell cultures
parameters as compared to hydrdded scaffolds that are commonly employed for this purpose
[167]. Firstly, we present the-R3HT pillars fabrication process, based on a highly repeatable push
coating techniqu¢l68,169] and we discuss the pillars morphological properties characterized by
performing SEM and EIS measurements. Then, we show the effects of thely@ladsarchitecture

on both primary (cortical neurons) and secondary line (+288) cells in terms of viability and
morphology, evaluated by SEM and fluorescence microscopy studies. Moreover, we study the

cortical neurons electrical functionality and synaptic espression roftadhe micrestructured
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substrates by performing patch clamp recordings in dark and through the staining with specific
fluorescent synaptic markers. Finally, we investigate the opticadlyced effects on both HER93

cells and neurons mediated by thé>BHT pillars platforms by carrying out patch clamp recordings

in presence of a light stimulus. The results presented in this chapter are included in G. Tullii, F. Giona,
F. Lodola, S. Bonfadini, C. Bossio, S. Varo, A. Desii, L. Criante, C. Sala, M.iP@sierpelli, F.
Galeotti, M. R. Antognazzaigh Aspect Ratio semiconducting polymer pillars for 3D cell cultures

in preparation

4.2 rr-P3HT microstructures fabrication and morphology

The fabrication of the fP3HT micrastructured substrates is dad out by taking advantage of the
pushcoating technique (append®.1). Pushcoating is an adaptable and ecofriendly process for
manufacturing thin polymer films, which was originally developed for organic field effect transistors
[168], and recently applied also to ligainitting diodes and solar ceJls69]. In pushcoating, a small
volume of polymer solution is sandwiched between the substrate and a millithetkBDMS layer.

The solution spreading between the substrate and the PDMS through capillary forces facilitates the
solvent diffusion into PDMS, to form uniform thin films. @aise the surface roughness of the PDMS
layer determines the morphology of the pushated film, this technique hdmeenvery recently
proposed also to create nanostructured Heghitting polymer layer§l70]. However, pusitoating

has never been employed so far to fabricate high asgigeipillared structures.

rr-P3HT naneand microstructures are typically obtained by-asembly or by imprintgpprocesses

[1717 173]. Whetherthe former approach is not suitable for high aspativ structures, the latter
requires to heat the solid polymer film well above its glass transition and crystallization temperatures
before impmting (around 170 °C for #23HT), and to apply a controlled pressure on a lithographed
hard stamp. By contrast, in our approach the pillared film is formed from solution, in a few seconds,
at room temperature, without any other applied pressure tharetpet of the PDMS layer, and only

a mild thermal treatment is required to facilitate the final stamp detachment. In addition, a soft PDMS
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stamp is used, and very small amounts of semiconducting polymer solution (20 times smaller than in
spincoating) aremployed169].

The first step to manufacture theRBHT pillars by pusitoating is the fabrication of the PDMS mold
(appendixC.1.]). The process, schematically depicted in figure 4.1 a, is carried out in collaboration
with the L. C r up E€eanteefdr lano Eciereaand Trechmplogy, Istituto Italiano di
Tecnologia, Milanp and starts with the fabrication of a PDMS layer by thermal crosslinking of a
commercial silicone oil precursor. In this work a 5 mm thick stamp is employed, since a PDMS
thickness in the mrscale guarantees a good retention of the solvent inside the PDMS layer and
optimal mechanical properties, necessary for the success of theqaisiy procedurgl69]. The

second step consists in the migratterning of the PDMS moldylfemtolaser micromachining, in
order to obtain a negative stamp of the pill a
pushcoating process, ending up with an array eP3HT pillars surrounded by a planafR8HT

region (thickness = 180 nrabtained from profilometry measurements) deposited on top of standard
glass/ITO substratesgeappendixC.1.2 for additional detaj)sBecause the process is not damaging

for PDMS, the same stamp can be used for a large number of depositions with roghaiity

of the obtained pillared structure.

The developed fabrication process offers a number of advantages. Besides the excellent repeatability
and speed of the overall process, the use of femtosecond micromachining to fabricate the mold allows
tofinely tune ( ~ 1 em) the geomet r-dineeasionalslapea met
size, aspect ratio, pitch). The combination of all these characteristics is known to be key in the
interaction with the living cells, since it strongly influesacells viability, adhesion and proliferation

[174i 178]. In fact, HAR micro and nanpillars have been recently, successfully employed to probe
cellular tractions, for tem cells differentiation or to gain intracellular access for delivery
[175,177,179,180]In all these casethe fabrication technique should ideally be highly repeatable,

fast, and simple, while providing at the same time high versatility and capability to rapidly adapt

parameters to the specific cellular model.
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In our case, the pillars size and aspect ratio lma easily, finely tuned by properly changing the
writing parameters and conditions employed during the PDMS mold maskless fabrication, namely
the laser source pulse power, number of pulses, repetition rate, pressure of the vacuum ettamber
Scanning kctron microscopy (SEM) images (appen@i%) show the high aspect ratio conical shape

of the individual pillars (figure 4.1 b) and provide an idea of the repeatability of the overall fabrication
procedure (figure 4.1 c,d). Average pillars height, basendier and halfieight width are,
respectively, 6.4 0.3um, about 2.3 0.1 um and about 1.2 0.2um. The mean distance between

two adjacent pillars (from center to center) is 7.2 £0.2 um (the values are displayed as mean * standard
error of mean (s.eJn From figure 4.1 b it is possible to appreciate the increased surface area due to
the nanometescale roughness of the organic semiconducting pillars usually achieved in HAR
inorganic structures through expensive and fomesuming method4.81]. It was demonstrated that

the presence of nanogns on micro pillars side walls is an essential parameter for the formation of
3D neuronal networkm-vitro, since it enhances the adhesion of neuronal processes to the pillars
body[182]. Importantly, the conical shape of the HAR structures presented here (figure 4.1 b) allows
to combine the advantages of micro and nano scale topographiesti¢alpr, the micrometer size

base confers to the softPPBHT pillars good mechanical stability, while the gub rounded tip is
expected to establish a tight interface with the living cell membrane.

The distance between HAR pillars is another key patam In fact, high density pillar arrays
(adjacent pillars pitch lower a critical value of aboutr®) usually lead to a limited cellular adhesion

and proliferation. This effect has been unanimously attributed to a reduced contact area with the
underlyingflat substrat¢175,177] Conversely, when the intgillar distance is much higher (pillars
density <3(illars 100um2), the adhesion and proliferation of sall enhanced. Interestingly, it was
observed that Si and InAs pillar arrays, with a density in the range of the one employed in our case
(2 pillars 100um2), promotes cells to spread out, with a larger area, higher aspect ratio and a tighter

adhesion thain the other cases, without seriously affecting cells viahili®g,184]
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Figure 4.1 (a) rrP3HT micro-pillars fabrication process. (b) Photograph of tRR3HT pillarsbased device,
taken at the end of the fabrication process. SEM images depicting the siRgléTrpillar structure (c, scale
bar, 2 um) and an overview of the pillars array atrdasing magnification (d,e, scale bars, 10 and 100 pum
respectively).

4.3 rr-P3HT pillars-based substrates electrochemical characterization

Aiming at interfacing the realized polymer miestructured substrates with a biological environment,

it is impottant to preliminarily characterize their electrochemical behavior in contact with an aqueous,
saline medium. To this goal, we carry out EIS measurements (appe@yiat the electrochemical
equilibrium, i.e., at potential values corresponding to the deypen circuit potential, by employing

KRH extracellular solution as the electrolyte, in order to study the system in the same condition of
thein-vitro electrophysiological experiments.

As discussed in sectidh3, by modeling the system with a simpledquencydependent RC circuit

and considering it at frequencies below 10 Hz, it is possible to obtain information about the
device/electrolyte interface. In particular, within this low frequency range, the capacitor well

approximates the Helmholtz doubsyér established at the interfd@84,159 161,185]
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The C(v) t r Kzn(figureb4e2l ap whowis Qhat the flatRBHT reaches a plateau at
frequencies 4Hz, whose amplitude corresponds to the Helmholtz double layer capacitance.
Conversely, inthe case of theRI3 HT pi | | ar s/ el e c ischardcterized by ardistiact f a ¢
behavior, being almost constant between 1 and 0.2 Hz and increasing at frequency vallits < 0.2
reaching 531F cnt 2at 0.01 Hz. The latter regime can be ascribed to the establishment of a volumetric
capacitance, due to amhanced percolation of ionic species trough the organic semiconductor that
expand the electrochemical active surface dfEa/,185] A detailed understanding of this
phenomenonhowever, equires deeper investigations and falls out the scope of the present work.
Here, we focus our attention onthedHz f requency range, where t
volumetric capacitance contribution is negligible, thus making possible to evéleaterease in the
surface area exclusively depending on the pil
equal to 12.21F cn 2 (normalized on the geometrical device area), almost 3 times higher than the
corresponding value in the flat case (@Fcm?), in line with the existing literaturfl34,158,159]

The active surface area increment, due to both the ions percolation and surface topography, leads to
the decrease of the device impedance modulus of about 15 times (figure 4.2 b), passing from the flat
rr-P3HT morphology to the micrstructured one. This result is promising in view of the
implementation of low impedance polymeric electrodes for electrieatbysted cell proliferation and
differentiation applications, as well as for electrical stimulation and recording of livingacéllgy,

since it is related to a higher sigriainoise ratio and higher charge injection lifi2i6,181]
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Figure 4.2.Equivalent capacitandg ( a) and impedance modulus (b), extracted from EIS data, normalized
to the devices geometricslirface area.

4.4 Neurons and HEK-293 cells interfaced with r-P3HT pillars: viability and morphology

Although the good viability of several cell models on top ePB3HT thinfilms was extensively
verified [68,71], cell growth and proliferation on top ofR3HT micrastructures may be strongly
affected by the underlying topography, and need to carefully assessed. Thus, viability of cells cultured
on top of HAR r¢P3HT pillars is directhyevaluated, by employing both primary (cortical neurons)
and secondary line cells (HERO3) (see appendi<.3 for additional details on cell cultures
preparation). HOECHST/NucGreen staining (apperdi®) was used to evaluate the relative
percentage of héthy cells on the two substrates (figure 4.3), obtaining > 90% viable cells both for
HEK-293 and neuron cell cultures after 1 and 14 days in vitro (DIV) respectively. No significant

differences are detected betwee®BHT planar and micretructured regios (figure 4.3i and 4.3)).
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Figure 4.3.Bright field and fluorescence images of H2R3 cells and cortical neurons cultured on flat rr
P3HT (a,b,e,f) and #P3HT pillars (c,d,qg,h), respectively. All cells nuclei are stained by HOECHST (blue),
dead cells uclei are stained by NucGreen (green). Scalg, 58 um. Histograms showing the percentage of
viable HEK-293 cells (i) and cortical neurons (j) on the different device morphologreg50 cells for each

substrate type. Error bars represent the s.e.m..

The morphology of HEKR93 and cortical neurons grown on top of polymer flat and rsttactured
substrates is qualitatively assessed by SEM. Figure 4.4 clearly shows a significant difference in the
morphology of the cells plated on the two different statbss. Both HEK293 and primary neuronal

cells cultured on flat fP3HT present a planar;dmensional shape. Conversely, when cultured on
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top of polymer microstructures, HER93 cells and neuronal bodies remain largely suspended on top

of the pillars, reely reaching the underlying substrate. It can be also appreciated how the selected
arrays geometry leads to a more elongated morphology of the cells body, especially in the case of
HEK-293 cells. Interestingly, the cells membrane thinning in the proxiofitiie pillars tips points

to the attainment of a tight cell/material interface.

Figure 4.4. Top-view SEM images of HER93 cells (a,b) and cortical neurons (c,d) after 1 and 14 DIV
respectively. Scale bars, 20 and 10 um for panels a,c and b,d reslgecti

4.5 HEK-293 cells morphological analysis

In order to corroborate and quantify the observed changes in the morphology e293Et€lls
cultured on top of FP3HT micro structured substrates, we carry out immunofluorescence imaging
experimentsqgeeappendixC.6). Figure 4.5 depictsomerepresentative fluorescence images of the

nuclei and cytoskeleton, marked with DAPI (blue) and phalleidiiC (green) respectively, of the
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cells grown on top of planar (Figure 4.5a) and pitlaidified (Figure 4.5 bjegions. The cells plated

on r-P3HT pillars show a more elongated shape (figure 4.5 c) than the ones grown on the flat controls,
in line with the obtained results of HER93 plated on similar densities of HAR microstruct i3]

and also with other cell typg$86]. The pillar microstructures induce a sizable shrinking of the cell
membrane inthe xy plane and a parallel spreading in thdirection, qualitatively observed in the

SEM images (Figure 4.4) and quantitatively confirmed also by the measurement of the average top

view surface area of cells (Figure 4.5 d).

(c)

*kk T kK
p < 0.001 1400+ p <0.001 1

o
w
1
—
N
o
o
1
L

Circularity
o
N

L

o
—
!

0.0

PILLARS FLAT PILLARS FLAT

Figure 4.5.Immunofluorescence images of HER93 cells cultured on top of-R3HT flat (a) and #P3HT

pillars (b). Cells nuclei and cytoskeleton are stained with DAPI (blue) and phalldiod (green),
respectively. Scale bar, 50 pm. Quantification and comparison of cells ohogptal parameters in terms of
circularity (c) anchverage cells topgiew surface area (d). Mean values are averaged over a statistical ensemble
of n=100 cells for each substrate type. Error bars represent the s.e.m. *** p < 0.001 (Stesignt t
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Interestingly, the quantitative evaluation of the average cell perimeter (normalized to the cell area,
Figure 4.6) shows that the cells adhered on tHR3HT pillars develop more cellular projections,
similarly to what already observed in the case of cellsiced on HAR silicon pillars with an inter

distance > 2unjil84], as well as on silicon nanines[187,188]
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Figure 4.6.Average perimeter normalized to the cell area @P3idT flat and micrestructured substrates.
*** p< 0.001 (Student-test). Error bars represes.e.m..

4.6 Morphological analysis of cortical neuronal cells

I n collaboration wit h (dithte di ReurosS8emie@\&R sMilano@ wee ar ¢ h
investigate the effect of the-R3HT pillars architecture also on the cortical neuronal cells
morphology, by performing confocal imaging experiments (appe@d) In this case we focus on

the neurons arborization, i.e. the arrangement of neuronal processes (axon and dendrites) forming a
treelike structure, since it is directly related to the mogis functionality]189].

Microtubule-associate protein 2 (MAP2) is employed for the selective staining of dendritic trees. The
confocal imageslepicting the dendritic morphology of cortical neurons growth in absence of the
polymer (figured.7a), on top of reP3HT pillars (figure 4.7 ¢) and on planasRBHT (figure 4.7 e)

are compared. The neurons cultured in presence of-B@HT polymer (fat or pillar) have a slight
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decrease in the number of primary and secondary dendrites (figured.a$ well as branching

points (figure 4.7 f) in comparison to neurons cultured on glassrslips. Interestingly, there are no
significant differences heeen reP3HT pillars and flat conditions (figure 4.7 panels b,d,f). This
result suggests that the neuronal cells functional properties are preserved ét8tHépillarsbased
substrates, given the intimate relationship between the dendritic exprassiie aeurons electrical
activity [189].

The effect of substrate topography on neuronal morphologypvweasouslyassessed with several
micro- and nanestructured morphologies, including continuous geometries, like grooved substrates
or electrespun fiberd190i 192], and discontinuous geometries as pillar arfa94,193] The most

part of the micro pillars employed for this purpose are made of silicon and they have been interfaced
with dorsal root ganglion (DRG) neurofi®4], spiral ganglion neuronal ce[lt95] and hippocampal
neurong182,196 199]. In general, it has been reported that the neurons outgrowthcom pillars

is strongly affected by the pillars dendit3,195 197]. In general, it was found that pillars spacing
lower than 4.5 um highly affects the neurons outgrowth. Instead, when the interpillar distance is
increased, the neurons morphology is comparable to the one of the flat control suld8Pai&F]

in line with our results. However, we cannot make a precise comparison between our results and the
ones obtained in these reports, since the employed pillars material composition, type and maturation

stageof neuronal cells are very different from the sneed in the present wofk94].
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Figure 4.7.Rat cortical neurons cultured on top of glass (aP3HT pillars (c) and fP3HT flat (e) stained

for MAP2. Histogams showing the number of primary dendrites (b), secondary dendrites (d) and branching
points (f) of neurons on different devices. n= 30 cells for each condition. Error bars represent the s.e.m. Scale
bars 50um. One way ANOVA, followed by Bonferroni cogon.
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4.7 Neurons electrophysiological characterization in dark conditions

In order to verify whether the membrane passive properties and the electrophysiological activity of
primary cortical neurons cultured onRBHT HAR-pillars are preseed, we carry out patch clamp
recordings in wholeell configuration and in dark conditions (figure 4.8, see appéndifor further
experimental details). Figure 4.8 a and 4.8 b compare the equilibrium parameters of the cells plated
both on flat and on raro-structured HP3HT areas. The average cell membrane resting poterial (

= 11618V andVm= 1 1616nV on pillars and flat regions respectively, displayed as mean
s.e.m.) does not show significant dependence on the substrate type, showirgcasésithe typical

value recordedn-vitro (figure 4.8 a). Conversely, the average cell membrane capaci@anise
significantly higher in the case of BR3HT pillars, possibly due to the increase in the cell membrane
surface area (Figure 4.8 b). Sinbe Gy value reported in figure 4.8 b is normalizagthe cells body
top-view surface area, it is possible to relate the surface area increment only to the cell membrane
elongation observed in the SEM images (figure 4.4). Figure 4.8 ¢ and 4.8 d showcelhole
recordings in current clamp configuration carried out on neurons cultured on both the micro
structured and the planar polymer substrates, respectively. The intracellular current injection in
subsequent steps of 20 pA amplitude and 20 ms time duratidrihe simultaneous recording of the
membrane potential, allows to evaluate the threshold current Va)der(action potential firing It

is very similar in the two cases, with no statistically significant difference (figure 4.8 €). The action
potertial characteristics are also not affected by the substrate morphology, as displayed by the similar

time to peak vs. intensity trends of the neurons grown on pillars and flat regions (figure 4.8 f).
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Figure 4.8.Average cell membrane resting potentiala) and cell membrane capacitang(le) of neurons

grown on planar and micistructured substrate€y, values are normalized to the cells surface area in-the x
plane. *, p < 0.05 (Studentést). Representative action potentials traces elicited rongplated on fP3HT

pillars (c) and #P3HT flat (d) by 20 ms current steps of 20 pA amplitude. (e) Average threshold current
intensity, as normalized to the cell membrane capacitance. (f) Neurons action potentials time to peak versus
amplitude. The ear bars in the histograms represent the s.e.m.

Overall, wholecell configuration patcltlamp experiments demonstrate that the main
electrophysiologal properties of primary cortical neurons cultured on top of polymer pillars are well
preserved, at lsa at the level of the overall, macroscopic behavior. Interestingly, the observed,
sizable increase of the cell membrane capacitance, represents an indication that a more intimate
cell/material interface is successfully established, as a consequenceelf thembrane stretching

induced by the pillar structure.
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4.8 Characterization of cortical neurons synaptic morphology

As a further stepwe investigate whether the miestructured polymer structures affect the
expression of excitatory or inhibitory sgpsis. To test if fP3HT micrestructured substrates affect
synapses formation, we carry out confocal i ma
group(Istituto di Neuroscienz&NR, Milano, see appendi<.8for additional experimental dets).

The excitatory synapses are stained with the presynaptic marker vesicular glutamate transporter
(vGLUT) and the post synaptic density protein 95 (FXpmarker, whereas the inhibitory ones are
labeled with the presynaptic marker vesicular GABA tranigp (VGAT). Overall,no statistically
significant difference among neurons growth on top #?3HT pillars and neurons growth on flat
polymer or glass coverslips is noticeablefies.9). Altogether thse data demonstrate that the micro

structured potmer structures do not negatively affect synapse formation.
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Figure 4.9.Merged confocal images showing the cells nuclei labeling (DAPI, blue) and vGLUT (green) (a),
PSD95 (green) (d) and vGAT (green) (g) stainings of rat cortical neurons cultured on @iopm left to

right): glass, #P3HT pillars and #P3HT flat. Scale bars 20 pm. Histograms showing the vGLUT cluster
density (b) and area (c). Histograms reporting FSxluster density (e) and area (f). Histograms depicting
VGAT cluster density (hdnd area (i). n= 8/16 neurons for each substrate. Error bars represent s.e.m. (one way

ANOVA, followed by Bonferroni correction).
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4.9 Electrophysiological recordings upon light excitation

In the previous paragraphs it has been demonstrated-faHiT pillars structures do nategatively
affectthe viability and the functional propertiesrabdelprimary and secondary cells. In this section

the optical stimulation capabilities of the miestuctured photoactive platforraseaddressed.

As discussed irsection 1.6 and at the end of chapter 3, the extracellular stimulation effectiveness
increases as the thickness of the cleft region between cell and device is decreased. The SEM images
of the HEK-293 cells and cortical neurons grown of top ePBHT pillars (figure 4.4) suggest that

the microstructure allows to establish a more intimate interaction with the cells membrane as
compared to the planar thin films. In order to verifigetherthis effect translates into an enhanced
electrical coupling at the deldevice interface, wholeell patch clamp recordings, in current clamp
configuration and upon light stimulation, are carried out using the same set @xp@ranental
conditions employed in the case of planaP8HT-based devices presented in sectigh2(see also
appendix A.7)but with a differenphotostimulatiorprotocol The patched HEXR93 cell (figure 4.10

a) transmembr an e V)pnduces bytthe adlymer photoeacttatiom with 20aens light
pul ses (& =mWnint) isndepjited 4n6figube 4.10 panels b and does not display
significant differences with the one recorded on plan®3HT thin films presented in section 2.4.2
(figure 2.7 @. The presence of fast capacitive components at the beginning and at the end of the
photoexitation together with a subsequent thermally induced cell depolarization are still noticeable
(figure 4.10 b). In particular, both the peak amplitude (in the order of 1 mV, figure 4.10 b) and the
dynamics (figure 4.10 c) of the positive capacitive compbnmeasured on top ofR3HT pillars are

fully comparable with the ones recorded on the planar ITO/P3HT device in the same illumination
conditions (refer to figure 2.afor the signal intensity and to figure 4.10 c for the dynamics).

This result is anwadence of the fact that the-R3HT pillars morphology does not improve the

electrical coupling between HERO3 cells and rP3HT-based photoactive devices.
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Figure 4.10.(a) Bright field image depicting a HER93 grown on rP3HT pillars array and athed to a

patch clamp micropipette. Scale bar 20 um. (b) Representative HEK3 me mb r a n ¥) vagiatione nt i a
recorded duringwhote el | patch cl amp recording upon photost.i
46.5 mW mn). Light excitation $ represented by the cyan shaded area. (c) Normalized comparison between
the fast HeK293 cell membrane potential variation component, related to the polymer surface charging,
recorded on FP3HT flat/pillarsb a s e d  d\étradechave beersaormalizedthe peak maximum.

The patch clamp experiments are repeated in light conditions with cortical neurons grown on top of
ITO/P3HTpillars devices (figure 4.11 a), employing the saxgerimentaktonditions adopted for

the electrophysiological recordings irard presented in paragraph 4ekception made for the
presence of a light stimuluand the absence daitracellular current injectianFigure 4.11 panel b

depicts the photoinducedie ur Woohaamges i nduced by 20 ms |igh
highlight that no action potential is elicited ahdtt h & tresed is consistent with a passive electrical
response of the neuron, most likely due to the combination of the surfacengreamdilocal heating

at the polymer surface, similarly to what observed with HER cellg[71].
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Figure 4.11.(a) Bright field image depicting a cortical neuron grown oRBHT pillars array and attached to

a patch clamp micropipette. Scale bar 2Q (imh Representative HER 9 3 me mb r a n ¥) vapiatidhe nt i a
recorded duringwhote el | patch cl amp recording upon photosti
220 mW mn). Light excitation time duration is represented by the green shaded area.

The results obtained in the electrophysiological experiments do not show an improvement of the
electrical coupling between cells and the photoactive platforms. The cell membrane stretching
observed in SEM and fluorescence imaged confirmed by the in@ased & values of neurons,
suggests that the problem is not related to the cellular adhesion. The most probable explanation relies
on the poor charge dissociation efficiency of the mgtractured device in correspondence with the

pillar structures, du¢o the high polymer thickness. In order to validate this assumption, surface
potential experiments are performed (figure 4.12), using the same setexpandentatonditions

adopted in the case of planafABHT-based devices presented in section 2(ge2 also appendix

A.8), but with a differentphotoexcitationprotocol The surface potential trend recorded on pillar
arrays (figure 4.12 a) is comparable with the one displayed by ITO/P3HT planar devices (figure 2.10
b), characterized by fast capacit’sepi kes at the beginning and th
540 nm, 220 mW mrf). However, it has to be considered that during this type of measurement the
micropipette electrode senses the average local potential variation from an area muchalatger th

pillar size (about tens of pfn The signal acquired during surface potential measurements on
semiconducting pillars arrays is composed by the superimposition of the contributions of bath the rr

P3HT microstructures and planar polymer film betwdeent The measurement of the surface
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potential contribution of the single-R3HT pillar is not straightforward, and it cannot be done with

the patch clamp set up. It is possible to make a rough estimation by performing surface potential
recordings on topfar-P3HT films with a thickness comparable with the hedjtthe pillars Figure

4.12 panel b shows the photoinduced potential trend acquired on top of-thi6nT-P3HT film

(see appendi.9for details on the film fabrication) with the same illurtina conditions employed

in the case of the pillar arrays. In this case the surface potential trace has still a capacitive behavior
but the positive spike intensity is lowered of about 1 order of magnitude as comparedasetife
themicrostructures aay (~ 0.1 and ~ 2.5 mV in theP3HTthick film and pillars cases respectively,
figure 4.12 a and b). This result suggests that the high polymer thickness in proximity of the
microstructures may account for the low phototransduction efficiency obsermedining also the
absence of the lighhduced neurons action potential firing previously showed by Ghezzi et al. using
planar reP3HT [67]. These findings oridnfuture works to the optimization of the pikapased
photoactive platformsn order tadecreasthe semiconducting polymer thickness in proximity of the

device/cell interface.
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5. Antifouling properties of micro and nano-patterned silk/P3HT substrates

5.1 Introduction

The use of medical implants for the treatment of irreparable damages to the human body, like
prosthetic joints, dental implants, and vascular grafts, has become very diffused nowadays, leading
to dramatic improvements in patients quality of [#80]. For this reason, a lot of effort is undertaken

to minimize the risk of implants failure, principally due to the development of device associated
infections (DAI) caused by microbial contaminatif@®0,201] Bacteria preferentially adhere and
proliferate on the implant surface, prodw a biofilm, i.e. a layer of aggregated bacteria bound
together by a polysaccharide extracellular mg@0B2]. The presence of the biofilm confers to the
microorganisms a much higher resistance than the unattached baetpiieing 5005000 times

higher doses of antibiotifZ02,203] The consequence is the extensive use of antibiotics that leads to
an enhanced baaial resistance towards the common antibiotic agents. A solution consists in the
hindering of thdormationof thebiofilm by theproperengineering oimplantedmaterialand devices

[204]. Three main strategiel® existto this purpose: (1) the functionalization of the implant material
with antimicrobial agents for imparting antimicrobial, i.e. direct killing of bacteria, prop§20ds;

(2) the modification of the prosthesis surface properties for limiting the microbial adhesion (i.e.
antifouling) trough steric hindrance, hydrophobicity, Van der Waals forces otredéatic

interactiong205i 209]; (3) the combination of the strategies (1) and22%,210]

Silk fibroin is a weltknown bio@mpatible material, extensively employed for several biomenfical

vivo applications, such as tissue engineelfidgli 213], drugrelease[214,215]and implantable
electronics[216,217] In particular, it was used for the fabrication of functionally autonomacus rr
P3HT-based photovoltaic prostheses for the recovery of light sensitivity and visual acuity in blind
retinas, discussed in section5168,80,81] Even though the functionalization of silk with
antimicrobial agents was extensively stud@ti8i 222], to the best obur knowledge the antifouling

properties of micro and narsiructured silk fibroin substrates have not yet been explored. In this
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chapter we present the study of the influence of micro and paiterned sillk surface topographies
on the attachment of HER93 cells and E.Coli bacteriAfter assessing that the micro and nano
structured morphologies do not hinder the HE®3 cells by performing MTT viability assays, the
adhesion grade of GFéhcoded E.Coli is evaluated by fluorescence microscopy imaging. Then, in
view of optoelectronic ivivo applicationswe investigatehe antifouling properties ofr-P3HT-

covered silk substrates.

The results presented in this chapter are included in G.Tullii, F.Galeotti, S.Donini, C.Bossio,
F.Lodola, M.Pasini, E.Parisini and M.R. Antognazgticro and nancpatterned silk substrates for

antifouling applicationsin preparation.

5.2 Micro and nano-patterned silk substrates: fabrication and morphological
characterization

The fabrication of the micrand nanepatterned silk fibroin substrates studiedhis thesis work is

based on a soft lithographic approach and it is carried out in collaboration with Dott. Francesco
Galeotti (Istituto per lo Studio delle Macromolecole (ISMAC), GNMRIano) following a method
reported elsewhel@23] and in appendi®.1. The procedure, summarized in figure 5.1, staitis

the extraction of the silk fibroin protein from thH®mbyx moridegummed silk fibers trough
dissolution in LiBr solution and subsequent dialysis againstwa@r. The silk fibroin solution
obtained is drop casted on top of PDMS molds that presenetiaive structure of the final micro

and nanepatterns. Once solidified, the fibroin films are subjected to a water vapor annealing for

increasing the crystallinity of the silkased material obtained, making them insoluble in vagst].
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release of fibroin substrates

Figure 5.1.Scheme of the soft lithographic fabrication route followed for the preparation of micrommd na
patterned silk substrates.

The surface topography of the obtained silk substrates is characterized by acquivilegvt&iEM
micrographs (figure 5.2, see appenbix for details about the sample preparation for SEM), from
which it is possible to appciate the different microand nane patterned morphologies in
comparison with the planar unmodified silk fibroin surface (silk flat, figurea®.Z hree different
structured topographies are prepared: (1) a nanospadtsrned silk fibroin surface, ogosed by
grooves of ~ 800 nm width (nano stripes, figuret®;2(2) a surface modified silk fibroin substrate
that comprises micrwells of different diameters, ranging from 3.5 to 5 um (uwells 1, figureh.2
(3) a micrewells patterned silk fibrointsface morphology that displays wells with a similar shape

of pwells 1, but with a diameter in the rang@ um (uwells 2, figure 5.8).
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Figure 5.2.Top-view images of silk flat (a), nano stripes (b), pwells 1 (c) and pwells 2 (d). Scal2 par

5.3 HEK-293 cells cultures on micro/nangpatterned silk substrates

Silk fibroin, once obtained frofmombyx morsilk by a proper purification rou{@25], show optimal
biocompatibility, well documented in several studiesivo andin-vitro [81,226,227] In order to
investigatewhetherthe structured topograpmegativelyaffects the viability of living cells, HEKk

293 cells cultures are prepared on the different miarad nane patterned silk fibroirbased
substrates and their proliferation is monitored by performing the MTT assay (figure 5.3), introduced
in section 2.4.1 (for furtheredails see appendi®.3). The formazan absorption of the MTT treated
cells cultures on the different morphologies is evaluated after 1, 2 ,3 and 4 DIV, showing a general
reduction in cells proliferation after 1 DIV both on flat and patterned silk samptEsmparison to
control glass substrates (figure 5.3). Starting from DIV 2 the proliferation of-2EXKcells on silk

based samples starts to recover, reachic@garabldormazan absorption value respect to the one
observed on glass slides at DIV 4. thermore, there are no significant differences between flat and
patterned silk cases, confirming that the micro and nanostructures proposed do not affect-the HEK

293 cells viability and proliferation.
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Figure 5.3.MTT viability assay on HEK293 cells plat®n top of silk substrates and on glass slides as control.
Data are reported as average over n = 2 samples + s.e.m.

54 Evaluation of E.Coli adhesion on silkbased substrates

The antifouling capability of the different micro/napatterned silk samples evaluated by
employing the E.Coli bacterial model, genetically modified to express green fluorescent protein
(GFP)for fluorescence imagind he preparation and maintenance of the bacterial cultures are carried
out in collaboration witlDr. P a r i sesearchéysufCenter for Nano Science and Technology,
Istituto Italiano di Tecnologia, Milarjpand all the related details can be found in appeDaixPrior

to evaluating the samples antifouling propertiles,substrates are incubated with the @&¥pressing

E.Coli for 24h, washed by subsequent immersions inwag@r for removing all unattached bacteria
and covered with a m®20 drop. The number of adherent bacteria is then quantified by acquiring
GFP fluorescence emission (figure 5-4)a(appendixD.5). All the silk-based samples display a
lower number of adhered bacteria in comparison to the glass control 8igdyeThe interpretation

of the result obtained on the planar silk topography is not straightforward and additional experiments
would ke necessary for clarifying the origin of this effect, falling out from the scope of the present

work. Most importantly to the goals of the present wolle, micre and nanepatterned silk samples
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present a significant reduction in the number of E. Cachttd to their surfaces in comparison with
the flat silk morphology, amounting at 49 %<9.05), 64 % (p< 0.01) and 66 % (g 0.001) for the

nano stripes, pwells 2 and pwells 1 cases respectively (figure 5.4 f).
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Figure 5.4.Fluorescent microscopy irgas of GFP expressing bacteria cultured on glass (a) and flat (b), nano
striped (c), pwells atterned (d), pwells -patterned (e) silk substrates, after 24h. Scale Barpum(f)
Quantitative analysis of bacteria observed-s &0 <0.05, **p<0.01, ***p< 0.001.

This result can be attributed to a topographyen antifouling mechanism. In literature, two main

effects were found to have a central role in the inhibition of bacterial adhesion: (1) a steric effect due

to the presence of a regular migratierned morphology characterized by a features size lower than
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bacterial dimensiof204,205,228](2) an effect related to the high hydrophobicity induced by micro
structured surfacg204,206,229,230]in both cases the driving force of the antifouling process relies

in the reduction of the surface area to which the organisms can adhere. The reduced bacterial adhesior
achieved with silk nano stripes and pwells 2 can be explained by considering the former mechanism,
since the E. Coli average length (11@2) and diametef~ 1 um) [231,232]are higher than both the

nano stripes silk grooves width (~ 800 nm) and pwells 2 silk wells mean diameter (between 1 and 2
pm). On the contrary, this armentation is not valid for explaining the bacterial adhesion reduction
induced by pwells 1, because the diameter of the wells that composes this architecture (in the range
3.55 um) is about 2 times higher than the E. Coli average dimension. In ordarifipttle origin of

the antifouling effect observed, experiments for the evaluation of the samples hydrophobicity are
carried out by measuring the static contact angle (figure 5.5, further details are reported in appendix
D.6). Generally, the limit betweemydrophilicity and hydrophobicity iset ata contact angle value

of 90°[233]. Planar silk and control glasses are hydrophilic, presenting a closely compaaidale w
contact angle (69 £ 1 and 68 * 1° respectively). Silk nano stripes and pwells 2 samples show increased
water contact angle values (73 £ 0ahd 82 + 2° respectively), but they still fall in the hydrophilic
regime, confirming that the reduced E.Cadlihasion observed is most likely due to a steric effect
exerted by the surface topography and it is not related to the surface wettability. pwells 1 substrates
display a hydrophobic behavior, characterized by a water contact angle of 100 + 1°. This nesult i

line with the existing literature, where similar honeycomb surface topographies were observed to
influence the wettability of polymer films. In particular, this behavior was explained by the formation

of air pockets between substrate surface and watg@iets when the latter are much larger than the
dimension of the substrate topological featyggl]. This phenomenomay account fothe pwells

1 antifouling properties, since it determines the amount of surface that is available for bacterial
attachment. In particular Manabe et[@R9] observed that when the size of the pores lies between

3.5 and 11 ym and the contact angle of the culture medium is high, as in the pwells 1 case, bacteria

experience amited contact with the surface.
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Figure 5.5.Static contact angles established by water drops over the different micrpaitermed silk
morphologies and bare glasses.

5.5 Evaluation of E.Coli adhesion on reP3HT-covered silk substrates

In view of possible optoelectronic applicatiansvivo, we implement the silk fibrodbased substrates

with a thin layer of HP3HT. We focused our attention on the substrate that gave the best antifouling
result, g wellsl1, and on the planar silk morphology esrdrol.

The deposition of the semiconducting polymer layer is carried out bycepiing, by selecting the
proper rFfP3HT concentration and spin parameters that do not lead to a passivation of the micro
structured topography (appendix7). SEM images bthe rrP3HT-covered/uncovered samples
(figure 5.6 panels a, band c, d forsilk flat&hd e | | s 1 coafsnptleatthe isamplés gurface

morphologies are not altered after the semiconducting polymer deposition.
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Figure 5.6.Top-view SEM image®f silk flat without (a) and with kP3HT on top (b) and of pwells 1 sample
before (c) and after (d)-#3HT deposition. Scale bar 2 um

Experiments for the evaluation of the E. Coli attachment are then repeated usifigdH&-oovered
silk samples (figre 5.7). The pwells 1/P3HT sample disgagduction of4l % (p <0.05)in the
number ofadhered bactermith respect to the flat control, demonstrating thatmpresence of r

P3HT the topographgriven antifouling effect is still effective.
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Figure 5.7.Fluorescent microscopy images of GFP expressing E.Coli bacteria cultured on top of silk
flat/P3HT (a) and pwells 1/P3HT (b), after 24h. Scalesi&) um. (c) Quantitative analysis of bacteria
observed in a,b. *g0.05.

In order to corroborate ouinflings, we carried out experiments for the quantification of the bacterial
growth inside the culture medium in presence of all the tested substrates. This experiment allows to
understanavhetherthe results obtained depend only on a hindered bacteries@adior on a coupling

of this effect with bactericidal one, i.e. the killing of bactd#85]. E.Coli cultures are prepared
following the same procede described in section D.4 but without transfecting the bacteria with the
GFP construct. e bacterial growth ishen evaluated by measuring the culture medium optical
absorption at 600 nm after 24h. The results obtained, depicted in figure 5.8, shtverthare no
significant differences between the case where no substrate is present and the one where bacteria are
incubated with both fP3HT-uncovered (figure 5.8 a) andPBHT-covered (figure 5.8 b) samples.

On the basis of these findings, we can dote that the reduction of the surfazgached bacteria is

only due to an unfavorable bacterial adhesion induced by the micrgpatteoned topographies,

excluding the presence of a concomitant bactericidal effect.
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Figure 5.8.Bacterial growth in solitn after 24h incubation with4#3HT-uncovered (a) and-P3HT-
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96



6. rr-P3HT-mediated optical stimulation of plant cells

6.1 Introduction

The central role that plants play both in the ecosystem, as regulators of water cycles and atmospheric
oxygen, and in human life as a source of food, chemicals, heat and materials, agaechsss to

find solutions for augmenting plant growth and functip236]. The methods employed to this
purpose are mainly based on the use of fertilizers and on the geneiiccation of plants; these
strategies however are often related to environmental risks due to the release of chemicals in the
environment and uncontrollable changes in the ecosystem. Smart materials have been introduced as
an alternative to these approashfor both the monitoring and the improvement of plants functions.

For example, using inorganic nanopatrticles, effects on root elongation, seed germination and plant
growth were observed237,238] whereas the treatment with carbon nanotubek tte the
enhancement of the photosynthesis pro§233]. Very recently, the M. B
interfaced organic semiconductors with plant systems, introducing the concept of electronic plants
(e-plants)[240]. In particular, they reported the fabrication of hydrdded conducting wires within

the plant vascular tissues using water soluble thiopbased polymers and oligomers, respectively
selforganized anth situ polymerized insidéR. floribundaplants tissuef240,241] Moreover, they
exploited the planintegrated electronic systemobtained for the fabrication of OECTs and
supercapacitors inside the vegetable strug2#4@,241] Another recent work reported the recording

of the plant physiological parameters with texbesed OECTSs integrated into the vegetable structure

[242].

Taking a cue from these works and in light of the results obtained byamitg rrP3HT-based

devices and NPs with animal cells (presented in paragraphs 1.5 and 1.6), we explore the opportunity
to establish a functional interplay between conjugated polymer systems and plants. We chose
Arabidopsis Thalianas a plant model, waly accepted in a variety of different studies, including

plant physiology, population genetics, evolution and environmental s¢@&t®244] The functioml
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interaction between conjugated polymers and plant systems is tested here at the single cell level. To
this goal, functional interfaces betweesPBHT, both in the form of thin films and nanoparticles, and
guard cells (GCs) are realized. Guard cells laighly specialized, kidneghaped cells, which
juxtapose to form a pore, the stoma. Importantly, they contain photosynthetically active chloroplasts,
and their volume variations govern stomata movement. GCs play-m@leey both carbon dioxide
uptake fom the environment and respiration process, and they ultimately rule plant growth and
survival [245]. Guard cells volume variation are the macroscopic result of a complex network of
molecular processes, occurring at different hierarchical s¢2déd. We decided to monitor the
functional interagbn between the thiophermsed material and the plant systems by measuring the
variations in the cytosolic calcium (Eaconcentration ([Cdlcy), in dark and light conditions, since

C&* signalling participates in many regulatory processes and isvienyah nearly all aspects of plant
development as a second messerigds]. C&* oscillations are widely employed to elucidate
different plant processes, including metabolism and stimuli responsijeédg@s<&" signals consist

in transient increases in [€}cy that arse from C&' fluxes coming from the extracellular
environment or from internal compartments of the del’]. External stimuli, such as temperature
changes, salt, or osmotic stresses, light, and plant hormones, produce spétifes@mses with
defined spatial and teropal characteristics, called €asignatures[246,248] We monitor the
[Ca']cyt by performing calcium imaging experiments, employiigabidopsis Thalianaplants
genetically encoded with the cytodotalized calcium indicator yellow Cameleon (YQ'C probes

are based on the fluorescence resonance energy transfer (FRET). They comprise two GFP variants,
cyan and yellow fluorescent proteins (CFP and YFP respectively) bound together by the catimodulin
binding peptide M13 and the &a-binding proteincalmodulin [249]. When C&' ion binds b
calmodulin, a conformational change in the YC indicator takes place, enabling enhanced FRET
between CFP and YFP. The quantitative measurement?6fd@aamics is performed by acquiring

the YFP/CFP ratio shif249].
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In this chapter, the study of the interaction between the photoexcR&H Trand plant systems starts

with the evaluation of the GCs viability in presence of the semiconducting polymer. Then, the effects
of light stimulation on the [C4]cy: oscillationsof Arabidopsisleaves GCs, in presence ofA8HT
polymer thin films and N&, are investigated. In addition, NPsluced variations in the stomatal
aperture size are studied by fluorescence imaging. Moreover, theoNpled tahe plant samplare
visualizedby acquiring confocal microscopy images. In view of future applicatares systemic

level, in the last part of the chapter a preliminary study of HRSHT NPs uptake bfrabidopsis
seedlings, i.e. very young plants grown from a seed, is investigated. In particular, the NPs uptake

within the root tissue is successfullysassed by confocal imaging experiments.

To the best of our knowledge, this is the very first report of usePBIHT conjugated polymer in
combination with a vegetable system and the presented results will be included in: G. Tullii, A. Costa,
M. R. Antoghazza,Conjugated polymers optically regulate signalling in Arabidopsis Thaliana

models at single and multicellular leyet preparation.

6.2 Arabidopsisguard cells interfaced with rr-P3HT: viability assay

TheArabidopsisThalianaplants used for all thexperiments presented in this chapter are grown and

maintained in collaboration with Prof. A. Costa (Department of Biosciences, University of Milan).

As a necessary preliminary stepe evaluate the cells viability in contact with the photoactive
material, both in dark and upon photoexcitation (figure 6.1wéekold Arabidopsisleaves are
attached to glass slides and the upper epidermal cells are remove using a razor blade. The exposec
guard cells are placed in a proper imaging solution and put in phgsitiact with spin coated-rr

P3HT thin films (film thickness: 150 nm, for additional details refer to appdadjxon planar ITO
electrodes. Then, a viability study based on fluoresdeioetate (FDA) assay is carried ¢appendix

E.1). FDA is a consatlated probe for the study of both animal and plant cells vialjiip,251]
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FDA is a nonfluorescent compound that switch to the fluorescein fluorescent form when hydrolysed
by the intracellular esterases of cells that display intact membranes and regular enzymatic activities.
Thus, only healthycells become fluorescent. Figure 6.1 shows representative -balghoptical
microscope images (panels a, ¢ and e) and FDA fluorescence staining over the very same field of
view (panels b, d and f). The comparison with brfigid conditions allows to idtinguish viable

from notviable cells. The experiment has been carried out without the polymer in dark and upon CW

l i ght exci t aG4mwimni(time daratibrd Dminotes), both in presence and absence

of the ITO/P3HT device interfaced to GO%e statistical analysis is based on 50 cells belonging to

3 statistically independent samples for each condition (Figure 6.1 g). No statistically significant
differences are evidenced among the three samples cohorts, being the percentage of healthy cells
72+6%, 81 + 8 % and 74 £ 13 % in the case of control in dark, light treated, and light+polymer

sampl es, r espetestp>0©3 iyall (oBSstdered] eases)d st
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Figure 6.1. Representative bright field and fluorescence images depictingtfdafed GCs without any
treatment (panels a,b), after green light excitation (panels c,d) and after green light excitation in presence of
mP3HT film (panels e, f). L i g6l mW/sitt, itimeuwdlraioni= & minutes. n d i t
Scale bars50 pm.Panel g shows the percentage of viable cells for each condition.
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6.3 Modulation of Arabidopsisguard cells intracellular Ca?* by polymer photoexcitation

Functional interaction between photoexcited conjugated polymer and GCs is evaluated bg carryin
out calcium imaging experiments. To this purp@sabidopsigplant leaves genetically encoded with

a variant of the cytosdbcalized yellow cameleon probe (NES YCR62,253), are employed. The
leaves are anchored to glass substrates and immersed in imaging solution in the same whag as for
viability study(appendixE.1). Then, the plant samples are interfaced with ITO/P3HT devices-and rr
P3HT NPs #@veragehydrodynamic radiu237+82nm). r-P3HT nanoparticles synthesis and
characterization has been reported elsewhere, and briefly sizadhar appendiE.2[126]. Leaves

guard cells are incubated for 20 mi@sl with NPs, diluted in the bath solution up to a final
concentration correspondent to Nps optical density (OD) = 0.1. As aforementioned in paragraph 6.1,
the YC probe fluorescence emission (YFP/CFP ratio) is directly proportional to the cytosdlic Ca
concentration and can be measured using a fluorescence microscope. We mospontheeous
[C&lcposci | | ations before and after stimul6eiting
mW/mn?, time duration: 2 minutes, figure 6.2) jmesence ahabsence of +P3HT. In dark, the
[Ca?']cyt trend is comparable in all cases, recording the typical spontaneoticjQascillations

profile already observed irabidopsisGCs (figure 6.2 panels@ see appendik.3for experimental

detail§ [254i 256]. Although the nature of the spontanedGs?*]c,: oscillations has not yet fully
elucidated, experiments performed on GCs of intact plants leafiersed that this spontaneous“Ca
activity is a conserved feature of this cell type, and it is probably related to physiological processes
taking place in response to environmental stimuli (e.g., water balance, light conditiGrisy€l€)

[256]. The comparablg¢Ca’*]cy: dynamics recorded in dark suggests that in absence of a light
stimulus, the GCs functional properties are not affected just by the contact with the organic
semiconductor. When the optical excitation isvided, the situation changds.has been reported

that photoexcitation at blue and red wavelengths can substantially affect calcium signalling, leading

to an increase in the [€%c,: mediated by the action of specific photoreceptors, phototropines and
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phytochrome for blue and red light respectivi46,257 260]. The use of green light excitation in
principle allows to exclude any effect mediated by light sensitive proteins. This assumption is fully
confirmed by the results obtained with thé»8HT-untreated guard cells (CTRR with no relevant
changes in the [G§c,: peaks amplitude and number considered in thegore in the posexcitation
temporal windows (figure 6.2 a). The variation is quantified by calculating the ratio between the
average peaks amplitude after/lrefbght (larrer/lserore and the ratio of the mean number of peaks
recorded after and before the light stimulus occurrengeréNNgerorg. Both quantities are very
close to unity in the CTRL case {Ner/Nserore= ~ 1, hrrer/lserore= ~ 0.8, figure 6.panels ee).
Conversely, the illumination of the polymer film leads to a remarkable silencing of the calcium
activity (figure 6.2 b), associated toater/Nseroreand hrrer/Iserorevalues about 88% and 69%
lower than in the CTRL case (figure 6.2 d,e)e ®ame experiment carried out upon administration
of rr-P3HT NPs shows comparable results with the solid state film (figure 6.2 c), even though the
overall effect is less evident in this caseadfr/Nserore and hrrer/IseFore Values reduced

respectively g 51% and 49% as compared to the CTRL case, figure 6.2 d,e).
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Figure 6.2.Ca&* dynamics monitored ir\rabidopsisguard cells expressing Cameleon YC3.60 before and

after optical excitation in terms of YFP/CFP emission, in absenceR#HIT (panel a) anih presence of #r

P3HT film (panel b) or HP3HT NPs (panel c). The yellow dashed line represents the optical@&xcii on ( &
540 nm, intensity@4 mW/mn3, time duration = 2 minutesjd) Mean ratio between the average number of
YFP/CFP emission peaks after and before illumination. (e) Average ratio of the YFP/CFP emission intensity
recorded after and before opticakcgation. Mean values are averaged over a statistical ensemble @0n

cells for each condition. Error bars representthes.em.> , p < O0.-kB&)1 ( Student ds t

These results demonstrate that the use of polymer photoactivity in combination vt Nt
excitation may provide a useful tool to downegulate on demand, in a drfrge and fully controllable

way the calcium activity in single guard cells. Moreover, the usePBHT NPs gives the possibility
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to further reduce the invasivenesstd tnethod and allows to exploit the ease of delivery of the NPs,
particularly attractive in view of applications that involve entire plant systems. For this reason, from

now on, we focus only on the interaction betweeR3HT NPs and plants.

Reversibiliy of the observed dowregulation in intracellular G4 dynamics must be assessed. To

this purpose, two different approaches are adopted: (1) administration of excess extracéllular Ca
concentration after lighihduced partial silencing; (2) repetitionaalcium imaging experiments after
leaving the samples resting in dark (figure,@ppendix E.3)The addition of C4 ions in the
extracellular bath represents a standard stimulus for elicitirtg](apikes in leaves GG254,261

263]. We observe that the €aaddition in the bath elicits a sizeable increaseait bhe amplitude

and number of [C4d]cy: spikes, turning back to be comparable to the values measured before the light
excitation protocol (figure 6.3 a). This demonstrates that the GCs functionality is preserved. However,
although this test representslisgect and easy way for assessing the reversibility of the photoexcited
rr-P3HT NPsinduced effect, it implies the alteration of the GCs physiological conditions (delivery
of excess C4 ions respect to physiological conditions). The recovery of thé&'J&aspontaneous
oscillations is thus verified also without any external stimulus, by taking advantage of the method
(2). In this case, calcium imaging recordings eP&HT NPstreated guard cells upon light excitation

are repeated (figure 6.3 b). Additedrcalcium imaging recordings are then performed after leaving
the samples 20 minutes in dark, revealing that the guard cells recover almost completely the frequency
(95%) and partially the amplitude (58%) of the {Ga, spontaneous spikes recorded befihe light

stimulation event (figure 6.3 c).
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Figure 6.3. Calcium imaging experiments on-PBHT NPstreated Arabidopsisguard cells genetically
encoded with Cameleon YC3.60 for the evaluation of the reversibility of the opiicdllged [C&"cy
oscilations silencing phenomenon, performed by extracelluldr &hition (a) or by leaving the plant sample
resting in dark (b). The yellow and bl ack dashed
:64 mW/mni, time duration: 2 minutesgnd the time spent in dark (20 min) respectively. (c) % recovery of

the average number and amplitude of YFP/CFP spikes after leaving the guard cells in dark with respect to the
values in the préight excitation time windowMean values are averaged ovestatistical ensemble of=120

cells. Error bars represent the s.e.m..

These results show that the opticatiguced silencing in the guard cells fay: spontaneous
oscillations, mediated by-P3HT NPs, is not an irreversible effect, excluding theuoence of

detrimental consequences on guard cells functionality.

The explanation of the mechanism involved in tRB3HT NPsmediated modulation of [G§cytin
Arabidopsisgguard cells is not straightforward. The analogy with the results obtainetf@itR3HT
devices suggests that the phenomenon is guided by an extracellular mechanism. In order to validate

this assumption, the distribution of NPs within the plant sample is assessed by acquiring confocal
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microscopy images of##3HT NPstreated leaves Gs. During images acquisition, the entire sample
area is scanned from bottom to top, incrementing each focal plane in steps of 250 nm. The confocal
detection system permits the collection of the emitted light coming only from planes close to the
consideredocal plane, allowing the precise localization of the NPs. Figure 6.4 depicts the single
stack focal planes acquired, by which it is possible to appreciate that the nanoparticles are not
internalized within the GCs cytosol, remaining suspended in thaceXular bath solution. This

result corroborates the assumption that the photoexcitB@HiT NPS down regulate the GCs

[Ca"]cyt SpONntaneous oscillations trough an extracellular mechanism.

Figure 6.4.Confocal optical sections depicting ArabidopsisGCs treated with ¥fP3HT NPs. GC is stained
with YC3.6 (green). Red emission corresponds WHR3HT NPsScale bar: 10 pm.
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Given the role of Cd as second messenger, the guard cell$'J6acan be modulated by a large
variety of external stimuli, inalding auxin, C@, abscisic acid (ABA), extracellular €aaddition and
ROS[264]. The response to most of these extracellular stimuli corresponds with transient elevations
in guard cells [C#]cy.. However, in some cases effects on the spontaneoti}d@ascillations were
also observed. In particular, the increase of the @Dcentration and the addition of ABA in the
bath solution have been demonstrated to reduce the rate and both thedanapid the frequency of
spontaneous [G4cy: transients imrabidopsisguard cells, respective[£64,265] Moreover, in the
case of ABA, a reactivation of the [Ek,: Spontaneous oscillations after a quiescent period -of 30
40 minutes was noticed, similarly to what olserwith rrP3HT NPs. Both ABA and C&nduced
dampening of the spontaneous {Ga oscillations were attributed to a depolarization of the GCs.
In analogy with these reports, we can thus tentatively attribute the silencing of e f@ativity
obseved in our case to a cell depolarization induced by the photoexciB2HT NPs. However, a

precise explanation of the mechanism requires additional experiments.

6.4 Optically-induced effects on stomatal opening mediated by P3HT NPs

We proceed the stydof the interaction between-R3HT NPs and guard cells by investigating the
presence of opticallinduced effects on the stomata functionality. In particular, we assess the
presence of changes in stomatal aperture induced by the treatment with phedoeR3HT NPs

by performing fluorescence microscopy imagiagpendix E.4)

Arabidopsisleaves samples, geneticabypcoded with the YC probe, are treated witRP3HT NPs
with the same concentration and incubation time employed in calcium imaging nmeasis.eThe
leaves are also incubated with optically insensitive silica nanoparticlesN®§) average diameter
= comparable to polymer nps, concentration 25ang mf') that serve as a control experiment, for

assessing the presence of stomatal apevanations only due to the NPs sterical effect. The-NPs
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treated leaves GCs are exposed to white light (4000 lux) for 90 minutes. In this case the light
excitation serves both as a stimulus for NPs and for the stomata, since the guard cells photoexcitation
(in particular with blue and red wavelengths) have been demonstrated to provoke the stomatal
opening[266]. Thus, by measuring the stotakaperture size after the optical treatment it is possible

to evaluate the influence of the NPs on the hgluced stomatal aperture. Fluorescence images of

the YGencoded guard cells after the treatment with light and NPs are acquired and the stomatal
aperture width (d) is measured through a {postessing analysis of the images. In this case the YC
probe acts only as a visual indicator, since the superimposition of the YFP and CFP emissions is
recorded. Representative fluorescence images of opeda@setl guard cells are depicted in figure

6.5 panels a and b respectively. The analysis of the stomatal aperture size (figure 6.5 c), conducted in
doubleblind conditions, reveals a significant decrease in stomatal aperture both in tren&i®

P3HT NPscases in comparison to the untreated samples (CTRL) (correspondent to 7 % and 21 % in
the SiQand rrP3HT cases respectively). Interestingly, the treatment wit8HT NPs leads to the

lowest value of the stomatal aperture width (figure 6.5 c).
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Figure 6.5. Representative fluorescence images of YCehéoded GCs in open (a) and closed (b) states.
Scale bars: 10 um. (c) Histogram reporting the average stomatal aperture width (d) measured after exposure
to white light without any NPs (CTRL) preseand in presence of-P3HT or SiQNPs.Error bars represent

the s.e.m.’* p < 0.05, ***test)p < 0.001 (Studentds t

In literature, the inhibition of the stomatal opening was demonstrated by the treatment with ABA,
extracellular C#, Nitric oxide (NO) and HO [267i 271]. In particular, the addition of exogenous
H2>0O2 has been shown to inhibit the stomatal opening provoked by lightagani in Arabidopsis
Thalianaplants[272]. As discussed in sections 1.6 and 2.2R3HT presents &avorable energy
alignment at the polymer/electrolyte interface for the oxygen reduction reaction (T8R)3] that

leads to the photoinduced production of ROS at the polymer/electrolyte interface. In particular, we

recently demonstrated that the-RBHT NPs photatimulation produces an increase ire th
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intracellular concentration of ROS in HE*3 cells[130]. The presence of ROS was verifieg b

using different ROS fluorescent probes, including®j7 c hl or odi hydr opuorescei
DA) that is sensible to various ROS species, includig@IH 30]. We attributed the ROS production

to a direct photocatalytic effect of the NPs, demonstrated in different electrolyte compositions through
electrochemical experimenf30]. Thus, it is likely that this phenomenon can occur also in the
extracellular environment in contact with ti&Cs. In light of these considerations, a tentative
explanation of thenhibition of the stomatal opening exerted byPBHT NPs can be made by
considering a local photimduced production of ¥Dz in the close proximity oArabidopsisguard

cells (figure 66). The validation of this assumption will be the object of future experiments.
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Figure 6.6.Schematic drawing of the inhibition of the lightuced stomatal opening due to the presence of
extracellular HO, produced by the ##P3HT NPs photoexcitation.

111



6.5 rr-P3HT NPs uptake byArabidopsis Thalianaseedlings roots

We extend the study ofi¢ interaction between-R3HT NPs and\rabidopsisThalianaplants to an
increased level of biological complexity, by investigating the Nps uptakeday&old Arabidopsis
Thalianaseedlings roots.

Arabidopsisseedlings are incubated for 60 minutes witR3HT NPs, diluted in the bath solution up

to a final concentration correspondent to Nps optical density (OD) = 0.25. Theddp&dwith the

root tissueare visalizedby performingconfocal imaging experiments (figure B.The inspection

of subsequent stacks, acquired from the bottom to the top of the root sample (1.5 pm steps), reveals
that nanoparticles have a great tendency to accumulate along the roafage @nd also to be
internalized within root tissue in proximity of the tip cap (white arrdigaire 6.7. This constitutes

a promising result and opens the way to adapth studyf the NPs delivery teentireplantsin-vivo.
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Figure 6.7.Confocal opical sections of thArabidopsisThaliana seedlings incubated witiFRBHT NPs. Root
tip cells are stained with YC3.6 (green). Red emission correspondsRiBiHT NPs. Nps internalized within
the plant tissue are indicated by white arrows. Scale banm20
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7. Conclusions and perspectives

In this thesis work we have developed different strategies to engineer hybrid interfaces established
between HP3HT-based photoactive platforms and aqueous electrolytes, and we have characterized
in depth the mlogical effect on living cells activity and functionalitin chapter 2 we present the
fabrication and characterization of multilayered planar devices that compri®3BETractive layer
sandwiched between charge selective materials. By performingoeleemical measurements, we
show that the ITO/P3HT device presents a predominant photoinduced capacitive behavior,
characterized by the accumulation of positive charges at the polymer surface, balanced by negative
ions in the electrolyte solution. This perty can be selectively modulated by coupling tHe3HT

layer with holeselective layers (HSL) or electron selective layers (ESL) materials. We demonstrate
that by depositing an ESL layer of PCBM on top of the semiconducting polymer, ending up with
ITO/p-i-n architecture, the prevailing device response is still capacitive, but with opposite sign (i.e.,
electrons accumulate at the surface). Moreover, we show that by developing a more complex
architecture, and in particular by introducing both ESL and H@lerials coupled with a catalyst,

the efficiency of faradaic charge transfer phenomena at the device/electrolyte interface is dramatically
enhanced. In particular we describe the fabrication and characterization of highly efficient
organic/inorganic photmthodes for hydrogen evolution. We explore different multilayered
architectures, obtaining the best results wRETO/Cul/P3HT:PCBM/TIQ/Pt configuration,
characterized byhotocurrent value up to 7mdA cm? at 0 V vs. RHE, associated to hydrogen
evolution reactions with 100% faradaic efficiencyhis result indicates that conjugated polymer
based photocathodes are suitable devices for efficient photocatalytic hydrogen generation.

In the following, we describe the successful interfacing of ITO/P3HT,FBET:PCBM, ITOp-i-n

and ITO/Cul/P3HT:PCBM/Ti@architectures with HEKR93 line cells. We observe that the presence

of ESLs (PCBM, TiQ) leads to modulate HER93 cells membrane potential respect to the
ITO/P3HT and ITO/P3HT:PCBM cases. In particular, eeard opposite signs of the fast membrane

potential variation component, previously attributed to the capacitive device photocharging, in the
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two cases. By performing surface potential measurements, we confirm the direct relationship existing
between thedst membrane potential change and the capacitive charging occurring at the device
surface. These results highlight the fact that the couplingRBIHT with interlayers can be exploited

for the achievement of different capacitive stimulation patternsgljrigaeither to cell membrane
depolarization or hyperpolarization.

In chapter 3 we propose an alternative strategy for balancing the capacitive vs. faradaic photoinduced
effects occurring at the-®3HT/electrolyte interface, based the engineering of thdO/P3HT

device morphology.We present a mesoporous device constituted by-RBHT active layer
intercalated into a mesoporous ITO NRedified ITO electrode, fabricated through ansalution
process. By performing electrochemical measurements anttdgling the experimental data with

an equivalent electrical circuit, we show a strict relationship between the mesoporous morphology
and the polymer/electrolyte interface dynamics. In more detail, we find that the surface area increment
(about two ordersfanagnitude) due to the mesoporous architecture leads to a remarkable increase
of the efficiency of the opticalinduced faradaic charge transfer phenomena occurring at the
polymer/electrolyte interface. Oxygen reduction reactions (ORR) represent thempradt
photoinduced faradaic phenomena in both the mesoporous and planar cases, in agreement with
previous reports that identifiedfavorable energy alignment at theRBHT/electrolyte interface for

this specific reactionThe possibility to balance cagpitive and faradaic processes is particularly
appealing for biological applications since it opens the way to the possibility to achieve a bimodal
stimulation pattern, by coupling for example capacitive and faradaic stimulation mechamisghs.

of this, we test the mesoporous device morphology for the living cells optical excitation by
performing extracellular surface potential measurements in presence of a light stimulus and whole
cell patchclamp recordings on HER93 cell models. We demonstrate ththe mesoporous
photoactive platform is bigsompatible and fully working even in the presence of a living cell
population cultured on top of its surface. However, we do not evidence any clear variation, possibly

due to an Oact i v e betwean the sunfasegotantialdrate tedoreded i abdsénece of
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cells and the electrical component of the HE®3 cells membrane potential variations. We attribute

this to a scarce electrical coupling between the mesoporous photoactive platforms and fascells.
observation prompted us to explore new strategies to enhance the electrical coupling between the rr
P3HT-based device and living cells.

In chapter 4, we propose an approach for the improvement of the cellular adhesion based on the
implementation of nero-structured devices. We present the successful fabrication-RBHIT
microstructures of conical shape, by coupling fesgoond micromachining and pusbating wet
deposition technique. The fabrication process allows for the realization of devicadhighly
versatile, fast, straightforward and repeatable way. Realized semiconducting polymer pillars are
characterized by a high aspect ratio and usefully combine the advantages efamicranoscale
topographies, as a highly desirable characterigtfdsh, in the case of inorganic electrodes, can be
achieved only by making recourse to complex fabrication techniques. Ithiachicrometesized

base confers to the softPPBHT pillars good mechanical stability, while the sub rounded tip
establishe a tight interface with the living cell membrane, key for achieving efficient and reliable
extracellular stimulation and recording and also for other interesting applications, such as the
localized delivery of biomolecules into the cell cytosol. We shHwat polymer pillars can be used as
highly biocompatible substrates for both primary cortical neurons and-28Bkcells. The adopted
shape and density of polymer pillars leads to establish a close contact with botA93Edad
neuronal cell membrane, witHacalized thinning of the cell membrane, without however negatively
affecting cells viability. In the case of cortical neurons, we notice also that their intrinsic
electrophysiological properties and synapses expression are fully preserved on top ilbarthe p
microstructures. Interestingly, we observe a sizable change in the morphology e?33&t€lls,
showing a pronounced tendency to develop in the 4tlireensional space when interfaced to
structured polymer substrates. Importantly, taAB3HT structued devices maintain a certain degree

of optical transparency, thus making possible optical access to the cell culture. However, despite the

successful attainment of optimal cellular adhesion in the close proximity to pillar microstructures, we
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do not obserse any clear improvement in the cellular response upon polymer photoexcitation. We
attribute this to the high polymer thickness in correspondence with HRSHT-based
microstructures, which implies, in absence of a corresponding microstructuring ohderlying
electrode, poor charge dissociation efficiency. In light of this, future work will target the
implementation of the fP3HT pillarsbased platform for the thinning of semiconducting polymer
active layer. A possible strategy consists in theiéakion of the high aspect ratio microstructures
with a transparent and inert material and in the subsequent deposition of the ITO and semiconducting
polymer layers.

Given the high interest of organic bioelectronics devices for in vivo use, in chaptedésaribe the
exploitation of micre and nanestructured device topographies for antifouling applications, i.e., to
limit the adhesion of bacteria. We develwojcro-structured silk substrates, presenting nierlls

or nanogrooves on their surfaces, fallng a simple, inexpensive and high throughput, soft
lithographic fabrication procedure. Interestingly, we observe that all the micro ang atemed

silk substrates efficiently inhibit the adhesion of E.Coli bacteria without hindering the proliferation
of HEK-293 cells. We notice that the sample patterned wiktro-wells in the 3.5 um range
provides excellent antifouling properties, due to a hydrophobkikitsen mechanism, which are
preserved also when the silk substrate is covered by-B@HT pdymer layer. This opens the way

to the exploitation of polymeroated biocompatible and bioresorbable devices enhanced with
antifouling capability for optoelectronin-vivo applications. In the future, prior to the application of
this substrate as a mediémplant, its antifouling properties will be assessedtro using clinically
relevant bacterial pathogens (eRgeudomonas aeruginosa and Staphylococcus aurgasgover,

its antifouling efficiency will be also assessiedvivo by evaluating the imdience of the micro
patterned morphology on the amount of antibiotics necessary for completely eradicate bacterial

infections, by performing pharmacodynamic analysis.
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Finally, in chapter 6, we present the first attempt of interfacirfRBHT conjugated pgmer with

vegetal systems. In particular, we show thd®3HT can be safely coupled witnabidopsis Thaliana

guard cells without affecting their viability. Interestingly, we observe dagulation of guard cells
spontaneous [CYcy: oscillations uporphotoexcitation of the semiconducting polymer, in the form

of either thin solid films or of nanopatrticles. This effect has proven to be safe and reversible, since
the guard cells recover almost completely theif*Gativity after optical stimulation. Evemore
importantly, we demonstrate that the optical treatment-BBHT NPs interfaced witArabidopsis
Thalianaleaves leads to remarkable inhibition of the ligituced stomatal opening. In view of
future applications with entire plant systems, we priglarily investigated the uptake of photoactive
rr-P3HT NPs byArabidopsis Thalianaeedlings roots, showing that NPs are efficiently intercalated
within the roots tissue. Overall, our results reveal an optigadlyced, functional interaction between
rr-P3HT and plant systems, demonstrated at the single cells level with guard cells. However, a
clarification of the mechanisms involved is needed and will be the object of future experiments, by
using specific plant knoekut mutants, able teelectively dedtvate the enzymes implicated in the
plant response to external stimi@v4]. In light of the preliminary results obtained withRBHT NPs

and seedlings roots, we will continue the test of the NPs delivery to jtawitgo. To thisend,
different strategies will be explored, as the vactassisted NPs delivery to whole plants, the direct
NPs injection into the leaf lamina or the simple uptake of NPs dispersions from rootwo-lesdt

method [275].

118



Appendix. Supplementary material

Appendix A. Planar rr -P3HT-based devices

A.1 Fabrication of ITO/P3HT and ITO/P3HT:PCBM devices

Glass/ITO planar substrategre cleaned by subsequent rinses in an ultrasonic bath by using distilled
water, acetone and isopropanol (hhuteseach), and then dried with a Nux. Chlorobenzene
solutions of rP3HT (molecular weight 1500045000) alone (concentration, 80'Y) or mixed at

1:1 weight ratio with PCBM (concentration, §0'! on a polymer basis) were stirred at°8&Dfor
15hours. The solutions were then deposited by-spating on flat glass/ITO substrates in 2 steps:
(1) speed 80@pm, acceleration 80pms 1, for 3 s, (2) speed 160pm, acceleration 160pms 1,

for 60 s). The samples are finally annealed at 120°C for 20 minutes.

A.2 Photocurrent and photovoltage measurements

Chronoamperometry and  potentiometry  measurements were carried out using
potentiosat/galvanostat station (AutolgmtentiostaPGstat302N, Metrohm) with light incident

from the ITO substrates. An electrochemical cell in a three electrode configuration was employed,
comprising the HP3HT polymetbased device as the working electrodés]), a platinum wire as the

counter electrode (CE) and saturakdl Ag/AgCl as the reference electrode (RE). Bl2NaCl

aqueous solution at room temperature was used as the electrolyte. Chronoamperometry measurements
are performed by applying a fixed pot@l of 0.2V vs. Ag/AgCl, equal to open circuit potential

(OCP) value and by measuring the current flowing between WE and CE. During potentiometry
measurements the current density flowing between the WE and CE is set to zero while monitoring

the potentibestablished between the WE and the RE. In both cases the devices are illuminated from
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the ITO or the electrolyte (El) side, with a continuous light source (ThatBbsM470L3-C5)
connected to a function generator (KeithE)MHz 3390) modulating the illimination in pulses of
50 or 100ms duration, depending to specific cases. The illumination density, homogeneous over the

whole sample area, was A.518V mm' 2 and the emission wavelength peak was @m0

A.3 Fabrication of ITO/p -i-n devices

rr-P3HT was depsited on top of planar glass/ITO electrodes following the same procedure described
in appendix A1. A PCBM layer (20 nm) is then evaporated on top of the ITO/P3HT device by thermal
evaporation and the obtained device is exposed to DCM vapors in a closeld@eg5 s in order to

mix the PCBM layer with HP3HT, forming the P3HT:PCBMtIhyer. Finally, a second evaporated

layer of PCBM (20nm) completes the ITgE4n architecture.

A.4 ITO/p -i-n devices Scanning electron microscopy (SEM)

The samples are immsed in liquid N and cut in two pieces by forcing them with tweezers. Gross
sectional micrographs of the devices were acquired by using a A#RRA40 fieldemission
scanning electron microscope (SEM) using an operating voltag&\dfabhd a working distnce of

2 mm.

A.5 rr -P3HT-based photocatalytic devices for hydrogen evolution

A.5.1 Introduction

The possibility to convert solar energy into hydrogen is attracting a lot of interest since it would lead,
in principle, to the possibility of creating a canboeutral energy cyclg276]. Two main device

configurations exist for the opticalinduced splitting of water in hydrogen and oxygen:

120



photoelectochemical (PEC) cells and photovoltaic (Fdfased electrolytic cells. The former device

type consists in an aih-one solution in which the photon absorption and electrochemical processes
take place in the same electrochemical device usually basedeom@sducting material, coupled

with a catalyst, immersed in agueous electrolyte. The second configuration comprises instead a
photovoltaic module and an electrolytic cell, electrically connected together. Despite the fact that PV
biased electrolytic cellsurrently allow to achieve a higher solar to hydrogen conversion efficiency,
PEC cells are attracting so much attention within the research community because they would allow

in principle to exceed the Pbiased electrolytic cells performanj@¥7,278]

The functioning of a PEC cell is based on the conversion of solar energy into the electrochemical

enggy required for the water splitting process, which is based on the following redeedetibns:
AH"+4 Y 2;H 1)
2HO Y, +@H +4€ (2)

where reaction (1) and (2) refer respectively to the hydrogen evolution reaction (HER), happening at
the PEC cell cathode/electrolyte interface, and the oxygen evolution reaction (OER), performed by

the PEC cell anode. The sclarh y d r 0 g e n  eri) Is dedineceby they/foll¢wihg equation:
s £ 88 . B (3

whereJscis the shorc i r cui t p h ot o dsuhe famdaic effttiencysassboyated Hgl
evolution, and R is the photoexcitation power density. This formula is obtained by considering
standard air mass 1.5G (AM1.5G) illumination conditid239]. The choice of the proper
semiconducting material for the PEC cell fabrication is crucial, sincdstidgarameter is directly
related to its light absorption, charge carriengration/separation efficiency and charge transport
[279i 282]. First of all the selected material must fulfill two fundamental requirements: the

electrochemical potential values of the semiconductor conduction and valence bands must be lower
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than the FI/H2 redox level (O =0 V versus standard hydrogen electrode, SHE) and higher than

the Q/H20 redox level O = 1.23 V versus SHE) respectivel®79,283] The outstanding

photophysical properties of inorganic semiconductors have been exploited in PEC cells. In particular
Si, 1lI-V semiconductors and coppleased chalcogenides have been empl{384,285] However,

the use of these materials is limited by the associated high manufacturing costs and limited stability
in agueous environmerj284]. Among the possible alternatives, semiconducting polyraess
promising candidates, mainly because: (1) their energetical properties can be tuned by the chemical
modification of their structure with functional groups or heteroat{i286,287] (2) they can be
synthetized and processed by taking advantage of high throughpugfiaasive techniquef288];

(3) they present a high absorption coefficient (over th&emd[150]) within the solar spectrum; (4)

in specific configurations, their charge carrier mobility can be comparable to the onerphaos

Si [289]. In particular, rP3HT demonstrated to be highly suitable for this purpose. The charges
photogenerated by-RP3HT have the required energy for activating the HER, since this material has

a direct bandgap of 1.9 eV and its LUMO electrochemical potential value is fairly ded@v t

potential[290]. In addition, it presents a good photoelectrochemical stability in aqueous environment,
exploited in many biological applications, discussed in sectiof65,12,109,132,291]ITO/P3HT

was the first configuration tested, showing photogenerated currents in the order of tens ofipA cm
acidic environmentt32,292,293]However, HER gives only a small contribution to this signal (in the
order of subpA cm@). The major part of the reabed photocurrent is due to the Oxygen reduction
reaction (ORR), given the favorable energy alignment at the polymer/electrolyte interface displayed
by r-P3HT for this reactiofi78,273] The photocathodes based on the baRS8HT were improved

by incorporating electron accepting moleauie the structure, such ago(293], PCBM[132] and
metallofullerens[294,295] forming a BHJ configuration that led to about ten times higher
photocurrent response. However, this value is about two ofderagnitude lower than the one

expected by considering the light harvesting efficiency of these systems and the performance that
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they achieve in soligtate organic solar cells (OS@290,296] The reseattwas thus oriented to the
characterization of the charge transfer processes happening at the device/electrolyte interface, in order
to optimize the device functioning in aqueous environment. In particular, Guerrerd291agave

a fundamental contribution to the understanding of #i8t T-based PEC cells working principles.

First of all, they studid the charge transfer properties of a P3HT:PCBM BHJ active layer by
sandwiching it between hole or electron selective layers and a redox couple dissolved in an organic
solvent. They showed that by properly selecting the interfacial layer and the regéxitmspossible

to provide both electrons and holes to the organic electrolyte, demonstrating the possibility to extend
the applicability of the system also to phatduced anodic processes. Moreover, the authors carried
out continuousvave photoinduad absorption spectroscopy (GRIA) on the same device
configuration, in presence of the organic electrolyte or in air, revealing that the charge
photogeneration efficiency is not affected by the intercalation of the liquid electrolyte. Then, the BHJ
based photoelectrode was tested in the same organic solvent in presence of
chloro(pyridine)bis(dimethylclyoximate) cobalt Il (cobaloxime), a homogeneous catalyst for HER,
and HCI as a proton source. In these conditions cathodic photocurrents of about 12 m&rem
recorded, demonstrating for the first time the possibility to perform efficient HER using a
semiconductingpolymer based photocathode. The results achieved by Guerrero et. al. pointed out
that the poor HER efficiency of the bare Bbised electrodes probably due to a scarce HER
catalytic performance of the P3HT:PCBM, highlighting the necessity of implementing the
photocathodes architectures with catalysts and charge selective layers. Basing on these findings, the
research was later focused to thiegration of good catalyst for HER, like [2B7], in the reP3HT-

based photocathodes structure. An example is the work made by Haro[ZT3hlin which the
ITO/P3HT:PCBM BHJ configuration was implemented by sandwiching the photoactive layer
between crosslinked PEDOT:PSS and TiOx thin films, gctis the hole and electron extracting
layers respectively, and by depositing on top of the photocathode surface a uniform Pt layer as the

hydrogen evolution catalyst. The authors measured-BRciated photocurrents up to 1 mA'€m
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and aHgeneration r aten?atfo V erstis RHEoOThis résult confirm that
P3HT:PCBM maintain its photogeneration capability also in aqueous environment and opens the way
to the development of new stable miétyered semiconducting polymnbased photocathodes for

hydrogen evolution.

A.5.2 hybrid organic-inorganic photocathodes for hydrogen evolution

As discussed in section A.5.1, theRBHT photogeneration capabilities can be exploited for the
fabrication of photocathodes for hydrogen eviolutbut rrP3HT alone cannot achieve an acceptable
efficiency for this application. In order to enhance it, an improvement in the device structure is
needed. In particular, charge selective materials can be added for enhancing the exciton separation
efficiency and then increase the electrons available for proton reduction rdae8qa201] For this

purpose we fabricated hybrid organicfiganic devices, comprising (from bottom to top): (1) a
semitransparent electrode of fluordeo ped I ndi um Ti n -MGGs asdtlee hdleF T O) ;
selective layer (HSL), obtained by Mo sputter deposition, followed by thermal oxidation (3} a spin
coated phatactive layer of P3HT:PCBM BHJ (4) a layer of amorphouszTdeposited by Pulsed

laser deposition (PLD), that act as the electron selective material (ESL); (5) a sputtered layer of Pt, a
good catalyst for hydrogen evolution reaction (HER) (figure A.5.(s@@ section A5.3 for further
experimental detail§141]. In this configuration, a buiin potential is established, electron and holes

are spontaneously separated and electrons are driven to the catalytic sites where the reaction occur
(figure A.5.1 b). Figure A.5.1 c depicts the linear sweep voltammogramnedaut in a 0.M HoSQui

NaSQs solution (buffered at pH 1.37) by illuminating the device with a solar simulator at 1 sun
intensity. The light source is alternatively chopped for simultaneously comparing the device
responses in light and dark conditionsorfrthis experiment it is possible to extract two important
parameters, useful for a direct comparison between the different device configurations: the onset
potential (OP), defined as the applied bias at which the device reaches a photocurrent debisity of 1
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HA cm?, and the maximum photocurrent density value reached at the minimum applied potential. By
looking at the 4V traces of the devices constituted by only a part of the complete device, the
contribute of each layer to the device performance can bkeiaged. The FTO/BHJ sample,
comprising only the photoactive layer, shows the lower photocurrent den€itg@\étvs. the standard
reversible hydrogen electrode (RHE) (2.5 uAQnmWhen the surface of FTO/BHJ is covered by Pt

the performance is enhancedhibiting an OP value of 0.0 V vs. RHE and a maximum current
density of 400 pA cd at-0.3 V vs. RHE. The introduction of a layer of Bi®aving the role of both

Pt support and ESL, the current density is more than doubled (about 1 ¥t €h8V), inaeasing

the OP value to 0.2 V v sMoO:BevEen FTOhard BHhlead tophe r a t
complete device configuration, reaching the higher efficiency, characterized by ahdutr? at

0V vs. RHE, increasing to 38A cmi? at-0.3V vs. RHE, with an ® value of 0.5%/ vs. RHE. The
performance of this hybrid organigorganic photocathode lies among the best efficiencies reported
from photocathodes comprising organic photoactive matej28l8], generating a photovoltage
comparable to the best P3HT:PCBM BHJ based solar[28, and competite with CupO and Si

based photocathodd800,301] The stability of the photocathode is evaluated by performing
chronoamperometry meagsunents at a fixed potential of 0.18 V vs. RHE. The photocurrent evolution
during time of the complete architecture shows a peak performance corresponding to a photocurrent
maximum around 25 minutes of operation and then the photocurrent starts to desdirtg leaching

less than 1 mAm? after 75 minutes (figure A.5.1 d). The comparison with complementary
architectures, lacking the HSL or both the HSL and ESL layers, suggest that the peculiar trend of the
current density i s -Mo@@&ndtTi® fillndh Ene prakenseficecce after 5 t h e
minutes it is ascribed to an intercalation of small catiorisafidl N&) i ns i-Mo®ssttuttiee U

t hat firstly | eadMo®sblSLdager dondactivigyafaveringi the injedtian ofU
electons in the BHJ, and then the photocurrent measured at the device/electrolyte interface.
Unfortunately, this pr o-MeOstssubbstwmighiometriahases (Mgbe r e

xOHyx, M0QO), probably through an Hnsertion/HO extraction mechanisneading to a decrease of
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the HSL work function and a subsequent drop in the selectivity of the contact, decreasing the device
performance after 25 minutes of operation. In addition, the formation*béfgites, acting as traps
for photogenerated chargefsirther decrease the photocurrent density and then the photocathode

efficiency.
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Figure A.5.1. (a) SEM micrograph depicting the complete architecture of the hybrid origemganic
photocathode. (b) Energy band edge positions of the different kagtrsompose the photocatalytic device

and of the redox levels of the water reduction reaction; the electron injection is represented by black arrows;
black lines inside the Mofenergy band diagram represent the levels coming from the protonation af@e M
layer. (c) Linear sweep voltammogram of the complete photocatalytic device and the ones comprising only
specific layers, acquired in OM H.SQii NaxSQy solution (buffered at pH 1.37) and by illuminating the device

with a chopped light source (450W Xanp equipped with an AM1.5@lter, one sun intensity). (c)
Photocurrent density recorded in potentiostatic conditions (applied bias: 0.18 V vs. RHE) of the illuminated
full hybrid photocathode compared to the devices lacking only the HSL or both thend &S4 layers. The
illumination conditions are the same of the ones employed for the linear sweep voltammetry measurements.

The quantitative evaluation of the Bvolving capability of the hybrid photocathode are carried out

by performing chronoamperommgexperiments under illumination and by simultaneously measuring
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the presence of evolved hydrogen byine gas chromatography. The results obtained (figure A.5.2
panel a) show that the hydrogen quantity measured correlates well with the hydrogen amount
expected from the photocurrent density value over time, with a faradaic efficiency very close to one.
This data confirm that the charges produced by the device illumination are employed for the reduction
of water to oxygen and not for other undesired @Bees, like nofiaradaic corrosion events. The
photocatalytic device under operation is shown in figure A.5.2 panel b, where it is possible to
appreciate the evolving hydrogen bubbles attached to the device surface.
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Figure A5.2 (a) H concentration monired by GC (left yaxis) during hybrid photocathode
chronoamperometry measurement under continuous illumination in pH1 electrolyte. Red trace refers to the
expected K concentration obtained from the measured photocurrent during chronoamperometry
measuremas. (b) Photograph of the hybrid photocathode during potentiostatic operation.

Recently, we proposed an improvement of the hybrid photocathode architecture, in which the hole
selective contact is substituted by a thin layer of copper iodide (Cul) (#gskass 10 nm, figure
A.5.3 a)[163] (see section A5.4 for further details on the fabrication process). Cul offer the advantage
of easy processability, since it can be deposited directly from solution without requiring a thermal
treatment and allowed to obtain an optimal alignment of theggnevels in the final device

configuration (figure A.5.3 b).
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Figure A.5.3. SEM image in crossection (a) and energy band diagram (b) of the hybrid organic/inorganic
photocathode implemented with the Cul HSL.

This new configuration leads to a dramatigprovement of the photocatalytic device performance,
exhibiting a maximum photocurrent density of mA cm? at 0V vs. RHE and a high OP value of
0.702+ 0.007V (figure A.5.4 a). From the comparison with the partial configurations it is clear that
the Cul interlayer has the main contribution in the overall performance enhancement, since when it
is not present, a photocurrent less than 100 u& ah0V vs. RHE is reached, with an OP value of
0.171 V vs. RHE (figure A.5.4 b). Instead, the devicesdbatprise Cul HSL and lack the Ti@SL

show a higher photocurrent (In%A cm? at OV vs. RHE) and OP value (0.372 V vs. RHE, figure
A.5.4 a). It also interesting to notice that the photocathode fabricated with both HSL and ESL but
without the Pt catalystxhibit an expected decrease in performance (600 niAatid V vs. RHE,

OP = 0.603 V) together with an increased capacitive contribution to the photocurrent, as proven by
the larger fast spikes when the light is switched on, due to a less efficienbrelextraction at the

device/electrolyte interface (figure A.5.4 b).
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Figure A.5.4. Linear sweep voltammogram of the G@uiplemented full photocatalytic device architecture
compared to the TiORcking one (a) and of partial configurations without Cul Bh¢b). Measurements are
carried out in 0.M H>SQii Na,SQy solution (buffered at pH 1.37) by illuminating the device with a chopped
light source (450W Xe lamp equipped with an AM1®BI&r, one sun intensity).

The stability of the device is assessed diwonoamperometry measurements under continuous
illumination with a 1 sun solar simulator, showing a decrease of the photocathodic current density of

about 60 % after 20 minutes of operation (figure A.5.5 a), attributed to a partial delamination of the

Ptcatalyst layer, as proven by SEM micrographs of the device surface after 1 hour of operation (figure

A5.5 b,c).
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Figure A.5.5.(a) Photocurrent density recorded in potentiostatic conditions (applied bias: 0 V vs. RHE) of the
illuminated Culimplementedohotocathode. The illumination conditions are the same of the ones employed
for the linear sweep voltammetry measurements.-View SEM (b) and HRSEM magnification (c)
micrographs of the Ctimplemented hybrid photocatalytic device acquired after 1 héyrotentiostatic
operation at 0 V vs. RHE, in pH1 electrolyte and under 1 sun illumination.

In order to overcome this problem, a protective coating of polyethyleneimine (PEI) is introduced on
the device surface. This branched polymer is chosen for itsl gminesion properties and
hydrophilicity, together with proton and metal chelating properties that would allow to a decrease in
Pt delamination and electrolyte permeation, without affecting the electrolytic activity of the
photocathode. Furthermore, PEIlgslutionprocessable and can be dissolved in ethanol, which
guarantees a good wettability of the device surface. The linear sweep voltammogram and the
chronoamperogram of the illuminated Ribtected full device architecture confirm this picture,
showinga comparable photocurrent generation at 0 V vs. RHE (figure A.5.6 a) and a delayed

photocurrent decrease over time, now exhibiting a reduction of about 60 % after 50 minutes (figure

A.5.6 b).
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Figure A.5.6.(a)Linear sweep voltammogram of the illumiadtPEtprotected full device architecture, before
and after chronoamperometry recording, compared to the unprotected device (b) Chronoamperometry test of

the PElprotected photocathode.

The implemented hybrid organigorganic photocathode is finally test in experiments for the
guantification of the hydrogen production, in the same conditions employed in the case of the first
photocathode version without the Cul and PEI layers. The results obtained (figure A.5.7) show that
the device is characterized ayL00% faradaic efficiency for hydrogen evolution, confirming that the
enhanced photocathodic current, due to the introduction of Cul as HSL, is related only to the water

reduction reaction, and that the PEI layer does not interfere with the process.

131



0 120
14
4100
2
..'0". . 80
..c‘.'.;
160 &
440
—— CA at 0 V vs. RHE
w/ PEl 0.1%
e Evolved H, current 420
Faradaic efficiency
T T v T 0
90 120 150 180

t (min)

Figure A.5.7.Chronoamperogram at O V vs. RHE (pink trace) superimposed to the simultaneously
guantified H concentration (blue dots) of the hybrid photocathode implemented with the Cul and PEI layers.
The faradaic efficiency is represented by gray colufright y-axis).

A5.3 Fabrication of FTO/MoO 3/BHJ/TiO2/Pt devices

Glass/FTO coated sodimeg | ass substrates 7)wereeleaned acesdingto a n ¢
the following protocols: two series of sequential sonication baths in acetone, isopropanol and
demineralized water each lasting for 20 minutes, thermal annealing in a muffle furesat&ngpin

air at 500 °C for 2 hours and plasma cleaning in an inductively coupled reactor for 20 minutes (100
W RF power, excitation frequency 13.56 MHz, 40 Pa efg@s process pressure, background gas
pressure 0.2 Pa). Then, A pulde@ magnetron sputteng source with adjustable repetition
frequency and duty cycle was used for Mo deposition on FTO. The vacuum chamber was evacuated
to a base vacuum pressure lower than 3.0%PEDbefore each deposition. The discharge operating
pressure was 1 Pa and anggasflow 110 sccm; the targetubstrate distance wéged at 50 mm.

Mo metalfilms were thermally treated in a muffle furnace operating in air at 500 °C for 30 minutes
for obtaining alphahase orthorhombic MaOfilms. rr-P3HT and PCBM were dissolvedh i
chlorobenzene at a 1:1 weight ratio and 25 mépmia polymer basis and stirred at 50°C for 12 hours

before use. The solution was then deposited on the FTO/MoO3 architecture by spin coating using the
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following set of parameters: two step spinning protowith rotation speeds of 800 rpm for 3 s
followed by 1600 rpm for 60 s, respectively; for both sections set accelerations were 34 680 rpm s
tand total drogcasted solution volume was 100 mL for each sample. This spin casting protocol
produces an P3HT:P@Bblend (BHJ) layer 200£20 nm thick, as measured by means of profilometry
experiments. TiOZilms were deposited on top of the FTO/MgBHJ architecturdoy means of

pulsed laser deposition using a TiO2 target in an Aatirhosphere (Hcontent 3.1% mol)taa total
pressure of 15 Pa. A pulsed excimer | aser (Co
rate of 20 Hz with 400 mJ energy per pulse and a fluence of 2.5.JRtrdeposition was deposited

on top of the obtained multilayered architeetusing a pulse®C magnetron sputtering source as in

the Mo case, but by setting the discharge operating pressure to 15 Pa, the argon gas flow to410 sccm
and the targésubstrate distance at 80 mm. Finally, the FTO/NMBBJ/TIO2/Pt devices were
thermal anealed in a Blatmosphere at 130 °C for 10 minutes. Complementary architectures without
hole or electron selective or catalyst layers were also fabricated by skipping the correspondent

fabrication steps.

A5.4 Fabrication of FTO/Cul/BHJ/TIO 2/Pt/PEI devices

Cul (97% purity) was dissolved in acetonitrile at 10'gbncentration. The solution was filtered by
using Polytetrafluoroethylene (PTFE) filters with a-offtdimension of 450 nm. Cul deposition on
cleaned glass/FTO substrates was carried out by spimgaa one single step (3000 rpm rotation
speed for 60 s). Then, the BHJ, %i@nd Pt layers were added following the same fabrication
procedure described in appendix A.3.1. branched polyethyleneimine (PEI, Mw 25 000'yforol

the realization of therptective layer was dissolved in ethanol at 0.1% concentration and spin coated
on top of full devices at a speed of 2000 rpm for 60 s. Post thermal annealing at 130 °C for 10 minutes

in an inert atmosphere completed the fabrication of the hybrid photdeatho
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A.6 Fabrication of ITO/Cul/P3HT:PCBM/TiO 2devices

This device architecture was obtained following the same fabrication steps employed for the
deposition of the Cul, P3HT:PCBM (BHJ) and TiO2 layers described in section A5.4, starting from
planar glass/ID substrates cleaned by subsequent rinses in an ultrasonic bath by using distilled water,

acetone and isopropanol (fnuteseach), and dried with a;Mux.

A.7 HEK-293 cells cultures and electrophysiological measurements

All devices were sterilized by imersion in ethanol for few minutes. A layer of fibronectin

(2 ug mL"tin PBS buffer solution) was deposited on the polymer surface of all devices and incubated
for 1 hour at 3PC, in order to promote cellular adhesion. Excess fibronectin was then removed by
rinses with PBS prior to cell platingiuman Embryonic Kidney (BK-293) cells were cultured in

cell culture flasks containing DMEM with 10% FBS, 10@mL'! penicillin and 10Qug mL"!
streptomycin. Culture flasks were maintained in a humidified incubator&t @ith 5%CO,. When

at confluence, HER93 cells were enzyatically dispersed using trypsEDTA and then plated on

the different devices at a concentration of 20.000 cetls.

Intracellular recordings were performed with patchclamp setup (AxopatcR00B, Axon
Instruments) coupled to an inverted microscayi&dgn EclipseTi). Devices were optically excitated

with a LED system (Lumenc@pectraX) fiber-coupled to the fluorescence port of the microscope.
The samples wernduminated from the bottom, substrate sidéth light pulses characterized by the
centrd emission wavelength, intensity and time duration specified in the main text. Spot size was
0.23mn?. HEK-293 cells wee measured after 3+5 days in vitro (DIV) in whell configuration,

using glass pipettes (3Mq) f il 1l ed with the foll oKGL,A2bK-i ntr a
Gluconate, MgCl,, 0.1CaCb, 10EGTA, 10HEPES, 1ATP-Na. The extracellular solun
composition was [mM]: 138laCl, 5.4KCI, 5 HEPES, 10Glucose, 1.&aCb, 1 MgCl,. Only single

HEK-293 cells were selected for recordings. All measurements were performed at room temperature.
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A.8 Surface potential recordings

Surface potential measurementsre performed witlthe same pateblamp setup, light source and
illumination protocols employed in the casevdiole-cell patchclamp measurements. Recordings
were carried out in voltage clamp configuration by micranipulating freshly pulled glass pifes
(3+6Mq ) i n the cl2zame rfo xtifagieopygcelegiratyterinterface. Both the
pipette and the bath were filled with electrolytic solution to avoid junction potentials artifacts. The
electrolytic solution composition wdke same ashe electrolyte solution used during patch clamp
recordings.The measured current was set to zero under dark conditions; surface potential was then
calculated by multiplying the current trace measured upon illumination by the pipette resistance. All
measureents were performed at room temperature. Acquisition was performed with pClamp 10

software suite (Axon Instruments) and all data were elaborated with Origin 8.0.
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Appendix B. Mesoporous r-P3HT-based devices

B.1Fabrication of mesoporous ITO/ITO NPs/P3HT devices

Glass/ITO planar substrates were cleaned by subsequent rinses in an ultrasonic bath by using distilled
water, acetone and isopropanol (@huteseach), and then dried with & Bux. For the fabrication

of mesoporous substrates, an IT@noparticles (ITONPs) dispersion in ethanol was prepared
(100g 'Y, and treated with a probe sonicator (Brangdigital sonifier) for 30minutes at 10% power.

ITO NPs were then deposited onto cleaned-fiass substrates by spin coating (speed 160
acceleration 100fpm s 1). The deposition was repeated 4 timarsdfach device, keeping the samples

in vacuum after each deposition step for complete solvent evaporation. In between subsequent spin
coating sessions, ITAPs dispersion was sonicated in an ultrasonic bath at room temperature. The
mesoporous ITANPs subsate was finally annealed at 200 under nitrogen atmosphere-RBHT
chlorobenzene solution (concentration glldt) was stirred at 50C for 15hours prior to spin coating
deposition and finally deposited both on mesoporous and on planar ITO substratesif,500
acceleration 149f%pms ). Polymer thickness in the case of planar device is 30 + 6 nm, as measured
by profilometry measurements. A thermal annealing treatment (120 °C for 20 minutes, under N

atmosphere) completed the fabrication process.

B.2 Morphological, electrical and electrochemical characterization

The work function of the different ITO electrodeas evaluated in air by using an ambient Kelvin
Probe (KP) set up (KPechnology, serieg), calibrated towards a reference gold substrate.
Micrographs of the devices were acquired by using a ZiB3RA40 fieldemission scanning

electron microscope (SEMising an operating voltage ok¥ and a working distance ofrAm.
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An Agilent 5500Atomic ForceMicroscope (AFM) in tapping mode at 26 was used for the
morphology investigation of both the mesoporous and planar systems. The tip employed for the
measurerant was a silicon neoontact probe NANOSENSORS PPRICHR, Nanoworld AG,
Switzerland with a force constant of 42 N-a resonance frequency of 330 kHz and a tip radius of
curvature< 10 nm. Scans were performed over dargth scales (1xfim) at a scaspeed of 0.51z.
RootMeanSquare (RMS) roughness values were calculated from AFM topography images using
Gwyddion software.

Specific surface area measurements were carried out by Kr physisorption at 77 K in a Quantachrome
equipment, model autosorb iQ. Téeecific surface areas were calculated using the 4poiltit BET
(Brunauei Emmett Teller) model, considering 9 equally spaced points in thérare from 0.10

to 0.30. Pis the vapor pressure kfypton at 77 K, corresponding to 2.63 Td?rior to
measurements, samples were degassed for 1 hour at 60°C under vacuum to eliminate weakly adsorbed
species.

Electrochemical impedance spectroscopy (EIS) were carried out using potentiostat/galvanostat
station (AutolalpotentiostaPGstat302N, Metrohm) both imlark and in light conditions, with light
incident from the ITO substrates. A continuous light source (ThotleBsM470L3-C5) was used
(photoexcitation density, homogeneous over the whole sample arean\®.#@n 2, emission
wavelength peak, 47m). 0.2M NaCl aqueous solution at room temperature was used as the
electrolyte. An electrochemical cell in a three electrode configuration was employed, comprising the
planar/mesoporous polymer device as the workingrelde, a platinum wire as the counter electrode

and saturate®Cl Ag/AgCl as the reference electrode. Impedance spectra were recorded in the
0.01Hz + 100kHz frequency range with an AC amplitude of OM02For the measurements at
equilibrium, a constantis (Veg) was applied, corresponding to the open circuit potential in dark (0.2

V vs. Ag/AgCl for the ITO/P3HT device and 0.19 V vs. Ag/AgCl for the ITO/ITO NPs/P3HT device)
and upon light (0.36 V vs. Ag/AgCI for the ITO/P3HT device and 0.33 V vs. Ag/AgCthe

ITO/ITO NPs/P3HT device). All ¥, values have been specifically marked in Figure 3. For the out
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of equilibrium studies, exter WaD.36¥ vsaAy/Ag€a s Vv a
Nova2.0 software was used for data analysis.

Photocurrenmeasurements were carried out using the same electrochemical set up employed in the
case of the EIS measurements, by applying fixed potential ranging frof 013 o V ¥sOAg/AgCI

and by illuminating the devices from the glass side, unless differgméigified, with a continuous

light source (ThorlabkED M470L3-C5) connected to a function generator (Keitf8@)Hz 3390)
modulating the illumination in pulses of 28@% duration. The illumination density, homogeneous

over the whole sample area, was 78 mm'? and the emission wavelength peak was @70

Prior to measure the photocurrent without dissolved oxygen, N2 gas was bubbled in the
electrochemical cell for 40 minutes before starting each experiment and a constant nitrogen flow was

maintained durig the whole measurement.

B.3 Immunocytochemical Studies

Cells were fixed in 4% parafolmaldehyde and 4% sucrose at room temperature for 15 min. Phalloidin
was applied in GDB buffer (30 mM phosphate buffer pH 7.4 containing 0.8 NaCl, 0.2% gelatin and
0.5 Triton X-1 0 0) for 1h at room temper adamdang2- nucl
phenylindole (DAPI) 1ugnit in PBS for 5 min. The images were acquired with a fluorescence

microscope (Nikon eclipse Ti).
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Appendix C. High Aspect Ratio rr-P3HT pillars-based devices

C.1rr-P3HT pillars fabrication

C.1l1 PDMS mold

PDMS precursor was mixed with the curing agent (10:1 volume ratio) and left in vacuum for 30
minutes, in order to remove air bubbles formed during the mixing process. The degassed mixture was
putinside a glass petri dish and left in an oven for 4 hours at 65°C. The bottom part of the petri dish
was covered with a silicon wafer to obtain a highly planar PDMS surface. After the thermal curing,
a 4xsmmz2 PDMS area was patterned with miootes array2 um diameter and 7 um pitch (distance

from two holes center), using a femtosecond pulse laser micromachining. The system is equipped
with a regenerative amplified modiecked femtosecond laser source based on Yb:KGW active
medium (Light Conversion, Phas) whose pulses at the fundamental wavelength of 1030 nm are
characterized by duration of 240 fs, repetition rate up to 1 MHz and pulse energy up to 0.2 mJ. In
order to create the desired array of holes, an intensive process of optimizing the writingt@sa

was <carried out. As an opti mal resul t, usi ng
following "solution": 50 pulses on the same position with 100 kHz repetition frequency and 15 mwW
average power. The laser beam is statically focused osutifeece substrate through a microscope
objective (20X, Mitutoyo, NA 0.40). The 2D structure is achieved moving the sample, placed on a
high precision three axis diearing translation stage (Aerotech, ABL 1000 series) with a resolution

up to 20 nm. Usuall a direct laser ablation performed on a substrate (in our case PDMS) creates a
large amount of debris that strongly affects the quality of both the surface and the geometry of the
obtained structure (micro holes) in terms of morphology, aspect ratiocamogeneity. In order to
overcome this serious problem and to obtain a high degree of repeatability in the realization of the
holes, the micro perforation of the PDMS substrate was then performed in a controlled atmosphere

using a vacuum chamber (16103 bar). The low pressure promotes the separation of the ablated
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material from the surface that are free to "fly" away from the unprocessedlzae&s to the increase

in their average free path and to the low kinetic energy. In this way the obtainédrstgeometry

is more easily controllable and of better quality with a residual roughness of about two orders of
magnitude lower than the conventional ablation in air. After the laser process the mold was washed

with EtOH for an additional surface cleaning

C.1.2 ITO/P3HT pillars samples

Commercial glass/ITO slabs were cut into 18x18%mlides and washed by subsequent rinses in an
ultrasonic bath by using distilled water, acetone and isopropanol (10 minutes each), and then dried
with a N flux. rr-P3HT was disolved in edichlorobenzene (20 g') and stirred for one night at

50°C. A 1 ul drop of the ¥P3HT solution was pushed onto the cleaned glass/ITO surface using the
micro-patterned PDMS mold. After a thermal treatment at 90°C for 2 minutes, the moleémibs g
removed ending up with a 4x5 mmRBHT pillars array surrounded by flatPBHT region deposited

on top of glass/ITO substrates.

C.2 Electrochemical characterization

Electrochemical Impedance Spectroscopy (EIS) was carried out inTiRielgei Hepes KRH)
extracellular solutiofcomposition [mM]: 135 NacCl, 5.4 KCI, 5 HEPES, 10 Glucose, 1.8 CaCl2, 1
MgCl2) at room temperature, using the same potentiostat and electrochemical cell employed in the
case of mesoporous-R3HT-based devices (section B.2) Tplanar reP3HT part of the flat/pillar
devices was removed in order to guarantee that only the impedance contribution from the pillars array
is taken into account. For the comparison with the plarRBHT, flat glass/ITO/P3HT devices were
employed. Impeance spectra were recorded in the 0.01 Hz + 100 kHz frequency range with an AC

amplitude of 0.02 V and by applying a constant bias equal to the devices open circuit potential (0.11
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and 0.08 V for the fP3HT flat and pillars cases respectively). Nova df8rsare was used for data
analysis.

Glass/ITO/P3HT flat samples for electrochemical measurements were prepared -bgaspig
(speed 1600 rpm, acceleration 1600 rptnas20 g 1 rr-P3HT solution in edichlorobenzene on top

of 18x18 mmglass/ITO slides

C.3 Cell cultures preparation

HEK-293 cells were plated on thePB8HTpillarsbased substrates following the same procedure
described in the case of planaiP3HT-based devices (section A.7).

Primary cortical neurons cultures were prepared from 18-tta¥®ld rat embryos (pregnant females
were obtained from Charles River Laboratorié®)or to neurons plating, the miesbructured m

P3HT deviceswere sterilized in oven at 120C for two hoursand treated with a poli-lysine
solution ( 1mg/100ml of Bifer Borato pH 7.4) overnight at room temperature. After washing 3 times
with deionized water, primary cortical neurons were plated on the substrates at a density ef 60.000
75.000cellscm? in Neurobasal medium supplemented with 1% Penicillin and StrgeiomL-
Glutammate (at final concentration of 10 mM), Glutammine (at final concentration of 2 mM) and 2%
B27 prepared in the laboratory. The cells were maintained in the incuatheé8@fC with 5%CO2.

After 4DIV half of the medium was replaced with Nebasal medium supplemented with 1%
Penicillin and Streptomycin, 1% Amphotericin B, Glultammine (at final concentration of 2 mM) and

2% B27.
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C.4 Cells viability assays

The evaluation of the viability of all cell types employed in this work (primary msuaéter 14DI1V,
HEK-293 cells after 1DIV) was accomplished by HOECHST 33342/NucGreen Dead 488
ReadyProbes assay. The flat/pillarP3HT substrates were incubated in KRH extracellular
containing the two dyes (HOECHST 33342 fidml? and NucGreen Dead 488eadyProbes
Reagent 2iropsml™) for 5 minutes protected from ambient light. The samples were then washed
with extracellular solution and multiple images were acquired with a Nikon Eclipse Ti
epifluorescence inverted microscope. Standard DAPI and Filf& &ets were employed for
HOECHST and NucGreen respectively. The percentage of viable cells was estimated by counting the
total number of cells nuclei (stained by HOECHST) and the total number of dead cells nuclei (stained
by NucGreen). The results obtad on the flat and micrstructured regions were compared=(#50

cells for each substrate type).

C.5 Scanning electron microscopy (SEM)

To evaluate cells morphology and spreading, HEIB cells (1DIV) and primary neurons (14DIV)
plated on flat/pillargr-P3HT substrates were prepared for SEM with the following procedure: (1)
fixation in glutaraldehyde 2.5% in PBS overnight at 6°C; (2) immersion in increasing concentrations
of ethanol (20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100%, 20 minutes for each
concentration) followed by atirying; (3) evaporation of a thin gold layer on top of samples surface
(thickness 6 nm, 1.5 nm Cr adhesion layerP3HT pillarsbased devices without cells instead, did

not require any treatment prior to SEM images actjorsi All SEM micrographs were acquired by
using a TESCAN MIRA 11l scanning electron microscope (operating voltage 4kV, working distance

18 mm, stage tilt angle 45°).
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C.6 Quantitative evaluation of cells morphological response

HEK-293 cells grown on fibmectincoated HP3HT flat/pillars substrates for2IV were washed

twice with PBS and fixed for 15 min in 4% paraformaldehyde and 4% sucrose iMGag8ium
phosphate buffer pM.4, at RT. Labeling with phalloidiRITC was applied in GDB buffer (30 mM
phosphate buffer, pH.4, containing 0.2 % gelatin, 0.5 % Tritor1X0, and 0.8 M NaCl) for Bours

at RT. Nuclei were marked with DAPI (5 minutes incubation in PBS). Fluorescence images were
acquired with the same microscope employed for the viability agsang standard FITC and DAPI

filters set for recording the fluorescence emission of the phaliéidi€ and DAPI stained actin and
nuclei. Cells topview surface area and shape parameters were quantified using Imagej software. Cells
shape was evaluated terms of circularitc ( 4~ * [ cel | a f, e=a] indjcates & | p e
perfect circle, c close to 0 indicates a highly elongated shape). The cells projections extension was
evaluated by measuring the cells perimeter and normalizing it to théopeliew surface area. Mean

values have been obtained by averaging over a statistical ensembld @ wells for each substrate

type.

Rat cortical neurons were fixed at DIV14 in 4% paraformaldehyde plus 4% sucrose at room
temperatureAntiMAP2 (1:20Q Abcam, GR143561) was applied in GDB buffer (30 mM phosphate
buffer pH 7.4, containing 0.2% gelatin, 0.5% Tri#&AL00 and 0.8M NaCl)Morphologic analysis

of dendrites was performed on tegnal obtained by MAP2 staining, acquired using a confocal
microscope (Zeiss LSM800) with a 40x objective and sequential acquisition setting at resolution of
1024x1024 pixels. Sholl analysis was performed using NeuronStudio (Computational Neurobiology
and Imaging Center, Mount Sinai School of Medicine, New York, NYgualuate the dendritic
arborization and to measure the number of branching points. Labelled neurons were chosen randomly
for quantification from three to six coverslips from two to three independent experiments. The number
of neurons used for quantificati is indicated in the figure legends. Statistical significance was

determined by onevay ANOVA Bonferroni post hoc test.
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C.7 Primary cortical neurons electrophysiology in dark

Electrophysiology was performed using a patch clamp set up based on an inkentescénce
microscope (NikoreclipseTi-S). Intracellularecordings of primary cortical neurons were carried
out after 14DIVwith an Axopatcl200B (Axon Instruments) in wholeell configuration,using
borosilicate glass pipettes-GMY ) . Recor di ngs weektracellplar solutiomnde d i
in current clamp configuration, with and without applying a current rampA20urrent steps,
ranging from 0 pA up to 200 pA) for evaluating the neuiiang threshold The patch pipette was
filled with the following solutiofmM]: 126 K-Gluconate, NaCl, 2MgSQs, 0.2CaCp, 0.08Bapta,
9.45Glucose, Hepes, 3ATP, and 0.JGTP.Responses were amplified and stored with pCLAMP 10
(Axon Instruments), andesting membrane potentials were corrected fa5anV junction potential
offset, evaluated using pClamp10 junction potential calculation tool. All dataelsyerated with
Origin 9.0 softwareNeurons topview surface area was measured from brightifielages using

Imagej software.

C.8 Primary cortical neurons synapses imaging

Rat cortical neurons were fixed at DIV14 in 4% paraformaldehyde plus 4% sucrose at room
temperature. Primary antibodies, aR®6D95 (used at the concentration of 1:200, and cddatry
Neuromab, cat. n. 448.C-49), antivGAT (1:100, SynapticSystem, 131002), amGLUT
(1:200,SynapticSystem, 135303), aftinapsin (1:400, SynapticSystem, 106002) and secondary
antibodies FITE conjugated amtmouse (1:100, Jackson ImmunoReserctj-095150), FITG
conjugated antrabbit (1:100, Jackson ImmunoReserch,-095152) and Cybconjugated anti

mouse (1:100, Jackson ImmunoReserch,-T2%150) were applied in GDB buffer (30 mM
phosphate buffer pH 7.4, containing 0.2% gelatin, 0.5% T#ar00 and 0.8M NaCl).

Confocal images were obtained using the same confocal microscope, objective and image acquisition

parameters employed for the neurons morphologic analysis. Labelled neurons were chosen randomly
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for quantification from three to six gerslips from two to three independent experiments. The number

of neurons used for quantification is indicated in the figure legends. Morphometric measurements
were performed using MetaMorph image analysis software (universal Imaging Corporation). Three
single dendrites from each neuron in different condition were manually traced. The number, area and
average intensity of synapses were automatically measured by computer using MetaMorph image
analysis software and logged into Microsoft Excel. The synapsatyl@ras calculated as number of
synapses per length of dendrites. Statistical significance was determined -imayo#eNOVA

Bonferroni post hoc test.

C.9 Fabrication of 6 pm-thick rr -P3HT films

Glass/ITO planar substrates (surface area =2) were ckaned by subsequent rinses in an ultrasonic
bath by using distilled water, acetone and isopropanomibQteseach), and then dried with a

N2 flux. 1,2-diclorobenzene solution of-R3HT (molecular weight 1500045000, concentration,
60g1"1) was stirred at 50C for 15hours for completely dissolving the polymer. The solution was
then dropcasted on top of the glass/ITO substrate (drop volume = 20 pl), heated at 90°C for 2
minutes, and finally annealed at 120°C fdn.ZThe thickness of éhr-P3HT layers obtained was

measured using a profilometer.
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Appendix D. Micro and nano-patterned silk and silk/P3HT substrates

D.1 Silk substrates fabrication

bombyx mordegummedsilk fibers (2 g) were dissolved in a LiBr solution (84310 mL)at 60° C

for 90 min obtaining a 20% (w/v) solution. A dialysis tubing (molecular cut off weight of 12 000 Da)
wasused for dialyzing the solution in water for 48 h at room temperature to remove the LiBr salt.
The aggregates formed during dialysis were nezdoby centrifugation (4000 rpm, 25 min). After

these steps the aqueous silk solution concentration was approximately 6% (w/v), determined by a
gravimetric analysis performed on the dried sample. Silk solution was then casted on a PDMS masters
that presentthe negative structure of the final micro and npatterns (for details about the
fabrication of the PDMSnasters see ref223]) and dried at room temperature for 240nce
solidified, the fibroin filmswere carefully removed from the PDMS masied subjected to a water

vapor annealing by placing timan a desiccator together with a water reservoir. This process increases

the crystallinity of the sillbased material and makes it insoluble in water

D.2 Scanning electron microscopy (SEM)

Prior to Scanning electron microscopy (SEM) images acquisitibnsgbstrates were attached to
glass slides using adhesive tape;dsied and covered by a thin gold layer (thickness 6nm, 1.5 Cr
adhesion layer) using a metal evaporator. All SEM micrographs were acquired using a TESCAN
MIRA 11l scanning electron microspe (operating voltage 4kV, working distance 19 mm, stage tilt

angle 30°).
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D.3 HEK-293 Cells cultures preparation and viability assay

Glass and silk substrates were sterilized by immersion in EtOH 70% for 3 hours and washed 3 times
with mQ-H20. Then, adyer of fibronectin (2 pgnlt in PBS buffer solution) was deposited on the
samples surface and incubated for 1 hour éiC37n order to promote cellular adhesion. Excess
fibronectin was then removed by rinses with PBS prior to cell platidk-293 cels were cultured

on top of the different substrates following the same procedure adopted in the cd2gHbT-lrased
devices, described in section A.7. Cells proliferation was assessed after 24, 48, 72 and 96 hours in
vitro performing the MTT [34,5-dimetylthiazol2-yl)-2,5-diphenyltetrazolium bromide] assdor

each time point, the growing medium was replaced with RPMI medium without phenol red containing
0.5 mg mtt of MTT and the samples were maintained in dark at 37 °C for 3 h. Then, the medium was
removed, and the samples were-dried at room temperature. Dry samples were subsequently

i mmersed in 200 ¢l of ethanol in order to di
reduction of MTT. The proliferation cell rate was calculated as ttierdifce in absorbance at 560

nm and 690 nm.

D.4 Bacterial cultures preparation

The gene encoding eGFP was PCR amplified from a pD®RIRP3 vector carrying the eGFP
coding sequence, and cloned into a pET23a(+) by conventional methods using Ndel and Xhol
redriction sites (Table PRIMER). The resulting construct pET23a@#P was sequence verified,

and transformed into E. coli (DE3) Rosetta (Invitrogen).

Table PRIMER.Pr i mer s e&gpuermrucseed( 5 this study. *

Forwardat ccceceatatgtgagcaagggegaggag
eGFP
Reverse ggtctgatcgagitacagctcgtecatgec

*: the restriction sites for Ndel (forward) and Xhol (reverse) are underlined.
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Bacterial cells were similarly cultured as previously described (ACS Biomater. Sci. Eng. 2016, 2,
18621866). Briefly, a singleaony, from the bacteria carrying the pET23a¢§FP construct, was
inoculated in Luria Bertani (LB) broth in pre
at 37°C until stationary phase is reached. The bacterial culture was then dilutedad QLE107

CFU mfY) in LB media supplemented with the same antibiotics. Then, each substrate was incubated
with 5 ml of bacterial suspension and kept in 12 well culture plates. Finally, isofdrtipig-D-
galactopyranoside (IPTG) was added to the badterlture at a final concentration of 1 mM,

following a24-hours incubation &5 C on a platform shaker.

D.5 Evaluation of bacteria adhesion

After 24 hours the samples were removed from the bacteria growing medium, washed 3 times with
mQ-H>O and coverg by a drop of water-luorescence images for the evaluation of the bacteria
adhesion grade on the different substrates were acquired using an inverted fluorescence microscope
(Nikon eclipseTi), by exciting with a 470 nm light source (Lumencor Spectrani() using a standard

FITC filters set. The average number of bacteria adhered on each substrate type was quantified using
Imagej software. Mean values has been averaged over n = 10 fields of view for each sample type, and

over n = 3 statistically indepenatesamples.

D.6 Water contact angle measurements

Silk-based samples were attached to glass slides using adhesive tapedaied awvernight. Then,
photographs of fil water droplets deposited on the different substrates were taken using an optical
corntact angle measuring and contour analysis system (DataPhysics OCA 15EC). The calculation of

the static water contact angle was carried out using the SCA 20 software (DataPhysics), according to
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the sessile drop method. Representative images of the waf@etdrdeposited on the different

substrates are depicted in figure D.6.1.

Figure D.6.1.Representative photographs of water droplets in contact with glass (a), silk flat (b), s#k nano
stripes (c), 4 wells2 (d) and p wellsl (e) samples.

D.7 rr -P3HT depasition on silk substrates

Wet flat and patterned silk substrates were anchored on glass slide using adhesive tagfiadd air
for one night. WP3HT was dissolved in-dichlorobenzene (5 ¢) and stirred for one night at 50°C.
rr-P3HT solution was desited on dry silk substrates by spin coating (speed 1500 rpm, acceleration

1600 rpm 3) and the obtained samples were left in vacuum for 40 minutes.

149



Appendix E. rr -P3HT thin films and nanoparticles (NPs) interfaced with plant cells

E.1 rr-P3HT thin films fabrication and guard cells viability assay

ITO/P3HT devices were prepared by depositing a solutiorP8HT (Mn 54.00075.000 molecular

weight) in chlorobenzene (20 g/l, Sigma Aldrichyontogdf as s/ | TO subsgspinat es
coating (twesteps recipe: i) 3 s at 800 rpm, ii) 60 s at 1600 r@fter a careful cleaning of the
substrates trough subsequent ultrasonic baths of ultrapure water, acetone and isopropanol. Polymer
film thickness isabout 150 nm. All films were thermally treated in an oven at 120°C for 2 h for
annealing.

Prior to guard cells viability assag-weekold Arabidopsis Thalianadeaves were attached to
microscope cover glasses (0.17 um thickness) using a Medical adhasibg gently pressing them

with a paintbrush. The leaves were then immersed in the imaging solution (5 mM KCI, 10 mM MES,
10 mM C&*, pH 5.8 adjusted with Tris) after carefully removing the upper cells layer using a razor
blade. Then, the obtained peeledves werincubatedwith fluoresceirdiacetate (FDA, 4 pg/ml in
imaging solution) for 20 minutes. Then, bright field and fluorescence images of thestaDAd

guard cells were acquired withn inverted fluorescence microscope (NikorEJiusing a 20X
objective (NA 0.75) and standard FITfilter set. Plant samples were subsequently interfaced with
ITO/P3HT devices, and both-R3HT-treated and untreated leaves were photoexcited with green light
focalized by the microscope objective ?)fw@2 = 54
minutes. The acquisition ofilght field and fluorescence images of the FBtained guard cells was

then repeated. The statistical analysis was done by manually counting the number of guard cells for
each field of view. The % of healthy cells was ofeai from the ratio between the FBfained cells

and the total number of cells counted in bright field images. 50 cells belonging to 3 statistically

independent samples for each condition were considered for the statistical analysis.
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E.2 rr-P3HT Nps fabrication and characterization

rr-P3HT NPs were prepared as previously described, following the reprecipitation nie2ibhd

Briefly, a solution of #P3HT in tetrahydrofuran (THF, Sigma Aldrich) was added dvege to mQ

water under magnetic stirring. The colloidal dispersion obtained was subjected to dialysis against 2 |
of wate overnight, for removing the residual organic solvent. Th®3iT-based colloidal
suspension was centrifuged for 10min at different rates, from 2,000 to 8,000 rpm, separating every
time the supernatant from the precipitate, obtaining a wide range ofesawith different particle
dimensions (from 100 to 600 nm) and different optical density (OD). The average hydrodynamic
radius of the NPs and the solutions OD were characterized by carrying out Dynamic Light Scattering
(DLS) measurements and using a TEC8park 10M Plate reader, respectively. ThR@3HT Nps
dispersions administered to the plant systems during the experiments described in this work are

characterized by an average hydrodynamic ra2Bds 82 nm and a polydispersity index of 0.12.

E.3Calcium imaging experiments

Prior to guard cell Gaimaging,Arabidopsis Thalianglants leaves, geneticalBncoded witiNES

YC3.6 probewere attached to microscope cover glasses by following the same procedure described
for the viability assay (see sectionllE The obtained peeled leaves were then immersed in the
imaging solution (5 mM KCI, 10 mM MES, 10 mM €apH 5.8 adjusted with Tris) and put directly

in contact with ITO/P3HT devices or incubated witfPBHT NPs ("P3HT NPs in imaging solution,

OD vale: 0.1) for 20 minutes. €aimaging analysis of the spontaneous guard cells activity were
carried out with an inverted fluorescence microscope (Nike)Tusing 20X objective (NA 0.75).

The yellow Cameleon (YC) probe excitation was provided by a flaeredamp (Prior Lumen 200

PRO; Prior Scientific) at 440 nm (436/20 nm), set at 20% power. Images were acquired every 5 s
with a Hamamatsu Dual CCD camera (ORODZ) using a FRET cyan fluorescent protein

(CFP)/yellow fluorescent protein (YFP) optical blo&k140003 (emission 1, 483/32 nm for CFP;
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emission 2, 542/27 nm for FRET) with a dichroic 510 nm mirror (Hamamatsu) for the simultaneous
CFP and YFP acquisitions. The exposure time was set to 100 ms and the CCD binning was 4 x 4.
The reP3HT photeexcitaton was carried out with green light focalized by the microscope objective
(&= = 540 nm, Il i ght i nt e?tamie duyation A 2 milutesPststiog | e :
analysis was performed by considering n = 10 guard cells for each condition, beltmdng
statistically independent samples.

The experiments for the evaluation of the reversibility of thB3HT Npsinduced effect were
performed by adding Cagin the bath (5 mM) at the end of the calcium imaging measurement; or
by repeating the calciuimaging experiments after leaving the plant samples resting in dark for 20

minutes.

E.4Stomatal opening analysis

ArabidopsisThalianaleaves geneticallgncoded withNES YC3.6 probewere attached to glass
coverslips and peeled in the same way as for thleility assay (see section E.1). Then, they were
incubated with imaging solution containingABHT NPs (HP3HT NPs solution OD value: 0.23) or

SiO2 NPs (average hydrodynamic radius = 260 + 10 nm, 250 pg/ml) under white light (4000 lux) for
90 minutes. Th measurement of the stomatal opening was carried out by acquiring fluorescent
images of the guard cells using the same fluorescent microscope employed for calcium imaging
experiments, using a 60X objective and standard FITC filter sets. The stomatateape® was
guantified using Imagej software. The measurement of the size of the stomata aperture was performed
by two different investigators in blind conditions. Mean values has been averaged over n = 120 cells,

over n = 4 statistically independent sdewp
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