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Summary 

 

In the latest thirty 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 devices requiring the 

exposure to an aqueous environment. Several application fields have been emerging, ranging from 

photo-electrochemistry to bioelectronics, given the possibility to exploit their optoelectronic 

properties in saline electrolytes, together with their biocompatibility and their inherent softness and 

conformability. In particular, systems based on regio-regular poly-hexyl-thiophene (rr-P3HT), a 

work-horse material for photovoltaics, have been profitably employed for (i) the fabrication of photo-

electrochemical cells and for (ii) the modulation of the activity of living systems. In the first case, the 

creation of free charges upon polymer semiconductor photo-excitation has been successfully 

employed to sustain reduction/oxidation processes at the polymer/electrolyte interface. In fact, the 

energy alignment at the polymer/electrolyte interface is favorable for both oxygen and proton 

reduction reactions, thus allowing the application of rr-P3HT in optically driven oxygen sensors and 

in photocathodes for hydrogen 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 light, without any need for viral 

transfection. Polymer-mediated 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 efficiently modulate a number of biological models in-vitro, for 

instance by inducing depolarization/hyperpolarization in secondary line cells, firing/silencing of 

neurons in single cells, brain slices, explanted retinas, and activating temperature-sensitive channels 

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 long-tern recovery of light sensitivity and visual acuity in visually-

impaired animal models.  
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In this scenario, 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 of polymer-based devices and to fully 

uncover all their application potential. In particular, this thesis work is focused on the study of the 

influence of the device structure engineering with the interfacial properties of bio-organic interfaces 

established between rr-P3HT photoactive platforms and living cells.  

The dissertation starts with a detailed investigation of the electrochemical phenomena occurring at 

the planar rr-P3HT/electrolyte interface, in dark and upon light excitation. We show that the 

ITO/P3HT device presents a photoinduced capacitive collection of positive charges at polymer 

surface balanced by negative electrolyte ions, i.e. the Helmholtz double layer formation. We then 

investigate the influence of the device structure engineering on the interfacial phenomena by 

considering two main strategies: (1) implementation of rr-P3HT-based planar devices with charge 

selective materials; (2) engineering of the rr-P3HT/electrolyte interface morphology, without 

introducing additional materials.  

We demonstrate 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 (ESL) of Phenyl-C61-butyric acid methyl 

ester (PCBM) partially intercalated within the rr-P3HT bulk, achieving a p-type/i-type/n-type (p-i-n) 

configuration. This device implementation leads to a collection of electrons instead of holes on top 

of the device surface, revealed 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 impact on the efficiency 

of charge transfer phenomena occurring at the device/electrolyte interface. In particular, we present 

the development of highly efficient hybrid organic/inorganic photocathodes for hydrogen evolution, 

constituted by rr-P3HT:PCBM active layer sandwiched between copper iodide (CuI) HSL and 
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titanium dioxide (TiO2) ESL and coupled with a Pt catalyst. We show that this device architecture 

allows to achieve hydrogen evolution reaction (HER)-associated photocurrents up to 7.1 mA cm-2 at 

0 V vs. RHE and an onset potential for HER equal to 0.702 V with 100% faradaic efficiency. 

Furthermore, we interface multilayered architectures with human embryonic kidney (HEK)-293 cells. 

The different fabricated configurations, comprising the rr-P3HT active layer alone or coupled with 

both CuI and TiO2 or with PCBM only, are tested as photoactive platforms for the optical excitation 

of this cell line. By carrying out patch clamp recordings of HEK-293 grown on top of the different 

devices upon light stimulus, we show that there is a direct correspondence between the sign of the 

device optically-induced surface charging and the cell membrane response, in terms of electrical 

potential variation.  

Regarding the second strategy (morphology engineering), we develop a light-sensitive mesoporous 

rr-P3HT/electrolyte interface by taking advantage of an all-solution fabrication procedure and we 

compare it with the correspondent planar topography. Interestingly, the mesoporous structure induces 

two orders of magnitude increase in the polymer/electrolyte interface surface area and this increment 

strongly affects the interfacial dynamics at the polymer surface in contact with the electrolyte. In 

particular the morphological change leads to an increased efficiency of the photo-induced O2 

reduction, and an inhibition of the capacitive charging at the rr-P3HT/electrolyte interface that instead 

dominates in the case of the flat configuration. In addition, we demonstrate that the mesoporous 

photoactive platform is fully bio-compatible and that HEK-293 cell population cultured on top of the 

polymer surface fully preserves its biological functionality. However, 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, the dissertation continues with the description of a strategy for the enhancement of the 

electrical coupling between the photoactive platforms and living cells, based on the tightening of the 

cellular adhesion by using rr-P3HT microstructures. We present the successful fabrication of high 
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aspect ratio rr-P3HT micropillars of conical shape, by coupling the femto-second micromachine and 

the push-coating technique. We show that polymer pillars can be used as highly biocompatible 

substrates for both primary cortical neuronal cells and HEK-293 cells. From scanning electron 

microscopy (SEM) images we see that the adopted shape and density of polymer pillars leads to 

establish a close contact with both HEK-293 and neuronal cell membrane, with a localized thinning 

of the cell membrane, without however negatively affecting cells viability and also the neuronal 

intrinsic electrophysiological properties and synapses expression. Interestingly, we observe a 

remarkable change in the morphology of HEK-293 cells, showing a pronounced tendency to develop 

in the three-dimensional space when interfaced to rr-P3HT pillars. However, by performing patch 

clamp recordings upon light excitation we do not observe a clear benefit in terms of signal 

transduction coming from the tight cellular adhesion achieved. We attribute it to a reduced charge 

dissociation efficiency in proximity of the pillar top structures, due to the polymer thickness, much 

higher than in the case of polymer substrates. 

Furthermore, in-view of in-vivo applications, we explore the use of micro- and nano-patterned 

silk/P3HT substrates as antifouling surfaces, able to sizably hinder the bacteria adhesion. We develop 

different nano- and micro-structured silk substrates, presenting micro-wells or nanogrooves on their 

surfaces, following a simple, inexpensive and high throughput, soft lithographic fabrication 

procedure. Interestingly, we observe that all considered patterns, both rr-P3HT-covered and 

uncovered, efficiently inhibit the adhesion of E.Coli bacteria without affecting the proliferation of 

HEK-293 cells.  

Finally, we study, for the first time, the interaction of rr-P3HT with plant systems. In particular, we 

interface rr-P3HT thin films and nanoparticles (NPs) with plant cells. We study the effects induced 

by the rr-P3HT photo-excitation on the intracellular calcium ion dynamics of Arabidopsis Thaliana 

leaves guard cells. It is widely recognized that calcium ions flux plays a central role on cellular 

signaling, acting both as a signal transducer and as a second messenger. We find a remarkable and 
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reversible down-regulation of the spontaneous guard cells cytosolic calcium oscillations, directly 

related to the illumination of the photoactive polymer in form of nanoparticles. Given the strict 

relation between the activity of this type of cells and the stomatal functions, 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, in-view of applications at systemic plant level, we verify the rr-P3HT NPs uptake by 

Arabidopsis Thaliana seedlings roots by performing confocal imaging experiments, 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 presented. Proper engineering of the 

device structure reveals to be key for successfully targeting specific applications within biology and 

energy fields Some examples are successfully demonstrated here, but many others remain to be 

discovered and fully characterized in view of practical applications.  
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1. Stimulation and recording of biological functions: the role of conjugated 

polymers  

 
1.1 Electrical methods for stimulation and recording  

 

The possibility to control or implement the biological functions of the human body with electricity 

has attracted the mankind since the ancient times, when people from Greece and Egypt exploited the 

electricity produced by Catfishes and eels in pain therapy treatments and for improving blood 

circulation [1]. Later, in the middle of 1600s Jan Swammerdam laid the basis of experimental 

electrophysiology, triggering the contraction of frog leg muscles by inserting needles inside the 

adherent nerves [2]. However, he did not explain the mechanism by which the nerves transduce the 

external stimuli. At the end of the 17th century, Luigi Galvani examined in depth the contraction of 

frog muscles, by improving the experimental set up. He discovered the electrical nature of the signal 

propagation between nerves and muscles, developing the theory for the electrical stimulation [3]. 

Starting from the pioneering experiments made by Galvani, a huge number of studies and methods 

for the control of the bioelectricity rapidly came out, allowing the excitation and recording of living 

tissues and singles cells activity both intracellularly and extracellularly [4]. The electrical techniques 

are widely consolidated and they are employed for a large variety of applications in-vivo and in-vitro 

[1], since they have the clear advantage of dealing with signals of the same type of the bioelectrical 

ones. The first examples of electrodes for the intracellular stimulation and recordings were sharp 

metal or glass electrodes with sub-micrometer size tip, required for minimizing the mechanical stress 

on the cells and the current leakage at penetration site [5ï7]. Recently metal nanoelectrodes have 

been proposed, sensibly reducing the device invasiveness [8]. However, the small dimension 

increases also the impedance of the contact, leading to a very low signal to noise ratio (SNR) [1,8]. 

An important step forward was made by Neher and Sakmann between the end of the 1970s and the 

beginning of the 1980s, with the development of the patch clamp technique [9]. This method rapidly 

became the electrophysiology gold standard, since it allows to study the activity of both single ion 
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channels and entire cells, using a glass micropipette electrode with an aperture size in the range of 1-

2 µm, allowing to perform measurements with a much lower background noise as compared with 

previously employed electrodes. The pipette is placed in contact with the membrane of the cells 

adhered to the samples surface, using a micromanipulator coupled with an optical microscope. By 

applying a suction, it is possible to establish a close contact between a membrane patch and the pipette 

tip (the so-called giga-seal), thus allowing the study of single ion channels. By applying an additional 

depression to the pipette tip, it is possible to selectively remove the cellular membrane portion in 

contact with the tip, making the pipette interior in direct contact with the cell cytoplasm. In this 

configuration (Whole-cell configuration) the micropipette electrode is filled with an electrolytic 

solution that resembles the cell cytoplasm and it is possible to study the average response of the entire 

cell. Both in the intracellular and extracellular cases, the cells activity can be recorded in potentiostatic 

(voltage clamp) or galvanostatic (current clamp) configurations, measuring respectively the potential 

difference and the current flowing across the membrane with respect to a reference electrode placed 

inside the extracellular bath. Additionally, electrical stimulation can be performed simultaneously by 

injecting intracellular currents, making this method highly versatile [10]. Patch clamp, however, 

presents also four main drawbacks: (1) this technique is very powerful for the study/stimulation of 

single cells but not for the study/stimulation of multiple cells, since it is possible to address one or 

few cells at a time; (2) The viability of the patched cells is limited to less than one hour; (3) the use 

of micrometer-size electrode is associated with impedance-related reduced SNS; (4) the flow of the 

electrode inner solution inside the cell interior induces the dilution of the cytoplasm [8,11,12].  

These limitations can be overcome by employing devices for the extracellular recording and 

stimulation. In general, extracellular techniques are less invasive, offering the possibility to study 

cells and tissues for a longer time, up to several months [12]. The traditional extracellular 

bioelectronic devices are based on metals and inorganic semiconductors. One of the first architecture 

employed are the Multi electrode arrays (MEA) allow to come over the first two aforementioned 
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patch-clamp limitations. These devices are composed by a large number of planar electrodes 

distributed in defined highly ordered geometries and give the possibility to address a large number of 

cells at the same time. These devices were firstly employed for interfacing cells by Gross et.al in 1977 

[13,14], and were used extensively for dual stimulation and recording, both in-vivo and in-vitro [15]. 

At the moment, MEAs with more 10000 electrodes are employed in in-vitro studies [16ï18]. 

Regarding in-vivo studies, it is worth to mention Neuropixels probes, employed for the in-vivo 

recording of the brain activity [19]. The striking characteristic of these devices is represented by large 

number recording sites (960) comprised in a single shank that can be selectively addressed by 384 

recording channels. The porous TiN single electrodes, characterized by low impedance and high 

stability in aqueous environment, allowed the long-term investigation of large populations of neurons 

from different brain segments of freely moving rats.  

Field effect transistors (FET) have also been employed for the extracellular recording of the cellular 

activity [20]. in this configuration, the current flowing from source to drain is modulated by the 

extracellular potential of the cells that act as the gate signal of the transistor. The key advantage 

related to the use of these devices is the possibility to completely overcome the impedance-related 

problems, since the signal transduction mechanism involved in the recording process using FETs does 

not rely on charge transfer [11].  

1.2 Conjugated polymers-based electrical methods 

 

The use of inorganic materials for the fabrication of devices for bioelectronics presents different 

advantages that rely on their excellent electrical properties and to the possibility to exploit the 

standard lithographic techniques for their fabrication, leading to a large variety of sizes and shapes, 

allowing for many possibilities in terms of recording and excitation [12]. However, the mechanical 

and the chemical mismatch between these rigid abiotic components and the soft biological 

counterparts represents a limit for in-vivo applications, since it can lead to increased inflammatory 
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responses from the tissues. For this reason, organic materials have attracted a lot of interest in the 

bioelectronics field, since they are generally softer and present a better biocompatibility as compared 

to metals and inorganic materials. Moreover, they can be easily chemically functionalized for 

achieving additional functional properties [21,22]. In particular, conjugated polymers (CPs) have 

been extensively employed for bioelectronic applications, mainly for lowering the electrodes 

impedance and in devices that exploit their dual electronic and ionic conductivity [23]. Regarding the 

former application, polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) have been 

used in the vast majority of reports [24ï29]. PEDOT was generally preferred for its higher stability 

[30], thus becoming the workhorse material in bioelectronics applications. Inorganic MEAs covered 

by electropolymerized PEDOT allowed to achieve higher charge injection limit and SNR during long-

term in-vivo stimulation and recording, as compared to the uncovered electrodes [24,25,31]. The ease 

of processability of PEDOT was exploited for locally restoring the charge transport properties of 

brain tissues after the formation of glial scars due to metal implants. Martin et. al. demonstrated that 

PEDOT can be electrodeposited directly around metal electrodes implanted inside neural tissues of 

animal models, lowering the system impedance without impairing the brain functions [32,33]. The 

other fundamental property of CPs, that had a crucial impact in biological applications, is the ionic 

conductivity [21]. The latter depends mainly on the morphology and on the type of the counter ion 

employed for counterbalancing the charge during polymerization [34]. In the case of PEDOT, the 

most employed counterion is poly(styrene sulfonate) (PSS) that confers to the final material, 

PEDOT:PSS, an enhanced level of swelling. This increases the ionic penetration and mobility within 

the material bulk. This characteristic was exploited in organic electrochemical transistors (OECTs) 

[21,23]. The peculiarity of this class of transistors is that the electrolyte acts as gate 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 of the active material conductivity, conferring to 

OECTs a better sensitivity as compared to FETs. Besides many excellent reports of in-vitro 

applications, he Malliarasô group was the first to translate this technology in-vivo, employing ultra-
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flexible OECTs for recording low-amplitude brain activities in animal models for epilepsy. Superior 

signal-to-noise ratio in comparison with standard surface electrodes was demonstrated [35].  

1.3 Optical stimulation and recording  

 

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 is expected to be less invasive, since light, at specific 

wavelength and intensities, can be delivered through living tissues without requiring physical contact 

or wiring [36,37]. Furthermore, the use of light allows to address specific subcellular compartments 

with higher spatial and temporal resolution as compared to electrical techniques, 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 geometries. However, the use of optical tools is complicated by the 

light insensitivity displayed by the vast majority of living cells. Different types of transducers have 

been developed, both for monitoring and exciting the bioelectrical activity [37,38]. Regarding the 

recording techniques, the use of fluorescent indicators is now largely accepted and employed. The 

transmembrane potentials variations can be investigated by employing fluorescent molecules that 

present a strong dependence of the light emission from the presence of an external electric field 

[39,40]. By monitoring their emission is then possible to quantify the membrane potential oscillations. 

The early examples of this kind of systems are voltage sensitive dyes (VSDs) [40], generally 

characterized by a low sensibility, due to an aspecific staining of the cells compartments. More 

recently genetically encoded voltage indicators (GEVIs), allowing the precise targeting of the 

subcellular components, have been proposed [41]. The living cells activity can be optically assessed 

by monitoring the concentration of molecules directly involved in cellular processes. The calcium ion 

is the most significant example, given its central role on cellular signaling, acting both as a signal 

transducer and as a second messenger. Calcium-sensitive dyes displayed a high sensitivity, sufficient 

for recording the variations due to the opening of a synaptic spine single calcium channel [42,43].  
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The optical stimulation of living cells can be performed by taking advantage of four main strategies: 

(1) introduction of genetically expressed light sensitive actuators in the cell structure (figure 1.1 a); 

(2) thermal stimulation induced by infrared radiation (IR) (figure 1.1 b); (3) optical bio-modulation 

mediated by photoactive molecules (figure 1.1 c); (4) light sensitive solid-state devices (figure 1.1 d).  

Regarding the first category, the possibility to transfect cells with light sensitive ion channels was 

firstly proposed by Boyden et. al. [44] in 2005, laying the basis of optogenetics (figure 1.1 a). By 

using this technique both neural activation and inhibition was obtained, together with receptor-

initiated biochemical signalling pathways [45]. The great advantage of optogenetics corresponds with 

the high transfection selectivity, allowing the study of the activity of small population of cells inside 

complex biological tissues. The main drawbacks are related to the safety risks associated with need 

for viral transfection and to the immune response of the host system due to the expression of 

heterologous proteins [46].  

The stimulation of cells using IR is based on the change of the bioelectrical parameters induced by 

the local temperature increase due to the water IR absorption (figure 1.1 b). It was firstly employed 

by Wells et. al. [47] for the in-vivo excitation of the nerves and muscles of frogs and rats. Later, the 

same technique was employed for the depolarization of HEK cells and Oocytes [48] and 

photoactivation of neurons [49,50]. This approach is very simple, since no biochemical alteration of 

cells is needed, and may have important applications, for instance in the thermal treatment chronic 

pain. However, there are some issues that limit its application in medicine. In particular, cells may be 

damaged by the high radiation intensities required and it is not possible to have an optimal control on 

the excitation volume [37,51]. 

Another method for the optical excitation of cells activity exploits the property of molecular 

photoswitches or photo cleavable compounds, molecules that present a variation in their 

structure/functionality upon light exposure (figure 1.1 c) [52]. Systems in the former category usually 

comprise an azobenzene unit and show reversible cis-trans isomerization. By using these compounds, 

it is possible to target specific cellular components like ion channels, transporters and pumps, G 
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protein-coupled receptor (GPCRs), enzymes and elements of the cytoskeleton [52]. In the case of ion 

channels, a control of the cells membrane potential can be achieved. The acrylamide-azobenzene-

quaternary ammonium (AAQ) is an example of this class of molecules that have been employed for 

the recovery of light sensitivity of blind rat retinas[53]. Photo cleavable molecules are composed by 

a functional molecule, like a neurotransmitter or enzyme, encapsulated inside a photolabile cage 

compound. The exposure to a certain wavelength allows the selective release of the inner molecule 

[54ï56]. The application of both these classes of compounds is limited by the fact that the most part 

of them requires UV irradiation that can damage the biological matter after prolonged exposure and 

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

focused on the development of a second generation of molecules with red-shifted absorption [52,57].  

The last type of transducers are solid state devices for the extracellular optically-mediated stimulation 

of living cells and tissues (figure 1.1 d). This category includes different kinds of devices based on 

both inorganic and organic semiconductors. The state of the art in this field is presented 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 

expressing light sensitive ion-channels in the cell structure (optogenetics) (a), by inducing a local temperature 

increase with IR light excitation (b) and by interfacing cells with photoactive molecules (c) or solid-state 

devices (d).  

 

 

1.4 . Optical stimulation mediated by flat silicon-based devices   

 

The first examples of photovoltaic devices for the optical modulation of the biological activity were 

based on oxidized silicon. The bioelectrical properties of primary nerve cells on top of this material 

were firstly investigated by Fromherz et. al. [58ï61], who proposed an electrical model for the 

device/cell interface and demonstrated that by using a passivated layer of silicon it is possible to 
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perform an electrical capacitive stimulation, excluding the contribution of faradaic phenomena and 

electroporation of the cellular membrane. Later, Colicos et. al. [62] proposed for the first time the 

possibility to exploit the optically induced change in conductivity of silicon for the excitation of 

primary hippocampal neurons. In this configuration a p-type silicon wafer, covered by thin (2 nm) 

SiO2 layer, was maintained at a constant bias with respect to a reference electrode in the bath. The 

illumination promotes the electron migration at the cell/device interface, and the bioelectrical activity 

of the neurons grown on top is then elicited capacitively by the established voltage gradient in the 

electrolyte solution [62]. 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 microglia formation [63]. 

Regarding in-vivo applications, Palanker et al.[64] developed a retinal prosthesis based on silicon 

photodiodes. The system is composed by a video camera that acquires the images from the 

environment, a small-size computer that processes the images, and a photodiode array, implanted in 

subretinal position. The 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 pixels is fixed by design, this 

device does not benefit of the increased spatiotemporal resolution associated to optical methods, but 

only avoids the use of the wires necessary for performing the electrical stimulation.  

All the approaches presented in the current paragraph suffer from the lack of biocompatibility 

provoked by material stiffness, already discussed in section 1.2. In order to overcome this problem, 

solid state devices based on organic semiconductors have been developed. 
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1.5 . Planar solid state rr -P3HT-based devices for the optical stimulation of living cells  

 

Conjugated polymers, as previously discussed, allow to achieve several advantages as compared to 

the inorganic ones, in terms of biocompatibility and mechanical properties. Despite the fact that this 

class of materials can reach a lower charge concentration than that of silicon, their morphological 

structure leads to unique device/cell interactions, due to the formation of a diffused intermixed 

interfacial region where the electrolyte species, like molecules and ions, can penetrate and interact 

[21]. Different semiconducting polymers have been studied as solid state transducers for the 

extracellular optical stimulation [65]. Polythiophene derivatives have proven to be the best choice, in 

terms of biocompatibility and electrochemical stability. In particular, Vaquero et. al.[66] tested two 

thiophene based polymers with different absorption properties, poly[2,1,3-benzothiadiazole-4,7-

diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-bô]dithiophene-2,6-diyl] ] (PCPDTBT) and 

regio-regular poly(3-hexylthiophene) (rr-P3HT) and compared them with a poly-phenylene vinylene-

based polymer, poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene-vinylene) (MEH-PPV) and a 

polyfluorene derivative, poly(9,9-dioctylfluorenyl-2,7-diyl)  (PFO). rr-P3HT, PCPDTBT and MEH-

PPV all showed good biocompatibility, but only the first two presented also good stability in aqueous 

environment, making them suitable for long-term in-vivo studies. PFO, instead, was reported to be 

phototoxic and not electrochemically stable.  

Thin films of thiophene-based polymers, in particular rr-P3HT, were extensively studied for light 

induced stimulation purposes, by interfacing them in-vitro with different cellular models and 

explanted tissues, including: primary neuronal cells [67ï69], explanted retinas [68,69], brain slices 

[69], astroglial cells [70] and non-excitable line cells [69,71]. The rr-P3HT-mediated optical 

excitation of isolated neurons was firstly assessed by Ghezzi, Antognazza et. al. [67] in 2011. The rr-

P3HT-based device consisted in a planar indium tin oxide (ITO) electrode covered by a thin layer (~ 

150 nm) of rr-P3HT blended with an electron acceptor molecule, [6,6]-Phenyl C61 butyric acid 
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methyl ester (PCBM), forming a bulk heterojunction (BHJ) structure. Primary hippocampal neurons 

cultures were successfully prepared on top of the polymer-based devices and the effect of the active 

material photo-excitation on the neurons bioelectrical activity was monitored by performing patch 

clamp recordings (figure 1.2 a). The results revealed that 20 to 50 ms light pulses (ɚ = 560 nm, 10 

mW/mm2) trigger neuronal action potentials with a success rate higher than 85 % (figure 1.2 a) [67]. 

More recently the same authors demonstrated that the light excitation of bare rr-P3HT films on ITO 

electrodes, without PCBM, can elicit neuronal firing in an equivalent manner as the BHJ-based 

devices [68]. Moreover, in the same report they successfully interfaced a blind retina with a 

ITO/P3HT device, by placing the photoreceptor-degenerated rat retinas both on the photoactive 

devices and on control ITO substrates, in subretinal configuration. Then, the system was illuminated 

with short light pulses (10 ms, 10 nW/mm2 to 4 mW/mm2 , ɚ = 532 nm) and the output retinal response 

to light was monitored through an extracellular electrode placed in the retinal ganglion cell layer. The 

retinas interfaced to ITO/P3HT samples presented a significantly higher response to light stimulus 

and lower activation threshold than the one placed on ITO, demonstrating that rr-P3HT can be 

exploited as an artificial photoreceptor layer.  

Regarding the mechanism that mediates the optical stimulation, in these first reports a capacitive 

coupling between the polymer-based devices and the cells was proposed[67,68]. This hypothesis was 

supported by other works [72,73], in which the electrochemical characterization of 

polythiophenes/electrolyte interfaces revealed that, upon light excitation and in presence of an 

underneath electrode, a surface charge displacement takes place. This leads to an accumulation of 

charges at the polymer/electrolyte interface, potentially exploitable for the 

depolarization/hyperpolarization of living cells. However, despite the fact that the study of neurons 

in-vitro represents an essential step for important applications in neuroscience, this class of cells is 

not a good model for understanding the mechanism behind the cell/device interaction, since it is 

characterized by a codified response, the action potential, which is independent from the nature of 
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the stimulus. For investigating the photo-transduction mechanism, it is better to study non-excitable 

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 Embryonic Kidney 293 (HEK-293) cells, a non-excitable genetically 

immortalized cellular line, was selected [71]. This cellular model was isolated from the kidney of a 

human embryo in the laboratories of prof. Alex van der Eb in 1973 [74]. This cell line offers easiness 

in handling, together with a compact shape that allow to reduce space clamp artifacts during 

electrophysiological measurements [75]. Martino et al. [71] demonstrated that the local rise in 

temperature due to the rr-P3HT or rr-P3HT:PCBM photoexcitation is able to modulate the HEK-293 

cells membrane potential. Two different cell bioelectrical behavior were detected, corresponding to 

cell membrane depolarization and hyperpolarization, achieved by illuminating the system with 20 

and 200 ms light pulses (ɚ = 475 nm, light intensity between 1 and 50 mW mm-2) respectively (figure 

1.2 b,c). The device thermal response in the employed illumination conditions was characterized, 

finding a local temperature increase up to 7 °C using 200 ms light pulses, with a buildup time constant 

of about 50 ms. These cellular responses were attributed to thermally-induced changes in cell 

membrane capacitance, according to the Goldman-Hodgkin-Katz (GHK) equation. The most 

probable physical explanation of this phenomenon lies in a thinning of the cellular membrane as a 

consequence of a spatial reordering of the lipid bilayer induced by the temperature gradient, as 

supported by a recent work [76]. The author reported also the presence of an additional signal 

component during HEK-293 patch clamp recordings, measurable only when the active material is 

deposited on top of an ITO electrode (figure 1.2 d). This effect was attributed to an electrical 

phototransduction process, due to the optically induced capacitive charging of the polymer surface. 

However, the authors did not provide a detailed description of the effects of the photo-capacitive 

response on the HEK-293 bioelectrical activity [71]. The photothermal modulation of HEK-293 cells 

membrane potential was later demonstrated also using other conjugated polymers, in particular 

PCPDTBT, characterized by a light absorption peak in the NIR region, very promising for in-vivo 
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applications, given the higher transparency displayed by living tissues in this range of wavelengths 

[66].   

More recently, the thermal effect induced by the polymer photoexcitation was exploited in two 

distinct, possible applications: (i) the inhibition of neuronal firing and (ii) the modulation of 

temperature-activated transient receptor potential cation channels, in particular the Vanilloid 

Receptor 1 (TRPV1) channels. Regarding (i), Feyen et al. [69] demonstrated that the prolonged 

illumination of rr-P3HT and PCPDTBT thin films (550 ms, ɚ = 530, 16 to 30 mW mm-2 and ɚ = 780 

nm, 24 mW mm-2 for the rr-P3HT and PCPDTBT cases respectively) silences both spontaneous and 

elicited action potentials in hippocampal primary neurons (figure 1.2 e), reduces the firing dynamics 

of mouse brain slices under induced epileptic activity and inhibits the spiking patterns of blind 

explanted retinas. These results demonstrate the potential use of these photoactive systems for 

antiepileptic therapy and for the realization of artificial retina implants. Regarding (ii), we recently 

employed thin layers of rr-P3HT for the optical triggering of TRPV1 channels, with an increased 

temporal and spatial resolution as compared to standard activation protocols [77]. This class of ion-

channels can be activated by several chemical and physical stimuli, including heat, molecules like 

capsaicin, voltage, spider toxins, acidic pH, several fatty acids such as the endocannabinoid 

anandamide. Regarding the thermal activation, TRPV1 can be opened at a temperature higher than 

43°C, but the combination with other type of stimuli may reduce the threshold temperature. We 

showed the TRPV1 activation in HEK-293T cells adhered on top of illuminated glass/P3HT devices 

(figure 1.2 f), with a photoexcitation density corresponding to a local heating of the bath up to an 

absolute temperature of 30°C, suggesting the presence of a concomitant stimulation effect. We 

proposed that the observed decrease in activation threshold can be due to a local photo-induced 

acidification of the medium, since by increasing the medium buffering capability, a reduction in 

TRPV1 activation is noticed. This view is also supported by other reports, in which the electron 
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accumulation on the photoexcited rr-P3HT surface and the subsequent formation of a charge 

balancing layer of acidic polarized water molecules is demonstrated [78,79]. 

 

Figure 1.2. (a) Schematic representation of the set up used for the rr-P3HT-mediated optical excitation 

of isolated hippocampal neurons (upper panel) and representative patch clamp recording showing the 

neuronal action potential firing induced by 50 ms light pulses (ɚ = 560 nm, 10 mW/mm2, lower panel). 

Reproduced from ref. [67]. Membrane potential (æV) changes recorded in HEK-293 grown on 

glass/P3HT upon excitation with 20 ms (b) and 200 ms (c) light pulses (ɚ = 475 nm) at increasing 

light intensities (7.7 mW/mm2, 15 mW/mm2, 35 mW/mm2, 47 mW/mm2). (d) Membrane potential 

(æV) variation acquired in HEK-293 cells grown on top of ITO/P3HT devices under the same light 

excitation conditions of panels c and d. Pink boxes highlight the æV component attributed to the 

capacitive charging occurring at the polymer surface. Panels b,c and d are reproduced from ref. [71]. 

(e) Silencing of the firing activity of hippocampal neurons seeded on rr-P3HT thin films induced by 

light excitation (green bars, 550 ms, ɚ = 530, 16 to 30 mW mm-2). Reproduced from ref. [69]. (f) 

Membrane potential change recorded in HEK-293 cells stably expressing human TRPV1 grown on 

top of rr-P3HT upon photostimulation with 100 ms visible light pulses, at increasing photoexcitation 

densities (from 26 to 343 mW mm-2). Light stimulus is represented by green shaded areas. 

Reproduced from ref. [77]. 

 

The in-vitro studies on the cells optical stimulation mediated by rr-P3HT-devices lead the Benfenatiôs 

and Lanzaniôs research groups to test these systems as retinal prosthesis in-vitro [80]. They fabricated 

a fully organic device that comprises a conformable silk substrate covered by PEDOT:PSS and rr-

P3HT layers, acting respectively as the electrode and the photoactive component [81]. The prosthesis 
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was implanted in the subretinal region of a rat model for retinitis pigmentosa and Electrophysiological 

and behavioral experiments were carried out. Recovery of both light sensitivity and visual acuity up 

to 6ï10 months after surgery, directly associated to the presence of the implant [80], was 

demonstrated. These experiments open the way to the development of a new approach for the 

treatment of degenerative blindness, based on the use of organic functionally autonomous implants, 

overcoming the low biocompatibility, the need of power supplies and external cameras associated to 

the use of silicon and metal-based prosthesis.  

 

1.6 Enhanced living cells stimulation and monitoring by engineered device morphologies  

 

In recent years, materials scientists, biotechnologists and neuroscientists invested joint, extensive 

efforts towards the realization of three-dimensional structures suitable for interfacing with living cells 

cultures and tissues [8,11,12]. Different geometries (nanowires, nanopillars, mushrooms, 

nanoparticles), structures densities, materials and fabrication technologies, as well as diverse cellular 

models, have been investigated. The implementation of the planar technologies discussed in the 

previous paragraphs, with nano- and micro-structures, can lead to enhanced device capabilities in 

terms of stimulation and recording, opening the way to an increased number of applications in 

biotechnology, spanning from regenerative medicine to neuroscience, from pharmacology and 

physiology to neural computing and tissue engineering [8,11]. Regarding the study and modulation 

of the bioelectrical activity, a large part of the implementation strategies was aimed to the 

enhancement of the extracellular electrical stimulation efficacy and of the SNR during recordings 

[8,12]. Although extracellular electrical methods introduce some striking advantages respect to the 

patch clamp technique and standard intracellular electrodes (see section 1.1), they suffer from 

intrinsic limitations related to the presence of a cell/device interface. Concerning the recording 

process, by using external electrodes/FETs it is not possible to measure the actual bio-electrical signal 



21 
 

but the so-called ñlocal field potentialò, that is composed by the superimposition of the electrical 

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 power. In addition, the reduced cell/device coupling that is possible to achieve 

using standard planar morphologies, lowers the SNR, leading to a poor recording quality [82]. 

Furthermore, the low cellular adhesion may lead to a reduction in the extracellular stimulation 

effectiveness [12]. Both recording and stimulation are based on the need for efficient signal 

transduction between the electronic device signals and the ionic response of the biological systems. 

For this reason, both processes would benefit of a device implementation able to promote the 

cell/device coupling [8,12]. Considerable effort was undertaken in the engineering of specific device 

morphologies for enhancing the cellular coupling. In particular, two main strategies have been 

followed: (1) direct intracellular access by the electrodes; (2) electrode engulfment by the cell 

membrane. Regarding the former approach, as already discussed in section 1.1, the introduction of 

metal electrodes inside the cells body leads to low SNR, as a consequence of the small dimensions 

needed for reducing the invasiveness. A way for overcoming this problem consists in the employment 

of nano FETs devices, since this class of devices is associated to a negligible input impedance, as 

presented in section 1.1. Tian et al. [11,83] fabricated nano FETs on top of kinked silicon nanowires 

and interfaced them with cardiomyocytes. After the devices internalization inside the cells, the 

authors were able to carry out action potential recordings, comparable to simultaneous patch clamp 

control measurements. In this manner they demonstrated the ability of these devices to perform 

reliable, high SNR intracellular recordings. More recently, this work was extended by developing 

new platforms in which the source and drain electrodes are deposited on a planar substrate and the 

cell cytosol is put directly in contact with the Si nanowires through SiO2 nanotubes grown onto the 

nanowires [84]. This approach is particularly interesting because it can lead to the fabrication of 

arrayed nanoFETs [11]. 
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The second strategy relies on the use of pillar-like microstructures engulfed inside the cellular 

membrane for achieving high electrode/cell coupling. In this configuration the cellular membrane is 

not perforated, ensuring the absence of detrimental effects on the cells physical properties. However, 

the stimulation and recording performance depends dramatically by the ratio between the 

transmembrane conductance and seal conductance [8,58,85]. In particular, for obtaining a high signal 

transduction efficiency the conductance associated to the cellular membrane should be maximized 

and the one associated to the seal minimized. The seal conductance can be minimized by reducing 

the thickness of the cleft region, increasing in this way the resistance associated to this portion of the 

electrolyte. For this purpose, Spira et. et. al. [16,82] have developed gold pillars microstructures with 

a mushroom like structure, characterized by a tight cellular adhesion. This micropillar-based 

platforms have been employed for the recording of the membrane dynamics of several cellular 

models, including cardiomyocytes [86] and hippocampal neurons [87], with an enhanced SNR during 

signal acquisition, enabling the measurement of subthreshold events with minimal filtering [16]. A 

way for further increasing the recording performance consists in combining the benefits generated by 

the pillar-induced tight-seal with an increased cell membrane conductance obtained by making tiny 

pores (10-20 nm) in the lipidic membrane [88]. A notable example is the electroporation approach, 

recently employed with high aspect ratio conical nanopillars [89].  

The design of implemented cell/device interfacial morphologies was explored also for the 

development of biocompatible scaffolds for 3D cell cultures. The need for in-vitro cultures in three 

dimensions comes from the fact that the growth of eukaryotic cells in conventional 2D substrates 

leads to a cell monolayer that cannot give an accurate representation of the extracellular matrix found 

in living tissues [90]. The most part of the complex biological responses found in organ or tissues, 

like cellular proliferation and migration, apoptosis, receptor expression, transcriptional expression, 

differs dramatically from that of the conventional 2D cultures [90,91]. A large variety of synthetic 

and bio-derived polymers have been investigated, including inert polymer substrates (among many 
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others, PDMS, SU-8, polycarbonate, PLA) [92ï94] and CPs [91,95,96], mainly for tissue engineering 

and regenerative medicine applications. In particular, the use of CPs for this purpose allows to 

combine the advantage of growing the cells in three dimensions with the possibility to electrically 

modulate and monitor the biological functions. A notable example is represented by PEDOT:PSS that 

has been proposed for the realization of 3D bioscaffolds [95,97], able to electrically modulate the 

activity of excitable cells [98] and to use electrical stimuli to guide cell proliferation and stem cells 

differentiation [96,99]. In many cases, devices transparency remains an issue, thus hampering the use 

of bioimaging analysis techniques. Very recently, an interesting work by S. Inal and colleagues [91] 

reported on the fabrication of a PEDOT:PSS-based macroporous device, integrating electrochemical 

sensing capabilities for in situ live cells monitoring. They demonstrated that the proliferation of 

epithelial cells on the conductive hydrogel-like 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 electrodes [100,101]. 

Nanostructured material morphologies have also been investigated for the engineering of wireless 

platforms for the optical stimulation of living cells. Concerning the solid-state silicon based devices, 

the Tianôs research group has recently developed amorphous Si mesostructures showing a fibril-based 

structure that resembles the natural biomaterials [102ï104]. This material architecture displays very 

interesting mechanical properties, characterized by a Youngôs modulus value two orders of magnitude 

lower than the one of crystalline silicon. The material stiffness is further lowered after the immersion 

in water electrolyte, displaying a Youngôs modulus value closer to collagen [104,105]. This new class 

of silicon-based devices has proven to be suitable for the optically mediated thermal stimulation of 

living cells, given the reduced thermal conductivity and capacity induced by the porous architecture 

[11]. They were employed for the thermal activation of dorsal root ganglia (DRG) neurons action 

potentials with a lower illumination intensity than the one commonly required for the photothermal 

stimulation mediated by inorganic materials [104,106].  
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An alternative approach consists in the use of nanoparticles (NPs), both of inorganic and organic 

nature, as highly specific light-activated actuators for the localized, non-invasive modulation of the 

biological activity [22,107ï109]. The striking advantage of NPs is associated to the possibility to 

deliver them to the cells and tissues trough injections like drugs, reducing the invasiveness during in-

vivo medical treatments [109]. The most employed inorganic NPs for cellular stimulation are gold 

Nps, very interesting for their ease of functionalization and optical properties tunability. By 

modifying the particles morphology and consequently altering the gold surface plasmon resonance it 

is possible to obtain gold NPs with optical absorption maximums spanning from the visible range to 

the NIR [110,111]. These systems have been employed for the photothermal modulation of the 

activity of several cells typologies, in particular neurons [106,109,112,113]. Benzanilla et al. [106] 

have recently developed gold Nps functionalized with ligands for the targeting of specific neuronal 

membrane proteins, showing the thermal stimulation of DRG neurons with a minimum amount of 

NPs, given the superior resistance to washout displayed by the ligand-conjugated gold NPs.  

However, the employment of gold NPs in in-vivo applications is limited by the increased toxicity 

presented by the gold metal passing from the inert bulk form to NPs [114,115]. Au NPs toxicity 

mostly depends on the particle shape, size and surface charge, and it is associated to increased levels 

of cellular oxidative stress and apoptosis, as observed on retinal neurons [114]. Organic 

semiconductor NPs are very interesting in view of the development of highly biocompatible artificial 

nanostructured light-actuators. They are easier to synthesize and functionalize, as compared to 

inorganic NPs, and they show good environmental stability, high brightness and large absorption 

cross section [109,116]. This class of NPs can be prepared by direct monomers polymerization in a 

heterophasic system [117ï120] or by nano-precipitation or mini-emulsification of preformed 

oligomers or polymers [121,122]. These systems have been recently employed for the optically driven 

modulation of biological processes [123,124] and as intracellular temperature sensors [125]. Starting 

from the results obtained using rr-P3HT-based photoactive platforms discussed in section 1.5, 
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Lanzani, Antognazza et al. have developed sterile rr-P3HT NPs by taking advantage of the 

nanoprecipitation method. These polythiofene-based NPs were tested in two different configurations: 

bare and N-hydroxysuccinimidyl ester groups (NHS)-functionalized rr-P3HT NPs. The 

biocompatibility of both NPs types was tested by performing viability assays and electrophysiological 

experiments with HEK-293 cells lines in-vitro, finding that the cells physiological functions are not 

altered by the presence of the NPs [126,127]. Laser scanning confocal microscopy experiments 

revealed that the bare rr-P3HT NPS are rapidly internalized by the cells, probably through 

micropinocytosis or protein corona formation [128]. Instead, the presence of the NHS group leads to 

the NPs attachment to the cellular membrane, presumably as a consequence of the interaction between 

the NHS functional groups and the primary amines of the cells membrane proteins [129]. The 

different NPs/cell interaction leads to dissimilar cellular photoinduced responses. HeK-293 cells 

treated with bare rr-P3HT NPs in fact, do not show any response during patch clamp recordings upon 

light excitations [126]. The same experiments performed on cells treated with rr-P3HT-NHS NPs 

showed instead a photoactivated response similar to the thermally activated-one obtained using rr-

P3HT thin films [66,71]. Recently we reported that the unfunctionalized rr-P3HT NPs, upon 

photoexcitation, increase the intracellular Ca2+concentration of HEK-293 cells, through a reactive 

oxygen species (ROS)-mediated mechanism [130]. 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-

electrochemical characterization further consolidates the thesis, suggesting the a ROS production 

pathway similar to the one observed in rr-P3HT thin films [78,131,132], involving the initial photo-

activated oxygen reduction at polymer/electrolyte interface, forming the superoxide ion that further 

evolves leading to the generation of different ROS [130].  

Furthermore, it was demonstrated that rr-P3HT NPs directly affect the light sensitivity and the 

behavior of Hydra vulgaris, eye-less polyps [133]. The results obtained reveal that the exposure of rr-
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P3HT treated 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 interrupted, the NPs-treated animals 

maintain the enhanced contraction state, while the untreated ones recover their contraction/elongation 

behavior. Moreover, it was found the polyps treated both with light and rr-P3HT Nps display a higher 

expression of an opsin-like gene, directly involved in the light transduction mechanism of the animals. 

These results put a step forward in the employment of rr-P3HT based photo-transducers for the in-

vivo restoration of the light sensitivity, opening the way to a new medical approach based on the 

direct injection of the nanostructured photoactive material in the body, reducing the 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 characterization of 

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 presented different applications in 

which rr-P3HT was exploited for the polymer-mediated optical modulation of the activity of a number 

of biological models in-vitro and for the recovery of light sensitivity and visual acuity in visually-

impaired animal models in-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 the improvement of device 

performance. In this chapter we focus on the investigation of the electrochemical phenomena 

occurring at the planar rr-P3HT/aqueous electrolyte interface in dark and upon light excitation. We 

propose an approach for controlling the interfacial electrochemical properties based on the 

implementation of rr-P3HT-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 rr-P3HT film 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 electron-selective layers (HSL and ESL respectively). We consider two 

implemented device architectures: (1) a p-type/i-type/n-type (p-i-n) structure, obtained by coupling 

rr-P3HT with an ESL (figure 2.1 b); (2) a multilayered configuration constituted by an active layer 

of rr-P3HT, blended with an ESL material and sandwiched 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 by rr-P3HT coupled with ESL in a p-i-n configuration (b) and rr-P3HT sandwiched 

between HSL and ESL (c). 

 

We discuss the changes induced by charge selective layers on the photo-electrochemical capacitive 

and faradaic phenomena occurring at device/electrolyte interface. In particular, we demonstrate that 

the architecture (2) is 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 non-excitable line cells membrane potential, using the different fabricated 

architectures, by performing whole-cell patch clamp recordings. In addition, we extend the 

electrochemical characterization by measuring the light-induced changes in the device local surface 

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

The results related to the fabrication and characterization of photocathodes for hydrogen evolution 

are included in the following publications: (1) F. Fumagalli, S. Bellani, M. Schreier, S. Leonardi, 

H.C. Rojas, A. Ghadirzadeh, G. Tullii, A. Savoini, G. Marra, L. Meda, M. Grätzel, G. Lanzani, M.T. 

Mayer, M.R. Antognazza, F. Di Fonzo, Hybrid organicïinorganic H2 -evolving photocathodes: 

understanding the route towards high performance organic photoelectrochemical water splitting, J 

Mater Chem A. 4 (2016) 2178ï2187. doi:10.1039/C5TA09330A (2) H.C. Rojas, S. Bellani, F. 

Fumagalli, G. Tullii, S. Leonardi, M.T. Mayer, M. Schreier, M. Grätzel, G. Lanzani, F.D. Fonzo, 

M.R. Antognazza, Polymer-based photocathodes with a solution-processable cuprous iodide anode 

layer and a polyethyleneimine protective coating, Energy Environ. Sci. (2016). 

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

 

Thin films of bare rr-P3HT represent the starting point for the study 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 dissociation performance (see appendix A.1 for details). The films are deposited 

on top of ITO-covered glasses that act as electrodes.  

The electrochemical properties of the rr-P3HT/electrolyte interface can be directly evaluated by 

carrying out galvanostatic and potentiostatic measurements using an electrochemical cell connected 

to a potentiostat. Here, a three-electrode configuration of the electrochemical cell is employed, 

comprising ITO/P3HT as the working electrode, an Ag/AgCl electrode as the potential reference (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 device inside 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 shows the 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 average close to 

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 the order of few 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 light 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 a three-electrodes 

electrochemical cell upon excitation with a 100 ms light pulse (470 nm, 2.8 mW/mm
2
) impinged 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 cyan shaded 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 the rr-P3HT/electrolyte interface. The ITO electrode 

instead acts as a sink for electrons (figure 2.3) [78]. This picture is corroborated by observing 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 dissociation 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 electrodes 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 layers 

 

2.3.1. ITO/p -i-n architecture 

 

The charging at the polymer/electrolyte interface can be controlled by introducing charge selective 

layers inside the structure. In particular, we have modified the standard ITO/P3HT flat obtaining a p-

type/i-type/n-type (p-i-n) structure, widely employed in solar cells and photoconductors [137ï139]. 

In general, this architecture is constituted by a blend of donor/acceptor semiconductors (i-type layer) 

sandwiched between a p-doped hole transport layer (p-type layer) and an n-doped electron transport 

layer (n-type layer). Here, we use rr-P3HT as the p-type layer and Phenyl-C61-butyric acid methyl 

ester (PCBM) as the n-type layer, blended together forming the i-type layer in-between, following a 

fabrication strategy employed for enhancing the sensitivity of Organic thin film photoconductors 

(OTFPs) [137]. In particular, we modified the ITO/P3HT device (P3HT film thickness about 80 nm) 

by depositing a PCBM film (thickness ~ 20nm) on top of its surface by evaporation, followed by a 

solvent annealing for the permeation of the PCBM inside the rr-P3HT structure, forming the 

P3HT:PCBM i-type layer. In order to intercalate the PCBM within only a part of the rr-P3HT layer, 

without affecting its semi-crystalline structure, it is necessary to carry out the annealing for a short 



32 
 

time (60 seconds) and use dichloromethane (DCM) as the solvent, given the poor solubility of rr-

P3HT in DCM [140](see appendix A.3 for additional fabrication details). It was demonstrated that 

this fabrication route leads to a i-type layer depth very close to the thickness of the starting evaporated 

PCBM layer [137]. The device is then completed by evaporating the PCBM n-type layer (thickness 

~20 nm) (figure 2.4 panel a). SEM image of the full ITO/p-i-n sample cross-section is depicted in 

figure 2.4 b (see appendix A.4). Unfortunately, the instrument resolution is not sufficient to identify 

the P3HT:PCBM i-type layer and to clearly distinguish it from the overlying PCBM layer. 

 

Figure 2.4 (a) Cartoon depicting the p-i-n device structure. (b) SEM micrograph of the p-i-n structure cross-

section.  

Further structural analysis would be needed to directly describe the layered architecture and 

morphology of the device. However, the photoelectrochemical characterization provides a 

convincing, though indirect, demonstration, showing a sizable change in the predominant 

photocurrent and photovoltage dynamics. In fact, the photoelectrochemical response of the p-i-n 

device, as in the ITO/P3HT case, is purely capacitive but shows a strong dependence from the light 

excitation incidence direction. In particular, when the light comes from the ITO side, the p-i-n 

architecture exhibits the same behavior of the ITO/P3HT case, characterized by positive/negative 

photocurrent spikes when the light is switched on/off, related to the positive charging/discharging of 

the polymer/electrolyte interface (figure 2.5 a). Instead, when light is impinging from the El side, the 

photocurrent sign is reversed (figure 2.5 a). Accordingly, to the ITO/P3HT case, ITO/p-i-n shows the 
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same sign for the photovoltage and photocurrent signal, being negative/positive when light is 

impinging from ITO/El sides (figure 2.5 b). A difference in the photovoltage dynamics in dependence 

to the light incidence direction is noticeable in the ITO/p-i-n case (figure 2.5 b). In particular, when 

light comes from the ITO side the photovoltage trace displays a spiky variation during the first 3 ms 

from the photoexcitation beginning, absent in the case of El light incidence direction (figure 2.5 b). 

The explanation of this discrepancy is not straightforward and requires additional experiments for 

being clarified. The different photocharging behavior displayed by the ITO/p-i-n configuration in 

dependence from the photostimulation direction, can be explained by considering that when light 

comes from the ITO side is mainly absorbed by the bare rr-P3HT layer, leading to a predominant 

dissociation of the excitons by the closer ITO/P3HT interface. Instead, when light impinges the 

opposite device side, the majority of the excitons are dissociated by the P3HT/PCBM interface within 

the i-type layer, obtaining the collection of electrons at the PCBM surface. A similar photocharging 

dependence behavior was observed by Gautam et. al. on BHJs of P3HT:N2200 immersed in a water 

based electrolyte [72]. 

 

Figure 2.5. Representative photocurrent (b) and photovoltage (b) signals obtained by exciting the ITO/p-i-n 

device with a 50 ms light pulse (470 nm, 2.8 mW/mm2) from different directions. A constant bias of 0.1 V vs. 

ag/AgCl, equal to the device OCP, is applied during 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 facing the aqueous environment.  

 

2.3.2. rr -P3HT-based hybrid organic-inorganic photocathode for hydrogen evolution 

 

In the previous paragraph we saw that the introduction of a PCBM layer between rr-P3HT and 

electrolyte changes the sign of the capacitive photocharging occurring at the device/electrolyte 

interface. In this paragraph we consider a different strategy based on a rr-P3HT/ESL material blend 

as the photoactive layer, sandwiched between a HSL and an ESL. We exploit this architecture for 

enhancing the efficiency of interfacial faradaic photo-electrochemical processes. In particular we 

present the development of hybrid organic/inorganic photocathodes for hydrogen evolution. We 

explore different HSL and ESL materials, obtaining the best results with an architecture that 

comprises (from bottom to top): (1) a semitransparent electrode of fluorine-doped Indium Tin Oxide 

(FTO); (2) a spin-coated layer of copper iodide (CuI) as HSL; (3) a spin-coated photoactive layer of 

rr-P3HT and PCBM blended together (P3HT:PCBM) forming a bulk heterojunction (BHJ) 

configuration; (4) a layer of amorphous TiO2, deposited by Pulsed laser deposition (PLD), that act as 

ESL; (5) a sputtered layer of Pt, a good catalyst for HER (figure 2.6 a) [141]. The electrochemical 

characterization of this photocathode reveals a high efficiency towards the hydrogen evolution 

reaction (HER). In particular, we record HER-associated photocurrents up to 7.1 mA cm-2 at 0 V vs. 

RHE and an onset potential for HER equal to 0.702 V with 100% faradaic efficiency. The complete 

description of the device fabrication and characterization, together with the results obtained by 

considering different device architectures, is reported in appendix A.5. 
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2.4 Coupling planar rr -P3HT-based devices with HEK-293 cells 

 

2.4.1. HEK -293 cells cultures and viability on planar rr -P3HT-based devices 

 

HEK-293 cells are plated on the different device architectures presented in section 2.3, in particular 

on ITO/P3HT, ITO/p-i-n, ITO/P3HT:PCBM (appendix A.1) and ITO/CuI/P3HT:PCBM/TiO2 

samples. Regarding the latter sample type employed for hydrogen evolution, we use this specific 

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 induced oxidative stress [142] and non-specific damage of DNA, 

proteins and lipids [143] (see appendix A.6 for further fabrication details). The preparation of the 

cells cultures on top of the different samples 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 adhesion as firstly reported by 

Scarpa et. al. for promoting the adhesion of different kind of cells on P3HT [144] (see appendix A.7 

for details about the preparation of cells cultures). 

The first step in the characterization of the hybrid HEK-293/device bio-interface is the assessment of 

cells viability. This was already assessed by Martino et al. [71] in the case of bare rr-P3HT and 

P3HT:PCBM samples, both using the 4ô,6-diamidino-2-Phenylindole (DAPI)/propidium iodide (PI) 

method and the tetrazolium salt (MTT) assay. The former consists in the staining of the cells with 

two different fluorescent dyes, DAPI, specific 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 culture time point. MTT 

assay, is based on the evaluation of the quantity of the MTT dye reduced by the cell to its formazan 

form trough mitochondrial activity [145]. The quantity of formazan is related to the number of cells 

and can be evaluated by measuring the optical density of the MTT-treated cell cultures at a selected 

wavelength (ɚ = 570 nm) and at different time points, giving information about the proliferation of 
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the cells. The results obtained on rr-P3HT 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 days in-vitro) 

exhibiting a similar rate as in the control glass substrates case (figure 2.6) [71]. 

 

 

 

Figure 2.6 (a) representative fluorescence image of the HEK-293 cells nuclei of alive and dead cells stained 

with DAPI (blue) and PI (red) respectively. (b) absorbance of the MTT dye in contact with HEK-293 cultures 

measured at different time points. 

 

We do not directly assess the HEK-293 cells viability on the  ITO/p-i-n and 

ITO/CuI/P3HT:PCBM/TiO2 samples, since in the first case we expect a similar behavior as for 

P3HT:PCBM devices and in the other   one the biocompatibility of the TiO2 exposed layer is already 

well-documented [146ï149]. 

 

2.4.2. HEK -293 cells electrophysiology 

 

Among the methods employed for recording of the cells bioelectrical activity, Patch-clamp technique 

in whole-cell configuration represents an optimal choice for the study of the biophysical interaction 

between cells and photoactive devices in-vitro, since it gives 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 solution, in floating configuration, i.e. without contacting the ITO electrode to any 

external circuit. Whole-cell recordings in current clamp configuration are then performed, both in 

dark and in light conditions, in order to investigate the direct effect of the illumination on the cells 

electrochemical behavior. The light is impinged on the samples using a LED system fiber-coupled to 

the fluorescence microscope integrated in the patch-clamp set up, achieving a focalized light spot 

(540 µm diameter) with an intensity 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 direction (see section A.7 for additional 

details about patch clamp recordings). The typical cellular response recorded in current clamp 

experiments during the ITO/P3HT device photoexcitation with light pulses in the millisecond time 

domain (ɚ = 470 nm, light intensity ranging from 8 to 46.5 mW mm-2) is reported in figure 2.7. As 

briefly presented in paragraph 1.5, when the polymer is excited with 20 ms light pulses the membrane 

potential variation (æV) 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 switched off (figure 2.7 a). When the 

stimulus duration is increased to 200 ms, the cell experiences a depolarization/hyperpolarization 

switch during the illumination time (figure 2.7 b). 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 variation in the cell membrane 

capacitance due to the local heating of the bath induced by the thermal energy released by the polymer 

as a consequence of non-radiative recombination of excited states [71].  
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Figure 2.7. Current clamp recordings of the HEK-293 grown on top ITO/P3HT devices upon light excitation 

(ɚ = 470 nm) with 20 ms (a) and 200 ms (b) light pulses. The illumination interval is represented by the cyan 

shaded areas. 

 

When the ITO/P3HT device is modified obtaining the p-i-n structure, the thermal contribution of the 

cell membrane variation is comparable, both when 20 or 200 ms light pulses are impinged on the rr-

P3HT layer (figure 2.8). Instead, the fast transients observed in the ITO/P3HT case are still present, 

but with an opposite sign and a reduced intensity (figure 2.8 a).  

 

Figure 2.8 Current clamp recordings of the HEK-293 grown on top ITO/p-i-n devices upon light excitation (ɚ 

= 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 sandwiched between hole and electron selective layers, 

leading to the ITO/CuI/P3HT:PCBM/TiO2 configuration, induces a photoinduced HEK-293 cells 

membrane potential variation trace similar to the ITO/p-i-n case, but with an increased intensity of 

the fast electrical component (figure 2.9). 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 HEK-293 cells grown on top of ITO/P3HT:PCBM samples, focusing on the response 

related to the device surface charging. The results show that the BHJ-based architecture alone does 

not affect the sign of the fast membrane potential variation, thus confirming the crucial role of the 

charge selective materials for the control 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 BHJ phase . 

 

Figure 2.9 Current clamp recordings of the HEK-293 grown on top P3HT:PCBM-based devices upon light 

excitation (ɚ = 470 nm ) with 20 ms light pulses. The illumination interval is represented by the cyan shaded 

area. 
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The fast contribution to the membrane 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 employed during 

patch clamp measurements. In this configuration the bath and the electrode-filled micropipette are 

loaded with the same electrolytic solution used during patch clamp electrophysiology, in order to 

avoid the establishment of junction potentials. The pipette is then micro-manipulated close to the 

floating device surface (~2 µm) and voltage-clamp measurements are carried out by simultaneously 

photostimulating the device using the LED-coupled microscope. The surface potential is then 

obtained by multiplying 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. without contacting the ITO to the 

external circuit and by illuminating only a small fraction of the device area (a detailed description of 

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

A.8). 

The surface potential (Vsurf) variation upon light excitation with 20 ms light pulses (ɚ = 470 nm, light 

intensity = 46.5 mW mm-2) recorded on top of the four different samples is depicted in figure 2.10. 

Firstly, we can appreciate the correspondence between the surface potential trace and the fast spikes 

recorded during current clamp acquisitions, 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, corresponding to a 

positive charging of the device surface. ITO/p-i-n and ITO/CuI/P3HT:PCBM/TiO2 present a 

capacitive behavior with similar dynamics, but corresponding to a negative surface charging. These 

results are in agreement with the photo-charging mechanism presented in sections 2.2 and 2.3, 

exception made for the ITO/p-i-n 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 surface 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 contribution of the 

P3HT/PCBM interface to the charge dissociation. From the Lambert-Beer law, considering a rr-P3HT 

absorption coefficient of about 105 cm-1 [150], it is possible to estimate an intensity abatement of 

about 37% at 100 nm, corresponding to ~1 mW mm-2 and ~17 mW mm-2 in the p-i-n and P3HT cases 

respectively. Furthermore, it is possible to make different considerations regarding the maximum 

surface potential values achieved by the different architectures: (1) ITO/P3HT:PCBM exhibits the 

highest surface potential intensity (~7 mV, figure 2.10 a), reflecting the enhanced charged extraction 

due to the diffuse P3HT/PCBM interface given by the bulk-heterojunction configuration. (2) The 

addition of HSL 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/CuI/P3HT:PCBM/TiO2 

respectively, figure 2.10 a) and a constant negative contribution to the surface potential appears 

during all the illumination time (~ -0.2 mV figure 2.10 c). 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 light-chopped linear sweep voltammetry 

experiments (appendix A.5.2 figure A.5.4 b). (3) ITO/p-i-n shows a lower capacitive charging of the 

surface as compared to ITO/P3HT (~ 1 mV and ~ 3.5 mV respectively, figure 2.10 b), that is not in 

agreement with the comparable 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 dissociation mechanism already 

discussed. 



42 
 

 

Figure 2.10. Surface potential recordings performed on the rr-P3HT devices implemented with charge 

selective layers (a) or with the p-i-n architecture (b). (c) Magnified view of the panel (a) that highlights the 

faradaic contribution to the surface potential signal acquired on the ITO/CuI/P3HT:PCBM/TiO2 device 

surface. Illumination conditions: ɚ = 470 nm, 46.5 mW mm-2, light pulse duration = 20 ms. Light excitation is 

represented by the cyan shaded area. 

 

 

 

 

 

 

 

 

 

 

 



43 
 

3. rr -P3HT-based mesoporous devices 

 

3.1 Introduction  

 

In chapter 2 we showed that by modifying the simple ITO/P3HT architecture by introducing different 

materials, with hole or electron selective capabilities, it is possible to change the photoinduced 

electrochemical properties of the device/electrolyte interface. In particular, ms light pulses induce a 

positive purely capacitive charging of the P3HT/electrolyte interface and the sign of the accumulated 

charges can be reversed by introducing the p-i-n configuration. In addition, the implementation of a 

standard P3HT:PCBM bulk-heterojunction with HSL (CuI) and ESL (TiO2) together with a Pt 

catalyst leads to an enhanced efficiency towards light driven faradaic processes, exploited for 

hydrogen evolution. The ITO/P3HT:PCBM/TiO2 partial configuration allow instead to have a balance 

between faradaic and capacitive processes in the ms time domain, as shown by linear sweep 

voltammetry and surface potential measurements. In this chapter we describe a different strategy for 

the control of the device/electrolyte interface electrical parameters, based on the engineering of the 

device morphology without introducing additional materials. A mesoporous rr-P3HT based 

architecture is obtained by taking advantage of an all-solution processed fabrication, introducing a 

ITO nanoparticles (ITO NPs) layer between the flat ITO electrode and the rr-P3HT photoactive layer. 

The variation of the electrochemical behavior of the resulting device is characterized, demonstrating 

that the increase in device surface area leads to the possibility of controlling the type of charges 

accumulated at the device surface, changing then the balance between photoinduced faradaic and 

capacitive events at the polymer/aqueous electrolyte interface. 

The results presented in this chapter are included in: G. Tullii, A. Desii, C. Bossio, S. Bellani, M. 

Colombo, N. Martino, M.R. Antognazza, G. Lanzani, Bimodal functioning of a mesoporous, light 

sensitive polymer/electrolyte interface, Organic Electronics. 46 (2017) 88ï98. 

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

 

The fabrication of the mesoporous rr-P3HT-based configuration starts with the deposition of an ITO 

NPs (ITO NPs average diameter ~ 50 nm) dispersion on a flat ITO electrode by four subsequent spin 

coating steps, followed by a thermal treatment at 200°C. The device is then completed by filling the 

ITO-based porous electrode with rr-P3HT by spin coating and by subsequent thermal annealing. 

ITO/P3HT samples (rr-P3HT thickness ~ 30 nm) are fabricated as a control, by employing the same 

spin coating and annealing parameters. (see appendix B.1 for more fabrication details). The two 

different device architectures are depicted in figure 3.1 panels a and b.  

 

Figure 3.1. A cartoon depicting the planar (ITO/P3HT, panel a) and the mesoporous (ITO/ITO NPs/P3HT, 

panel b) device structures. 

 

The mesoporous configuration is characterized by acquiring SEM cross-sectional images that show 

the surface area increase associated to the new morphology (figure 3.2 a). SEM images are acquired 

in the same experimental conditions of the ITO/p-i-n samples (see section A.4). A proper rr-P3HT 

solution concentration (10 g l-1) leads both to a perfect intercalation of the rr-P3HT inside the 

nanostructure, highlighted by the comparison between the full device architecture (figure 3.2 a) and 

the uncovered ITO NPs-based electrode (figure 3.2 b), to obtain a rr-P3HT optical absorption 

comparable to the one obtained with the planar ITO/P3HT sample (figure 3.2 c).  
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Figure 3.2. SEM cross-section image of the ITO/ITO NPs/P3HT (a) and the ITO/ITONPs (b) architectures. 

Scale bar, 100 nm. (c) Optical absorbance spectra of rr-P3HT layers deposited on top of ITO NPs (red line) 

and planar ITO (black line). 

 

The observations made by looking at the SEM images are confirmed by carrying out Kr physical 

adsorption experiments (appendix B.2). The ITO/ITONPs/P3HT device exhibits a surface area value 

very close to the one of the ITO/ITONPs uncovered electrode (212 ± 21 cm2 and 186 ± 19 cm2, for 1 

cm x 1 cm slides, respectively), associated to an enhancement factor of 186 ± 19 respect to the 

geometrical surface area. 

Atomic force microscopy (AFM) images (appendix B.2) complete the morphological 

characterization, highlighting the surface roughness increase passing from the planar (figure 3.3 a) to 

the mesoporous (figure 3.3 b) rr-P3HT based devices, associated to a Roughness Mean Square (RMS) 

value of 6 nm and 16 nm respectively.  
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Figure 3.3. AFM topography images of the planar and mesoporous rr-P3HT-based devices, respectively. 

Scale bar, 200 nm. 

 

3.3 Electrochemical characterization 

 

A variation in the electrode morphology can lead in principle to a different position and occupation 

of its energy levels [151]. For this reason, the work function (WF) of the ITO/ITO NPs electrode is 

firstly checked by performing Kelvin probe measurements (appendix B.2), finding a comparable WF 

value for the ITO NPs modified and unmodified ITO electrodes (4.6 and 4.5 eV respectively). This 

indicates that in this specific case the electronic structure is not affected by the morphological change. 

Furthermore, the electrochemical properties of the full device architecture are investigated, since the 

porous structure can affect the length of the depletion region inside the semiconductor layer, the 

Helmoltz layer capacitance and the charge transfer processes at the polymer/electrolyte interface 

[151ï153]. A useful technique that allows to have an overview on all these properties is the 

electrochemical impedance spectroscopy (EIS). EIS is performed with the same electrochemical set 

up employed for the photocurrent and photovoltage measurements (see appendix A.2 and B.2 for 

more details) and it consist in the evaluation of the impedance of the system by applying voltage 

sinusoidal perturbations (in the order of tens of millivolts) superimposed to a constant bias between 

the sample (WE) and the RE. The experiment is carried out by varying the frequency at a single 

voltage oscillation amplitude. Since the system is subject to a small perturbation, it is possible to 

consider only the linear part of the current-voltage curve, 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 the device/electrolyte interface, such 

as the double layer capacitance build-up and charge transfer processes. EIS is carried out on planar 

an mesoporous rr-P3HT based devices, both in dark and upon CW light excitation (ɚ = 470 nm, 2.8 

mW mm-2) and by applying a constant potential equal to the open circuit potential (Veq) 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 light (0.36 V vs. Ag/AgCl for the ITO/P3HT device and 0.33 V vs. Ag/AgCl for the ITO/ITO 

NPs/P3HT device) conditions, in order to maintain the system close to the electrochemical 

equilibrium. The impedance phase and modulus vs. frequency traces (Bode plots) are reported in 

figure 3.4 panels a-d. The phase diagrams of the ITO/P3HT device (figure 3.4 panels a and b, for dark 

and light conditions, respectively) are composed by three distinct regions, exhibiting one minimum 

at frequency values higher than 10 kHz, one maximum between 100 Hz and 10 kHz and one 

maximum at frequencies less than 100 Hz. The equivalent circuit that best model this system (figure 

3.4 e and f) comprises, accordingly, three main circuital loops: (1) capacitance and resistance values 

Cs and Rs that describe the electrolytic solution; (2) an RC circuit related to the polymer/electrolyte 

interface, composed by the charge transfer resistance, RCT, and by a constant phase element QDL that 

models the Helmholtz double layer. The constant phase circuital component describes the behavior 

of an imperfect capacitor, allowing to take into account non-ideal processes that affect the 

polymer/electrolyte interface double layer capacitance, such as ionic contributions to surface 

conductivities, ion diffusion into the polymer layer or surface heterogeneities [154,155]; (3) a resistor 

and a capacitor in parallel, described by Rp and Cp values, that model the charge reorganization 

processes that can take place within the polymer semiconductor or on its surface, leading to the 

formation of a space charge layer at the rr-P3HT/electrolyte interface or surface states that mediate 

the charge transfer to the electrolytic solution [151,156]. In order to understand the phenomenon that 

is related to the presence of Cp and Rp terms, additional experiments are required, falling out from the 

scope of the present work. The illuminated devices exhibit a substantial decrease of both the 
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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 photo-oxidation phenomena (figure 3.4 

b). For this reason, the equivalent circuit related to the experiment light 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 shows a very different behavior (Figure 3.4 panels c 

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

RC circuital loop associated to the polymer semiconductor (Rp and Cp) and the Warburg component 

(figure 3.4 g). This situation can be explained by the presence of a diffused semiconducting 

polymer/electrolyte interface throughout the device bulk that leads to shallower surface traps and/or 

to a condition in which a space charge layer cannot be supported [152,153]. The fitting curves 

obtained by considering the equivalent circuit just discussed are in optimal agreement with the 

experimental data (figure 3.4 a-d, solid lines). The numerical values extracted from the fitting are 

depicted in table 3.1. 
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Figure 3.4. (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) Experimental Bode plots for the ITO/P3HT 

(empty stars, panel b) and ITO/ITO NPs/P3HT (filled stars symbols, panel d) devices, upon photoexcitation 

(central emission wavelength, 470 nm; photoexcitation density, 2.7 mW/mm2). Impedance values are 

normalized to the geometrical device area 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 conditions. Fitting curves are shown as solid lines in 

all considered cases (chi-squared values ɢ2 = 0.432; 0.207; 0.138; 0.135 for fitting curves reported in panels 

(a), (b), (c) and (d), respectively). 
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Device Y0 

(µS cmī2) 
n RCT 

(ɋ cm2) 
RS 

(ɋ cm2) 

 CS 

(µF cmī2) 
W 

(µS cmī2) 

RP 

(ɋ cm2) 
Cp 

(µF cmī2) 

ITO 7.4 0.92 - 53 
 

1.4 · 10-2 - - - 

ITO/ITO 

NPs 
782 0.97 - 55 

 
1.2 · 10-2 - - - 

 

ITO/P3HT 

(Dark) 

 

5.7 

 

0.91 

 

43 · 106 

 

65 

 
 

1.2 · 10-2 

 

- 

 

2.1· 103 

 

0.5 

 

ITO/P3HT 

(Light) 

6.4 0.87 1 · 105 62 

 

1.1 · 10-2 111 4.1· 102 0.9 

 

ITO/ITO 

NPs/P3HT 

(Dark) 

 

 

685 

 

0.97 

 

5.1 ·105 

 

 

55 

 

  

 

1.1 · 10-2 
- - - 

ITO/ITO 

NPs/P3HT 

(Light) 

671 0.97 5.6 ·104 55 

 

1.1 · 10-2 - - - 

 
Table 3.1. Numerical values of the circuital components used to fit the EIS experimental data obtained at the 

equilibrium 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 light conditions (0.36 V vs. Ag/AgCl for the ITO/P3HT device and 0.33 V 

vs. Ag/AgCl for the ITO/ITO NPs/P3HT device). 

 

EIS measurements are also performed on the ITO and ITO/ITO NPs electrodes. The central role of 

rr-P3HT in the photoinduced changes in both the impedance modulus (figure 3.5 a) and phase (figure 

3.5 b) is highlighted by the exact correspondence of the bode plots acquired in light and dark 

conditions (figure 3.5).  
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Figure 3.5. 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 wavelength, 470 nm; 

photoexcitation density, 2.8 mW mm-2). Impedance moduli are normalized to the geometrical device area. 

 

In order to obtain a direct comparison of the interfacial properties of the planar and mesoporous rr-

P3HT-based devices, the charge transfer resistance (RH) and Helmholtz double layer capacitance (CH) 

quantities are calculated from the Helmholtz RC circuital loop from the following equations: 

ȟ
 ;   ὅ

Im ȟ

ȟ

 ;   Ὑ
ȟ

Re ȟ
 

where Zeq,H represents the impedance of the Helmholtz circuital loop. RH and CH values are calculated 

at the lowest measured frequency (0.01 Hz), since the Helmholtz loop contribution is mainly related 

to ionic diffusion processes and become predominant at low frequencies. In particular, in the low 

frequency regime, CH in dark is directly related to surface area increase introduced by the porous 

morphology, RH and CH in light provide information about the photoelectrochemical processes that 

take place at the device/electrolyte interface. In dark conditions CH correspond to 7.2 µF cm-2 in the 

ITO/P3HT case (in agreement with previous reports [154,158,159]) and 742 µF cm-2 for the ITO/ITO 

NPs/P3HT device, corresponding to an enhancement factor of about 100, the same order of magnitude 

of the one obtained from Kripton physical adsorption experiments (212 ±21). The difference between 

the values can 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 and planar CH values 

is reduced, corresponding to a decrease in the enhancement factor to about 20. This is related to the 

photoinduced accumulation of charges at the planar rr-P3HT/electrolyte interface, that increases the 

CH value for the flat case to about 37 µF cm-2, while the CH value for the mesoporous rr-P3HT-based 

sample upon light is comparable to the one in dark (723 µF cm-2). The ITO/ITO NPs/P3HT device 

exhibits lower RH values both in dark and light conditions as compared to the planar morphology 

(245 and 51 kÝ cm2 respect to 11000 and 146 kÝ cm2 for the ITO/P3HT sample, in dark and upon 

light, respectively), reflecting an enhanced propension of developing interfacial charge transfer 

processes at the mesoporous polymer/electrolyte interface.  

In order to extend the EIS characterization to the regime out of equilibrium, i.e. by applying a constant 

potential shifted from Veq, it is convenient to adopt a simplified approach, based on the modeling of 

the system with a frequency dependent RC circuit and considering it in the low frequency regime 

[154,159ï161]. First of all, effective capacitance and resistance, C(ɤ) and R(ɤ), are calculated from 

the measurements in equilibrium conditions using the following equations: 

ὅ‫
Im

ȿȿ
 ;   Ὑ‫

ȿȿ

Re
 

Being Z the measured impedance. C(ɤ) and R(ɤ) values at 0.01 Hz are closely comparable to CH 

and RH (Table 3.2), confirming the reliability 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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 CH (µF cmī2) C(ɱ ) (µF cmī2) RH (kɋ cm2) R(ɱ ) (kɋ cm2) 

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 by the EIS data fitting (CH and RH) and by assuming a frequency-dependent, 

equivalent circuit (C(ɤ) and R(ɤ)). Reference frequency, ◗ = 2ˊĀ0.01 Hz. All data are normalized to the 

geometrical device area. 

 

C(ɤ) and R(ɤ), calculated for both the planar and the mesoporous samples, are displayed respectively 

in figure 3.6 a and c as a function of the frequency. The ITO/ITONPs/P3HT device exhibits higher 

capacitance values at low and intermediate frequencies, respect to the planar case. Furthermore, it 

does not present relevant differences between dark and light conditions. The ITO/P3HT architecture 

instead, at the lowest frequencies (<0.1 Hz) upon light, shows a higher capacitance as compared to 

dark values, probably due to intercalation of ions within the polymer bulk that leads to an increased 

rr-P3HT/electrolyte interface effective area. By comparing R(ɤ) in the two device architectures at 

low frequencies, and in dark/light conditions, it is possible to confirm that (i) The occurrence of 

charge transfer reactions is promoted by light (R(ɤ) during light excitation is lower than in dark, for 

both samples), and (ii) the mesoporous rr-P3HT-based morphology facilitates the occurrence of 

interfacial charge transfer reactions, highlighted by the fact that R(ɤ) value is lower than in the flat 

case. C(ɤ) and R(ɤ) are also calculated at 0.01 Hz (C(◗) and R(◗)) from the measured Z in the out 

of equilibrium condition, varying the applied bias in the range ī 0.3 V ÷ 0.36 V (figure 3.6 b and d, 

respectively). R(◗) is substantially lowered at ī 0.3 V in all conditions, respect to their corresponding 

equilibrium values (relative decrease of 97%, 79% for planar rr-P3HT-based device in dark, light; 

97%, 78% for the mesoporous one in dark, light), indicating that a cathodic process is occurring at 

this specific value of the applied bias. C(◗) presents a slight increment as the external bias becomes 

more negative (about 85% and 40% relative increase at ï 0.3 V in the planar and mesoporous devices, 

respectively). One explanation for this phenomenon may reside in the occurrence of reversible 
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intercalation of redox ions at the interface, which results from faradaic processes, corresponding to a 

pseudo-capacitance contribution [162]. Moreover, a peculiar dependence of C(◗) on the external bias 

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

effect is not straightforward and requires additional experiments that will be the object of a future 

work. 

 

Figure 3.6. Device/electrolyte interface electrochemical behavior for ITO/P3HT in dark (empty squares, 

black) and upon light stimulation (empty stars, black), ITO/ITO NPs/P3HT in dark (filled squares, red) and 

upon light excitation (filled stars, red). Panels (a) and (c) show the effective capacitance C(ɤ) and resistance 

R(ɤ) as a function of the frequency, as obtained from EIS experimental data acquired at the corresponding 

equilibrium potential. Panels (b) and (d) report C(v) and R(v), calculated at v = 2 ́· 0.01 Hz, as a function 

of the external bias. Light excitation: 470 nm, 2.73 mW mm-2 photoexcitation density. All data are normalized 

to the geometrical device area.  

 

In order to characterize the charge transfer processes taking place at the device/electrolyte interface 

photocurrent measurements are carried out (figure 3.7 panels a and b, see appendix B.2 for additional 
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experimental details). The photocurrent (Jph) traces recorded by exciting the ITO/P3HT device with 

250 ms light pulses (ɚ = 470 nm) in equilibrium conditions, show the capacitive behavior fully 

discussed in section 2.2 (figure 3.7 a). Conversely, the ITO/ITO NPs /P3HT sample exhibits a purely 

faradaic photocurrent, represented by a constant signal during the whole illumination time (figure 3.7 

c). When a negative bias is applied between the samples and the RE, the intensity of the capacitive 

spikes presented by the planar device are reduced and a constant faradic component does appear 

(figure 3.7 a). However, the ITO/ITO NPs/P3HT at ī 0.2V is about one order of magnitude higher 

than in the flat case (figure 3.7 a and c, amounting to ~ 100 µA cm-2 and ~ 10 µA cm-2 respectively). 

The overall difference in the photocurrent response that is noticed between the two architectures 

reflects the reduced charge transfer resistance displayed by the mesoporous device. In order to 

investigate the origin of the charge transfer events, the Jph experiments are repeated by fluxing N2 

inside the electrolytic solution, for removing the dissolved molecular oxygen (figure 3.7 b and d). In 

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], and already discussed in chapter 2. 
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Figure 3.7. Photocurrent response of the ITO/P3HT (a) and ITO/ITO NPs/P3HT (c) devices, upon visible light 

excitation (470 nm, 250 ms, 2.7 mW mmī2 photoexcitation density) and under external bias (values are 

referenced to the Ag/AgCl 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 the photocurrent 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 normalized to the geometrical device area 

 

The dependence of Jph from the light stimulus direction is also assessed (figure 3.8). When the light 

comes from the electrolyte side, a decrease in the capacitive spike amplitude is noticeable (figure 3.8 

a). As discussed in section 2.2, this phenomenon is due to the fact that the ITO/P3HT interface, where 

the exciton dissociation occurs, is now at the opposite side. Since the thickness of the planar rr-P3HT-

based sample is higher than the exciton diffusion length (approx. 10 nm [135,136]), excitons face an 

increased recombination probability within the polymer bulk. The mesoporous device response 

instead, does not show any dependence from the light excitation direction (figure 3.8 b). This is 
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probably due to the establishment of a diffused polymer/electrolyte interface within the porous 

ITO/ITO NPs/P3HT device bulk. 

 

Figure 3.8. Photocurrent response of the ITO/P3HT (a) and ITO/ITO NPs/P3HT (b) devices, upon visible 

light excitation (470 nm, 250 ms, 2.8 mW mmī2 photoexcitation density), under external bias (potential values 

vs. Ag/AgCl reference electrode) and for different light incidence directions. All data are normalized to the 

geometrical device area. 

 

The electrochemical characterization is concluded by testing the devices stability, since the optical 

and electronical properties of the organic semiconductor may be affected by the photoinduced 

faradaic reactions. Despite rr-P3HT has already shown an optimal durability when employed as the 

photoactive layer in electrochemical [131,141,163] and biological in-vivo [81] applications, it is 

necessary to check if this is the case of also for the mesoporous morphology and in the experimental 

conditions adopted in the present work. For this purpose, UV-Vis spectra of the ITO and ITO/ITO 

NPs electrodes (figure 3.9 a,b) and of the full device architectures (figure 3.9 c,d) are acquired before 

and after the electrochemical experiments, showing no significant differences and confirming the 

excellent rr-P3HT stability. In addition it is possible to appreciate the optimal stability of the 

uncovered ITO-based substrates, in line with recent literature [164]. 
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Figure 3.9. 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 measurements discussed in section 3.3 (total 

illumination time during the electrochemical measurements: 60 minutes; external bias range: -0.3 ÷ 0.36 V vs. 

Ag/AgCl). 

 

3.4 Surface potential measurements 

 

Before testing the new mesoporous device architecture with living cells, the photoinduced polymer 

surface charging is characterized in the same conditions of the electrophysiological experiments, by 

carrying out surface potential measurements, introduced in chapter 2 (see appendix A.8). Figure 3.10 

panel a and b depicts the results obtained by photoexciting  the flat and mesoporous rr-P3HT based 

morphologies with 5 ms, 470 nm, light pulses. Differently from the photocurrent measurements case, 

the ITO/ITO NPs/P3HT sample shows a capacitive charging at the polymer/electrolyte interface, 

probably as a consequence of the different electrical scheme associated to the surface potential 

experiments, in which the ITO-based electrode is floating (figure 3.10 a). The positive spike related 

to the surface photocharging is about one order of magnitude lower than in the planar case, but 

presents a similar dependence from the illumination intensity (I) (figure 3.10 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 non-faradaic photocharging and reaches a constant value 

after 2 ms. The negative plateu remains unchaged for the whole illumination period (figure 3.10 a), 

and does not decay to zero even when the photoexcitation is extended to 200 ms (figure 3.10 panel 

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

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

interface. 

 

Figure 3.10. (a) Normalized surface potential Vsurf recorded in the close proximity (~ 2 µm) of the polymer 

surface, in the case of flat devices (black solid line) and mesoporous devices based on ITO NPs (red solid line). 

Photoexcitation (pulse duration, 5 ms; excitation wavelength, 470 nm; illumination density, 46.5 mW mmī2) 

is represented by the cyan shaded area. (b) Dependence of the surface potential positive peaks on 

photoexcitation density I. (c) Vsurf  trace acquired by exciting the ITO/ITO NPs/P3HT device with a 200 ms 

light pulse (excitation wavelength, 470 nm; illumination density, 46.5 mW mmī2). 
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3.5 HEK -293 cells electrophysiology 

 

HEK-293 cells cultures on top of ITO/P3HT and ITO/ITO NPs/P3HT are prepared as previously 

described in chapter 2 (see also Appendix A.7). In order to verify that the porous structure does not 

introduce any change in the cellular proliferation and morphology, bright-field and fluorescence 

images of the cells adhered on the different devices are acquired. DAPI and phalloidin-FITC are 

employed for the labeling of cells nuclei and cytoskeleton respectively (Appendix B.3). The acquired 

images do not show significant differences between single and multiple cells cultured on the planar 

(figure 3.11 a,b and figure 3.12 a,b) and mesoporous (figure 3.11 c,d and figure 3.12 c,d) 

architectures.  

 

Figure 3.11. Representative bright field and Immunofluorescence images of single HEK-293 cells plated on 

top of ITO/P3HT (a, b) and ITO/ITO NPs/P3HT (c, d) devices, after 72 hours incubation. HEK-293 cells F-

actin is stained with Phalloidin (green) and their nucleus with DAPI (blue).  
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Figure 3.12. Representative bright field images of multiple HEK-293 cells plated on top of ITO/P3HT (a) and 

ITO/ITO NPs/P3HT (c) devices. Immunofluorescence images of HEK-293 cells, 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. HEK-293 cells F-actin is stained with Phalloidin (green) and their 

nucleus with DAPI (blue).  

 

Whole-cell patch clamp electrophysiology recordings are then performed, in current clamp 

configuration (I=0) and upon light excitation, adopting the same experimental conditions employed 

for the surface potential measurements (5 ms light pulses, ɚ = 470 nm; illumination intensity ranging 

from 1.5 to 46.5 mW mm-2, figure 3.13 a and b) During the first 1ms after illumination onset, the 

variation of the potential inside the cells grown on top of the two device morphologies exhibits a 

similar dynamic but with a different intensity, being about two times lower in the mesoporous case. 

This signal contribution resembles the capacitive charging of the rr-P3HT/electrolyte interface 

discussed in paragraph 3.4. Over a longer timescale, the situation is markedly different. The cells 

inner potential variation induced by the flat interface is related to the membrane capacitance change 
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due to the photoinduced heating of the polymer surface (figure 3.13 a and schematized in figure 3.15). 

The cells grown on top of the rr-P3HT-based mesoporous device show an opposite behavior, 

consisting in a negative constant variation of the membrane potential until the light is switched off, 

resembling the photoinduced surface potential trend (figure 3.13 b).  

 

Figure 3.13. Variation of the potential inside HEK-293 cells grown on top of ITO/P3HT (panel a) and ITO/ITO 

NPs/P3HT (panel b) samples for different photoexcitation densities (5 ms light pulses, 470 nm maximum 

emission wavelength, photoexcitation is represented by the cyan shaded area).  

 

The mechanism behind the HEK-293 cells electrophysiological response, can be clarified by considering the 

different effects that it is possible to photo-induce at the device/electrolyte interfaces, resumed in figure 3.14. 

The photoexcited flat rr-P3HT-based device (figure 3.14 panel a) presents a positive charging of the 

polymer/electrolyte interface, counterbalanced by an accumulation of electrons in the ITO layer. This fast 

capacitive photo-charging causes a transient positive photocurrent peak and a positive surface potential signal, 

observable during the first 1 ms after the optical excitation starts. The non-radiative recombination of excitons 

instead, gives rise to a heating of the polymer surface. This two different processes elicit  the cells electrical 

response in the t < 1 ms and t > 1 ms time scales, respectively, as already discussed in paragraph 2.4.2. The 

mesoporous sample, when optically stimulated, exhibits a bimodal electrical response, characterized by a 

capacitive positive surface photocharging at t < 1 ms (figure 3.14 panel b1) and a surface collection of electrons 

followed by a faradaic electron transfer taking place at t > 1 ms (figure 3.14 panel b2), attributed to the oxygen 

reduction reaction. These phenomena are evidenced during photocurrent and surface potential experiments and 

their correspondence is found in cells membrane 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 ITO/ITO NPs/P3HT (b) devices. Initial photo-capacitive current, due to hole accumulation at the 

polymer/electrolyte interface, is observed in both cases (panels (a) and (b1)); 1 ms after photoexcitation, 

however, thermal effects are observed in the first case (a), leading to cell membrane depolarization, while 

faradaic currents predominate in the second case (b2), mainly due to electron transfer phenomena. 

 

At this point it is important to make some considerations about the shape of the signals recorded in 

the experiments with and without cells. A clear correspondence between the surface potential and cell 

potential variation traces attributed to electrical effects, both in the planar and mesoporous cases, is 

noticeable. A possible interpretation lies in the absence of an actual variation of the membrane 

potential. The signal acquired can be the result of a coupling of the surface signal to the recording 

electrode. For understanding the possible reasons of this effect, it is useful to consider the cell/device 

interface with a two-compartment model introduced by Fromherz et al., depicted in figure 3.15 

[58,59]. The cell membrane can be divided in two regions: the basal membrane, adhered to the device 

surface leaving a confined space in between, the cleft region; the lateral membrane which is in direct 

contact with the extracellular bath. The resistance Rcleft that connects the cleft and the extracellular 

spaces, is a very useful parameter for the modeling of the cellular adhesion, as discussed in paragraph 

1.6 and in several studies conducted on silicon-based semiconductor electrodes [59,165] and on gold 

micro electrodes [12]. Effective extracellular stimulation is possible only when cells adhere tightly to 

the surface of the device, achieving a Rcleft value much higher than the electrolyte resistance (Rel) 

[12,60]. Upon illumination and in current clamp configuration, the potential inside the cell (Vcell) is 

measured with respect to the reference bath electrode and it does not correspond to the lateral 
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membrane potential. The latter is indeed the difference between Vcell and the extracellular lateral 

potential (Vsurf), corresponding to the surface potential of the illuminated region depicted in figure 

3.15 a. For Rcleft = 0, no current passes through the membrane. When Rcleft å Rel the variation of the 

three relevant potential values (Vcleft, Vcell and Vsurf) is comparable, æVcleft å æVcell å æVsurf, resulting 

in a negligible variation of the lateral membrane potential. In fact, this is observed by comparing 

surface potential recordings (figure 3.10) and whole cell patch clamp traces (figure 3.13), considering 

that in the latter case a thermal depolarization of the cell is also established, leading to a slight 

difference of the signal dynamics respect to the surface potential case. In light of these considerations, 

it is clear the necessity of adopting new fabrication strategies aimed to the enhancement of the cellular 

adhesion on the photoactive platforms, in order to achieve an effective electrical stimulation of the 

cells. 

 

Figure 3.15. Electrical schematization of the two-compartment 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 capacitor in parallel, Cm,B and Rm,B and Cm,L and Rm,L respectively. The space 

confined between the basal membrane and the device is called cleft and is connected to the extracellular 

solution via a resistance, Rcleft. When the device is illuminated, a current Iph circulates in the system, and the 

behavior of the device/electrolyte interface is described by the impedances Zcleft and Zsurf in the cleft and 

extracellular regions, respectively. This situation can be established even if the device is not directly contacted 

to the remaining part of the circuit, because the circuit is closed on a parasitic capacitance (Cpar) at the 

device/electrolyte interface. During the patch-clamp experiments in current-clamp, the potential inside the cell 

(Vcell) is measured, with respect to the counter-electrode potential Vref, 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 photoactive rr-P3HT based 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 HEK-293 cells highlighted the presence of a scarce 

device/cells electrical coupling, both in the planar and mesoporous cases, that causes a decrease in 

the photoinduced electrical stimulation efficacy. For this reason, we oriented our attention towards 

new fabrication strategies aimed to the enhancement of the electrical signal transduction at the 

device/cell interface. As discussed in section 1.6, one possible solution relies on the employment of 

microstructures for the tightening of the cellular adhesion through the cell membrane engulfment. In 

this chapter we present the fabrication and characterization of arrays of high aspect ratio (HAR) pillars 

entirely made of rr-P3HT. To the best of our knowledge, light-responsive micro- and nano-structured 

devices, recently reported in literature and described in paragraph 1.6, are all based on inorganic 

semiconductors [11,166]. The size of the HAR micropillars permits to combine the higher grade 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 polymer-based HAR pillar arrays, 

is strongly affecting the cell culture field since it leads to a better control over the 3D cell cultures 

parameters as compared to hydrogel-like scaffolds that are commonly employed for this purpose 

[167]. Firstly, we present the rr-P3HT pillars fabrication process, based on a highly repeatable push-

coating technique [168,169], and we discuss the pillars morphological properties characterized by 

performing SEM and EIS measurements. Then, we show the effects of the pillars-based architecture 

on both primary (cortical neurons) and secondary line (HEK-293) 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 on top of the micro-structured 
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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 optically-induced effects on both HEK-293 

cells and neurons mediated by the rr-P3HT 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. Pasini, C. Verpelli, F. 

Galeotti, M. R. Antognazza, High Aspect Ratio semiconducting polymer pillars for 3D cell cultures, 

in preparation. 

4.2 rr -P3HT microstructures fabrication and morphology 

 

The fabrication of the rr-P3HT micro-structured substrates is carried out by taking advantage of the 

push-coating technique (appendix C.1). Push-coating 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 light-emitting diodes and solar cells [169]. In push-coating, a small 

volume of polymer solution is sandwiched between the substrate and a millimeters-thick PDMS layer. 

The solution spreading between the substrate and the PDMS through capillary forces facilitates the 

solvent diffusion into PDMS, to form uniform thin films. Because the surface roughness of the PDMS 

layer determines the morphology of the push-coated film, this technique has been very recently 

proposed also to create nanostructured light-emitting polymer layers [170]. However, push-coating 

has never been employed so far to fabricate high aspect-ratio pillared structures.  

rr-P3HT nano- and microstructures are typically obtained by self-assembly or by imprinting processes 

[171ï173]. Whether the former approach is not suitable for high aspect-ratio structures, the latter 

requires to heat the solid polymer film well above its glass transition and crystallization temperatures 

before imprinting (around 170 °C for rr-P3HT), 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 than the weight 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 

spin-coating) are employed [169]. 

The first step to manufacture the rr-P3HT pillars by push-coating is the fabrication of the PDMS mold 

(appendix C.1.1). The process, schematically depicted in figure 4.1 a, is carried out in collaboration 

with the L. Crianteôs research group (Center for Nano Science and Technology, Istituto Italiano di 

Tecnologia, Milano) 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 mm-scale guarantees a good retention of the solvent inside the PDMS layer and 

optimal mechanical properties, necessary for the success of the push-coating procedure [169]. The 

second step consists in the micro-patterning of the PDMS mold by femto-laser micromachining, in 

order to obtain a negative stamp of the pillarsô structure. The PDMS stamp is then employed in the 

push-coating process, ending up with an array of rr-P3HT pillars surrounded by a planar rr-P3HT 

region (thickness = 180 nm, obtained from profilometry measurements) deposited on top of standard 

glass/ITO substrates (see appendix C.1.2 for additional details). Because the process is not damaging 

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

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 

to finely tune ( ~ 1 ɛm) the geometrical parameters of the polymer pillars (three-dimensional shape, 

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 influences cells viability, adhesion and proliferation 

[174ï178]. In fact, HAR micro and nano-pillars have been recently, successfully employed to probe 

cellular tractions, for stem cells differentiation or to gain intracellular access for delivery 

[175,177,179,180]. In all these cases, the 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 can be 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 chamber, etc. 

Scanning electron microscopy (SEM) images (appendix C.5) 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, base diameter and half-height width are, 

respectively, 6.4 ± 0.3 µm, about 2.3 ± 0.1 µm and about 1.2 ± 0.2 µm. The mean distance between 

two adjacent pillars (from center to center) is 7.2 ±0.2 µm (the values are displayed as mean ± standard 

error of mean (s.e.m)). From figure 4.1 b it is possible to appreciate the increased surface area due to 

the nanometer-scale roughness of the organic semiconducting pillars usually achieved in HAR 

inorganic structures through expensive and time-consuming methods [181]. It was demonstrated that 

the presence of nanogrooves on micro pillars side walls is an essential parameter for the formation of 

3D neuronal networks in-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 topographies. In particular, the micrometer size 

base confers to the soft rr-P3HT pillars good mechanical stability, while the sub-µm rounded tip is 

expected to establish a tight interface with the living cell membrane.  

The distance between HAR pillars is another key parameter. In fact, high density pillar arrays 

(adjacent pillars pitch lower a critical value of about 2 m) usually lead to a limited cellular adhesion 

and proliferation. This effect has been unanimously attributed to a reduced contact area with the 

underlying flat substrate [175,177]. Conversely, when the inter-pillar distance is much higher (pillars 

density <30 pillars 100 µm-2), the adhesion and proliferation of cells is 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 100 µm-2), promotes cells to spread out, with a larger area, higher aspect ratio and a tighter 

adhesion than in the other cases, without seriously affecting cells viability [183,184].  
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Figure 4.1. (a) rr-P3HT micro-pillars fabrication process. (b) Photograph of the rr-P3HT pillars-based device, 

taken at the end of the fabrication process. SEM images depicting the single rr-P3HT pillar structure (c, scale 

bar, 2 µm) and an overview of the pillars array at decreasing magnification (d,e, scale bars, 10 and 100 µm 

respectively). 

 

 

4.3 rr -P3HT pillars-based substrates electrochemical characterization 

 

Aiming at interfacing the realized polymer micro-structured substrates with a biological environment, 

it is important to preliminarily characterize their electrochemical behavior in contact with an aqueous, 

saline medium. To this goal, we carry out EIS measurements (appendix C.2) at the electrochemical 

equilibrium, i.e., at potential values corresponding to the device open circuit potential, by employing 

KRH extracellular solution as the electrolyte, in order to study the system in the same condition of 

the in-vitro electrophysiological experiments.   

As discussed in section 3.3, by modeling the system with a simple frequency-dependent 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 double layer established at the interface [134,159ï161,185].  
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The C(ɤ) trend below 10 Hz (figure 4.2 a), shows that the flat rr-P3HT reaches a plateau at 

frequencies < 1Hz, whose amplitude corresponds to the Helmholtz double layer capacitance. 

Conversely, in the case of the rr-P3HTpillars/electrolyte interface, C(ɤ) is characterized by a distinct 

behavior, being almost constant between 1 and 0.2 Hz and increasing at frequency values < 0.2 Hz, 

reaching 53 µF cm- 2 at 0.01 Hz. The latter regime can be ascribed to the establishment of a volumetric 

capacitance, due to an enhanced percolation of ionic species trough the organic semiconductor that 

expand the electrochemical active surface area [157,185]. A detailed understanding of this 

phenomenon, however, requires deeper investigations and falls out the scope of the present work. 

Here, we focus our attention on the 0.1-1Hz frequency range, where the C(ɤ) is constant and the 

volumetric capacitance contribution is negligible, thus making possible to evaluate the increase in the 

surface area exclusively depending on the pillars morphology. We observe that C(ɤ) at 0.2 Hz is 

equal to 12.2 µF cm- 2 (normalized on the geometrical device area), almost 3 times higher than the 

corresponding value in the flat case (4.4 µF cm-2), in line with the existing literature [134,158,159]. 

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 micro-structured one. This result is promising in view of the 

implementation of low impedance polymeric electrodes for electrically-assisted cell proliferation and 

differentiation applications, as well as for electrical stimulation and recording of living cells activity, 

since it is related to a higher signal-to-noise ratio and higher charge injection limit [26,181].  
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Figure 4.2. Equivalent capacitance C(ɤ) (a) and impedance modulus (b), extracted from EIS data, normalized 

to the devices geometrical surface area. 

 

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

 

Although the good viability of several cell models on top of rr-P3HT thin-films was extensively 

verified [68,71], cell growth and proliferation on top of rr-P3HT micro-structures may be strongly 

affected by the underlying topography, and need to carefully assessed. Thus, viability of cells cultured 

on top of HAR rr-P3HT pillars is directly evaluated, by employing both primary (cortical neurons) 

and secondary line cells (HEK-293) (see appendix C.3 for additional details on cell cultures 

preparation).  HOECHST/NucGreen staining (appendix C.4) was used to evaluate the relative 

percentage of healthy 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 between rr-P3HT planar and micro-structured regions (figure 4.3i and 4.3j). 
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Figure 4.3. Bright field and fluorescence images of HEK-293 cells and cortical neurons cultured on flat rr-

P3HT (a,b,e,f) and rr-P3HT pillars (c,d,g,h), respectively. All cells nuclei are stained by HOECHST (blue), 

dead cells nuclei are stained by NucGreen (green). Scale bars, 50 µm. Histograms showing the percentage of 

viable HEK-293 cells (i) and cortical neurons (j) on the different device morphologies. n = 450 cells for each 

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

 

The morphology of HEK-293 and cortical neurons grown on top of polymer flat and micro-structured 

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 substrates. Both HEK-293 and primary neuronal 

cells cultured on flat rr-P3HT present a planar, 2-dimensional shape. Conversely, when cultured on 
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top of polymer microstructures, HEK-293 cells and neuronal bodies remain largely suspended on top 

of the pillars, rarely 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 proximity of the pillars tips points 

to the attainment of a tight cell/material interface.  

 

Figure 4.4. Top-view SEM images of HEK-293 cells (a,b) and cortical neurons (c,d) after 1 and 14 DIV 

respectively. Scale bars, 20 and 10 µm for panels a,c and b,d respectively. 

 

4.5 HEK -293 cells morphological analysis 

 

In order to corroborate and quantify the observed changes in the morphology of HEK-293 cells 

cultured on top of rr-P3HT micro structured substrates, we carry out immunofluorescence imaging 

experiments (see appendix C.6). Figure 4.5 depicts some representative fluorescence images of the 

nuclei and cytoskeleton, marked with DAPI (blue) and phalloidin-FITC (green) respectively, of the 
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cells grown on top of planar (Figure 4.5a) and pillars-modified (Figure 4.5 b) regions. The cells plated 

on rr-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 HEK-293 plated on similar densities of HAR microstructures [183] 

and also with other cell types [186]. The pillar microstructures induce a sizable shrinking of the cell 

membrane in the x-y plane and a parallel spreading in the z-direction, 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).  

 

 

Figure 4.5. Immunofluorescence images of HEK-293 cells cultured on top of rr-P3HT flat (a) and rr-P3HT 

pillars (b). Cells nuclei and cytoskeleton are stained with DAPI (blue) and phalloidin-FITC (green), 

respectively. Scale bar, 50 µm. Quantification and comparison of cells morphological parameters in terms of 

circularity (c) and average cells top-view 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 (Student t-test) 
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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 the rr-P3HT pillars develop more cellular projections, 

similarly to what already observed in the case of cells cultured on HAR silicon pillars with an inter-

distance > 2µm [184], as well as on silicon nanowires [187,188]. 

 

 

 

Figure 4.6. Average perimeter normalized to the cell area on rr-P3HT flat and micro-structured substrates. 

***, p< 0.001 (Student t-test). Error bars represent s.e.m.. 

 

4.6 Morphological analysis of cortical neuronal cells 

 

In collaboration with the C. Salaôs research group (Istituto di Neuroscienze, CNR, Milano) we 

investigate the effect of the rr-P3HT pillars architecture also on the cortical neuronal cells 

morphology, by performing confocal imaging experiments (appendix C.6). In this case we focus on 

the neurons arborization, i.e. the arrangement of neuronal processes (axon and dendrites) forming a 

tree-like structure, since it is directly related to the neurons functionality [189].  

Microtubule-associate protein 2 (MAP2) is employed for the selective staining of dendritic trees. The 

confocal images depicting the dendritic morphology of cortical neurons growth in absence of the 

polymer (figure 4.7 a), on top of rr-P3HT pillars (figure 4.7 c) and on planar rr-P3HT (figure 4.7 e) 

are compared. The neurons cultured in presence of the rr-P3HT polymer (flat or pillar) have a slight 
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decrease in the number of primary and secondary dendrites (figure 4.7 b-d), as well as branching 

points (figure 4.7 f) in comparison to neurons cultured on glass-coverslips. Interestingly, there are no 

significant differences between rr-P3HT pillars and flat conditions (figure 4.7 panels b,d,f). This 

result suggests that the neuronal cells functional properties are preserved on the rr-P3HTpillars-based 

substrates, given the intimate relationship between the dendritic expression and the neurons electrical 

activity [189]. 

The effect of substrate topography on neuronal morphology was previously assessed with several 

micro- and nano-structured morphologies, including continuous geometries, like grooved substrates 

or electro-spun fibers [190ï192], and discontinuous geometries as pillar arrays [191,193]. 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) neurons [194], spiral ganglion neuronal cells [195] and hippocampal 

neurons [182,196ï199]. In general, it has been reported that the neurons outgrowth on micro pillars 

is strongly affected by the pillars density [193,195ï197]. 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 substrates [182,197], 

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 

stage of neuronal cells are very different from the ones used in the present work [194]. 
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Figure 4.7. Rat cortical neurons cultured on top of glass (a), rr-P3HT pillars (c) and rr-P3HT flat (e) stained 

for MAP2. Histograms 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 50 µm. One way ANOVA, followed by Bonferroni correction.  
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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 on rr-P3HT HAR-pillars are preserved, we carry out patch clamp 

recordings in whole-cell configuration and in dark conditions (figure 4.8, see appendix C.7 for further 

experimental details). Figure 4.8 a and 4.8 b compare the equilibrium parameters of the cells plated 

both on flat and on micro-structured rr-P3HT areas. The average cell membrane resting potential (Vm 

= ī68 ± 1 mV and Vm = ī66 ± 1 mV on pillars and flat regions respectively, displayed as mean ± 

s.e.m.) does not show significant dependence on the substrate type, showing, in both cases, the typical 

value recorded in-vitro (figure 4.8 a). Conversely, the average cell membrane capacitance Cm is 

significantly higher in the case of rr-P3HT pillars, possibly due to the increase in the cell membrane 

surface area (Figure 4.8 b). Since the Cm value reported in figure 4.8 b is normalized by the 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 c and 4.8 d show whole-cell 

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 duration, and the simultaneous recording of the 

membrane potential, allows to evaluate the threshold current value (Ith) for action potential firing. Ith 

is very similar in the two cases, with no statistically significant difference (figure 4.8 e). The action 

potential 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 potential Vm (a) and cell membrane capacitance Cm (b) of neurons 

grown on planar and micro-structured substrates. Cm values are normalized to the cells surface area in the x-y 

plane. *, p < 0.05 (Student t-test). Representative action potentials traces elicited in neurons plated on rr-P3HT 

pillars (c) and rr-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 error bars in the histograms represent the s.e.m.   

 

 

Overall, whole-cell configuration patch-clamp experiments demonstrate that the main 

electrophysiological properties of primary cortical neurons cultured on top of polymer pillars are well 

preserved, at least 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 consequence of the cell membrane stretching 

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

 

As a further step, we investigate whether the micro-structured polymer structures affect the 

expression of excitatory or inhibitory synapsis. To test if rr-P3HT micro-structured substrates affect 

synapses formation, we carry out confocal imaging experiments in collaboration with the C. Salaôs 

group (Istituto di Neuroscienze, CNR, Milano, see appendix C.8 for additional experimental details). 

The excitatory synapses are stained with the presynaptic marker vesicular glutamate transporter 

(vGLUT) and the post synaptic density protein 95 (PSD-95) marker, whereas the inhibitory ones are 

labeled with the presynaptic marker vesicular GABA transporter (vGAT). Overall, no statistically 

significant difference among neurons growth on top of rr-P3HT pillars and neurons growth on flat 

polymer or glass coverslips is noticeable (figure 4.9). Altogether these data demonstrate that the micro 

structured polymer 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), 

PSD-95 (green) (d) and vGAT (green) (g) stainings of rat cortical neurons cultured on top of (from left to 

right): glass, rr-P3HT pillars and rr-P3HT flat. Scale bars 20 µm. Histograms showing the vGLUT cluster 

density (b) and area (c). Histograms reporting PSD-95 cluster density (e) and area (f). Histograms depicting 

vGAT cluster density (h) and 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 that rr-P3HT pillars structures do not negatively 

affect the viability and the functional properties of model primary and secondary cells. In this section 

the optical stimulation capabilities of the micro-structured photoactive platforms are addressed.  

As discussed in section 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 of rr-P3HT 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 verify whether this effect translates into an enhanced 

electrical coupling at the cells/device interface, whole-cell patch clamp recordings, in current clamp 

configuration and upon light stimulation, are carried out using the same set up and experimental 

conditions employed in the case of planar rr-P3HT-based devices presented in section 2.4.2 (see also 

appendix A.7), but with a different photostimulation protocol. The patched HEK-293 cell (figure 4.10 

a) transmembrane potential variation (æV) induced by the polymer photoexcitation with 20 ms light 

pulses (ɚ = 470 nm, 46.5 mW mm-2) is depicted in figure 4.10 panels b and does not display 

significant differences with the one recorded on planar rr-P3HT thin films presented in section 2.4.2 

(figure 2.7 a). The presence of fast capacitive components at the beginning and at the end of the 

photoexcitation 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 component measured on top of rr-P3HT pillars are 

fully comparable with the ones recorded on the planar ITO/P3HT device in the same illumination 

conditions (refer to figure 2.7 a for the signal intensity and to figure 4.10 c for the dynamics).  

This result is an evidence of the fact that the rr-P3HT pillars morphology does not improve the 

electrical coupling between HEK-293 cells and rr-P3HT-based photoactive devices.  
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Figure 4.10. (a) Bright field image depicting a HEK-293 grown on rr-P3HT pillars array and attached to a 

patch clamp micropipette. Scale bar 20 µm. (b) Representative HEK-293 membrane potential (æV) variation 

recorded during whole-cell patch clamp recording upon photostimulation with 20 ms light pulses (ɚ = 470 nm, 

46.5 mW mm-2). Light excitation is represented by the cyan shaded area. (c) Normalized comparison between 

the fast HeK-293 cell membrane potential variation component, related to the polymer surface charging, 

recorded on rr-P3HT flat/pillars-based devices. æV traces have been normalized to the 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 same experimental conditions adopted for 

the electrophysiological recordings in dark presented in paragraph 4.7, exception made for the 

presence of a light stimulus and the absence of intracellular current injection. Figure 4.11 panel b 

depicts the photoinduced neuron æV changes induced by 20 ms light pulses (ɚ =540 nm). Data 

highlight that no action potential is elicited and that the æV trend is consistent with a passive electrical 

response of the neuron, most likely due to the combination of the surface charging and local heating 

at the polymer surface, similarly to what observed with HEK-293 cells [71]. 
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Figure 4.11. (a) Bright field image depicting a cortical neuron grown on rr-P3HT pillars array and attached to 

a patch clamp micropipette. Scale bar 20 µm. (b) Representative HEK-293 membrane potential (æV) variation 

recorded during whole-cell patch clamp recording upon photostimulation with 20 ms light pulses (ɚ = 540 nm, 

220 mW mm-2). 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 images and confirmed by the increased Cm 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 micro-structured device in correspondence with the 

pillar structures, due to the high polymer thickness. In order to validate this assumption, surface 

potential experiments are performed (figure 4.12), using the same set up and experimental conditions 

adopted in the case of planar rr-P3HT-based devices presented in section 2.4.2 (see also appendix 

A.8), but with a different photoexcitation protocol. 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 capacitive spikes at the beginning and the end of the photoexcitation (ɚ = 

540 nm, 220 mW mm-2). However, it has to be considered that during this type of measurement the 

micropipette electrode senses the average local potential variation from an area much larger than the 

pillar size (about tens of µm2). The signal acquired during surface potential measurements on 

semiconducting pillars arrays is composed by the superimposition of the contributions of both the rr-

P3HT microstructures and planar polymer film between them. The measurement of the surface 



85 
 

potential contribution of the single rr-P3HT 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 top of rr-P3HT films with a thickness comparable with the height of the pillars. Figure 

4.12 panel b shows the photoinduced potential trend acquired on top of a 6µm-thick rr-P3HT film 

(see appendix C.9 for details on the film fabrication) with the same illumination 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 compared to the case of 

the microstructures array ( ~ 0.1 and  ~ 2.5 mV in the rr-P3HT thick 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 observed, explaining also the 

absence of the light-induced neurons action potential firing previously showed by Ghezzi et al. using 

planar rr-P3HT [67]. These findings orient future works to the optimization of the pillars-based 

photoactive platforms, in order to decrease the semiconducting polymer thickness in proximity of the 

device/cell interface.  

 

Figure 4.12. Surface potential traces recorded on rr-P3HT pillar arrays (a) and on a 6µm-thick rr-P3HT film 

(b). Illumination conditions: ɚ = 540 nm, 220 mW mm-2. The photoexcitation time duration is represented by 

the green shaded area. 
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5. Antifouling properties of micro and nano-patterned silk/P3HT substrates 

5.1 Introduct ion 

 

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 life [200]. 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 contamination [200,201]. Bacteria preferentially adhere and 

proliferate on the implant surface, producing a biofilm, i.e. a layer of aggregated bacteria bound 

together by a polysaccharide extracellular matrix [202]. The presence of the biofilm confers to the 

microorganisms a much higher resistance than the unattached bacteria, requiring 500ï5000 times 

higher doses of antibiotics[202,203]. The consequence is the extensive use of antibiotics that leads to 

an enhanced bacterial resistance towards the common antibiotic agents. A solution consists in the 

hindering of the formation of the biofilm by the proper engineering of implanted material and devices 

[204]. Three main strategies do exist to this purpose: (1) the functionalization of the implant material 

with antimicrobial agents for imparting antimicrobial, i.e. direct killing of bacteria, properties [204]; 

(2) the modification of the prosthesis surface properties for limiting the microbial adhesion (i.e. 

antifouling) through steric hindrance, hydrophobicity, Van der Waals forces or electrostatic 

interactions [205ï209]; (3) the combination of the strategies (1) and (2) [204,210].  

Silk fibroin is a well-known biocompatible material, extensively employed for several biomedical in-

vivo applications, such as tissue engineering [211ï213], drug release [214,215] and implantable 

electronics [216,217]. In particular, it was used for the fabrication of functionally autonomous rr-

P3HT-based photovoltaic prostheses for the recovery of light sensitivity and visual acuity in blind 

retinas, discussed in section 1.5 [68,80,81]. Even though the functionalization of silk with 

antimicrobial agents was extensively studied [218ï222], to the best of our knowledge the antifouling 

properties of micro and nano-structured 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 nano-patterned sillk surface topographies 

on the attachment of HEK-293 cells and E.Coli bacteria. After assessing that the micro and nano-

structured morphologies do not hinder the HEK-293 cells by performing MTT viability assays, the 

adhesion grade of GFP-encoded E.Coli is evaluated by fluorescence microscopy imaging. Then, in 

view of optoelectronic in-vivo applications, we investigate the antifouling properties of rr-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. Antognazza, Micro and nano-patterned silk substrates for 

antifouling applications, in preparation. 

 

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

characterization 

 

The fabrication of the micro- and nano-patterned silk fibroin substrates studied in this 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), CNR, Milano) following a method 

reported elsewhere [223] and in appendix D.1. The procedure, summarized in figure 5.1, starts with 

the extraction of the silk fibroin protein from the bombyx mori degummed silk fibers trough 

dissolution in LiBr solution and subsequent dialysis against mQ-water. The silk fibroin solution 

obtained is drop casted on top of PDMS molds that present the negative structure of the final micro 

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

increasing the crystallinity of the silk-based material obtained, making them insoluble in water [224]. 
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Figure 5.1. Scheme of the soft lithographic fabrication route followed for the preparation of micro and nano- 

patterned silk substrates. 

 

The surface topography of the obtained silk substrates is characterized by acquiring top-view SEM 

micrographs (figure 5.2, see appendix D.2 for details about the sample preparation for SEM), from 

which it is possible to appreciate the different micro- and nano- patterned morphologies in 

comparison with the planar unmodified silk fibroin surface (silk flat, figure 5.2 a). Three different 

structured topographies are prepared: (1) a nanostripes-patterned silk fibroin surface, composed by 

grooves of ~ 800 nm width (nano stripes, figure 5.2 b); (2) a surface modified silk fibroin substrate 

that comprises micro-wells of different diameters, ranging from 3.5 to 5 µm (µwells 1, figure 5.2 c); 

(3) a micro-wells patterned silk fibroin surface morphology that displays wells with a similar shape 

of µwells 1, but with a diameter in the range 1-2 µm (µwells 2, figure 5.2 d). 
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Figure 5.2. Top-view images of silk flat (a), nano stripes (b), µwells 1 (c) and µwells 2 (d). Scale bars 2 µm 

 

5.3 HEK -293 cells cultures on micro/nano-patterned silk substrates 

 

Silk fibroin, once obtained from bombyx mori silk by a proper purification route [225], show optimal 

biocompatibility, well documented in several studies in-vivo and in-vitro [81,226,227]. In order to 

investigate whether the structured topography negatively affects the viability of living cells, HEK-

293 cells cultures are prepared on the different micro- and nano- patterned silk fibroin-based 

substrates and their proliferation is monitored by performing the MTT assay (figure 5.3), introduced 

in section 2.4.1 (for further details see appendix D.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 samples in comparison to 

control glass substrates (figure 5.3). Starting from DIV 2 the proliferation of HEK-293 cells on silk-

based samples starts to recover, reaching a comparable formazan absorption value respect to the one 

observed on glass slides at DIV 4. Furthermore, 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 plated on top of silk substrates and on glass slides as control. 

Data are reported as average over n = 2 samples ± s.e.m.  

 

5.4 Evaluation of E.Coli adhesion on silk-based substrates 

 

The antifouling capability of the different micro/nano-patterned silk samples is evaluated by 

employing the E.Coli bacterial model, genetically modified to express green fluorescent protein 

(GFP) for fluorescence imaging. The preparation and maintenance of the bacterial cultures are carried 

out in collaboration with Dr. Parisiniôs research group (Center for Nano Science and Technology, 

Istituto Italiano di Tecnologia, Milano), and all the related details can be found in appendix D.4. Prior 

to evaluating the samples antifouling properties, the substrates are incubated with the GFP-expressing 

E.Coli for 24h, washed by subsequent immersions in mQ-water for removing all unattached bacteria 

and covered with a mQ-H2O drop. The number of adherent bacteria is then quantified by acquiring 

GFP fluorescence emission (figure 5.4 a-e), (appendix D.5). All the silk-based samples display a 

lower number of adhered bacteria in comparison to the glass control (figure 5.4 f). The interpretation 

of the result obtained on the planar silk topography is not straightforward and additional experiments 

would be 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 work, the micro- and nano-patterned silk samples 
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present a significant reduction in the number of E. Coli attached to their surfaces in comparison with 

the flat silk morphology, amounting at 49 % (p < 0.05), 64 % (p < 0.01) and 66 % (p < 0.001) for the 

nano stripes, µwells 2 and µwells 1 cases respectively (figure 5.4 f).  

 

Figure 5.4. Fluorescent microscopy images of GFP expressing bacteria cultured on glass (a) and flat (b), nano-

striped (c), µwells 2-patterned (d), µwells 1-patterned (e) silk substrates, after 24h. Scale bars 50 µm(f) 

Quantitative analysis of bacteria observed in a-e. *p <0.05, **p< 0.01, ***p< 0.001. 
 

This result can be attributed to a topography-driven 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 micro-patterned morphology characterized by a features size lower than 
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bacterial dimension [204,205,228]; (2) an effect related to the high hydrophobicity induced by micro-

structured surfaces [204,206,229,230]. 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 adhesion 

achieved with silk nano stripes and µwells 2 can be explained by considering the former mechanism, 

since the E. Coli average length (~ 2 µm) and diameter (~ 1 µm) [231,232] are higher than both the 

nano stripes silk grooves width (~ 800 nm) and µwells 2 silk wells mean diameter (between 1 and 2 

µm). On the contrary, this argumentation is not valid for explaining the bacterial adhesion reduction 

induced by µwells 1, because the diameter of the wells that composes this architecture (in the range 

3.5-5 µm) is about 2 times higher than the E. Coli average dimension. In order to clarify the 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 between hydrophilicity and hydrophobicity is set at a contact angle value 

of 90° [233]. Planar silk and control glasses are hydrophilic, presenting a closely comparable water 

contact angle (69 ± 1 and 68 ± 1° respectively). Silk nano stripes and µwells 2 samples show increased 

water contact angle values (73 ± 0.5° and 82 ± 2° respectively), but they still fall in the hydrophilic 

regime, confirming that the reduced E.Coli adhesion observed is most likely due to a steric effect 

exerted by the surface topography and it is not related to the surface wettability. µwells 1 substrates 

display a hydrophobic behavior, characterized by a water contact angle of 100 ± 1°. This result is in 

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 water droplets when the latter are much larger than the 

dimension of the substrate topological features [234]. This phenomenon may account for the µwells 

1 antifouling properties, since it determines the amount of surface that is available for bacterial 

attachment. In particular Manabe et al. [229] observed that when the size of the pores lies between 

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

experience a limited contact with the surface.  
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Figure 5.5. Static contact angles established by water drops over the different micro/nano-patterned silk 

morphologies and bare glasses.  

 

5.5 Evaluation of E.Coli adhesion on rr-P3HT-covered silk substrates 

 

In view of possible optoelectronic applications in-vivo, we implement the silk fibroin-based substrates 

with a thin layer of rr-P3HT. We focused our attention on the substrate that gave the best antifouling 

result, µ wells1, and on the planar silk morphology as a control.  

The deposition of the semiconducting polymer layer is carried out by spin-coating, by selecting the 

proper rr-P3HT concentration and spin parameters that do not lead to a passivation of the micro-

structured topography (appendix D.7). SEM images of the rr-P3HT-covered/uncovered samples 

(figure 5.6 panels a, b and c, d for silk flat and Õwells 1 respectively) confirm that the samples surface 

morphologies are not altered after the semiconducting polymer deposition.  
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Figure 5.6. Top-view SEM images of silk flat without (a) and with rr-P3HT on top (b) and of µwells 1 sample 

before (c) and after (d) rr-P3HT deposition. Scale bar 2 µm 

 

Experiments for the evaluation of the E. Coli attachment are then repeated using the rr-P3HT-covered 

silk samples (figure 5.7). The µwells 1/P3HT sample displays reduction of 41 % (p < 0.05) in the 

number of adhered bacteria with respect to the flat control, demonstrating that in the presence of rr-

P3HT the topography-driven 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 µwells 1/P3HT (b), after 24h. Scale bars 50 µm. (c) Quantitative analysis of bacteria 

observed in a,b. *p <0.05. 

 

In order to corroborate our findings, 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 

understand whether the results obtained depend only on a hindered bacterial adhesion or on a coupling 

of this effect with bactericidal one, i.e. the killing of bacteria [235]. E.Coli cultures are prepared 

following the same procedure described in section D.4 but without transfecting the bacteria with the 

GFP construct. The bacterial growth is then evaluated by measuring the culture medium optical 

absorption at 600 nm after 24h. The results obtained, depicted in figure 5.8, show that there are no 

significant differences between the case where no substrate is present and the one where bacteria are 

incubated with both rr-P3HT-uncovered (figure 5.8 a) and rr-P3HT-covered (figure 5.8 b) samples. 

On the basis of these findings, we can conclude that the reduction of the surface-attached bacteria is 

only due to an unfavorable bacterial adhesion induced by the micro/nano-patterned topographies, 

excluding the presence of a concomitant bactericidal effect. 
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Figure 5.8. Bacterial growth in solution after 24h incubation with rr-P3HT-uncovered (a) and rr-P3HT-

covered (b) substrates in comparison to the case where no substrate is present inside the growth medium. 

Bacterial growth is evaluated as the optical density (O.D.) at 600nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



97 
 

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, aimed researchers to 

find solutions for augmenting plant growth and functions [236]. The methods employed to this 

purpose are mainly based on the use of fertilizers and on the genetic modification 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 approaches, for both the monitoring and the improvement of plants functions. 

For example, using inorganic nanoparticles, effects on root elongation, seed germination and plant 

growth were observed [237,238], whereas the treatment with carbon nanotubes led to the 

enhancement of the photosynthesis process [239]. Very recently, the M. Berggrenôs research group 

interfaced organic semiconductors with plant systems, introducing the concept of electronic plants 

(e-plants) [240]. In particular, they reported the fabrication of hydrogel-like conducting wires within 

the plant vascular tissues using water soluble thiophene-based polymers and oligomers, respectively 

self-organized and in situ polymerized inside R. floribunda plants tissues [240,241]. Moreover, they 

exploited the plant-integrated electronic systems obtained for the fabrication of OECTs and 

supercapacitors inside the vegetable structure [240,241]. Another recent work reported the recording 

of the plant physiological parameters with textile-based OECTs integrated into the vegetable structure 

[242]. 

Taking a cue from these works and in light of the results obtained by interfacing rr-P3HT-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 Thaliana as a plant model, widely accepted in a variety of different studies, including 

plant physiology, population genetics, evolution and environmental science [243,244]. The functional 
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interaction between conjugated polymers and plant systems is tested here at the single cell level. To 

this goal, functional interfaces between rr-P3HT, both in the form of thin films and nanoparticles, and 

guard cells (GCs) are realized. Guard cells are highly specialized, kidney-shaped cells, which 

juxtapose to form a pore, the stoma. Importantly, they contain photosynthetically active chloroplasts, 

and their volume variations govern stomata movement. GCs play a key-role in both carbon dioxide 

uptake from 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 scales [245]. We decided to monitor the 

functional interaction between the thiophene-based material and the plant systems by measuring the 

variations in the cytosolic calcium (Ca2+) concentration ([Ca2+]Cyt), in dark and light conditions, since 

Ca2+ signalling participates in many regulatory processes and is involved in nearly all aspects of plant 

development as a second messenger [246]. Ca2+ oscillations are widely employed to elucidate 

different plant processes, including metabolism and stimuli responsiveness [247]. Ca2+ signals consist 

in transient increases in [Ca2+]Cyt that arise from Ca2+ fluxes coming from the extracellular 

environment or from internal compartments of the cells [247]. External stimuli, such as temperature 

changes, salt, or osmotic stresses, light, and plant hormones, produce specific Ca2+ responses with 

defined spatial and temporal characteristics, called Ca2+ signatures [246,248]. We monitor the 

[Ca2+]Cyt by performing calcium imaging experiments, employing Arabidopsis Thaliana plants 

genetically encoded with the cytosol-localized calcium indicator yellow Cameleon (YC). YC 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 calmodulin-

binding peptide M13 and the Ca2+ -binding protein calmodulin [249]. When Ca2+ ion binds to 

calmodulin, a conformational change in the YC indicator takes place, enabling enhanced FRET 

between CFP and YFP. The quantitative measurement of Ca2+ dynamics is performed by acquiring 

the YFP/CFP ratio shift [249].  
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In this chapter, the study of the interaction between the photoexcited rr-P3HT and plant systems starts 

with the evaluation of the GCs viability in presence of the semiconducting polymer. Then, the effects 

of light stimulation on the [Ca2+]Cyt oscillations of Arabidopsis leaves GCs, in presence of rr-P3HT 

polymer thin films and NPs, are investigated. In addition, NPs-induced variations in the stomatal 

aperture size are studied by fluorescence imaging. Moreover, the NPs coupled to the plant sample are 

visualized by acquiring confocal microscopy images. In view of future applications at a systemic 

level, in the last part of the chapter a preliminary study of the rr-P3HT NPs uptake by Arabidopsis 

seedlings, i.e. very young plants grown from a seed, is investigated. In particular, the NPs uptake 

within the root tissue is successfully assessed by confocal imaging experiments.  

To the best of our knowledge, this is the very first report of use of rr-P3HT conjugated polymer in 

combination with a vegetable system and the presented results will be included in: G. Tullii, A. Costa, 

M. R. Antognazza, Conjugated polymers optically regulate signalling in Arabidopsis Thaliana 

models at single and multicellular level, in preparation. 

 

6.2 Arabidopsis guard cells interfaced with rr-P3HT: viability assay 

 

The Arabidopsis Thaliana plants used for all the experiments presented in this chapter are grown and 

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

As a necessary preliminary step, we evaluate the cells viability in contact with the photoactive 

material, both in dark and upon photoexcitation (figure 6.1). 6-week-old Arabidopsis leaves are 

attached to glass slides and the upper epidermal cells are remove using a razor blade. The exposed 

guard cells are placed in a proper imaging solution and put in physical contact with spin coated rr-

P3HT thin films (film thickness: 150 nm, for additional details refer to appendix E.1) on planar ITO 

electrodes. Then, a viability study based on fluorescein-diacetate (FDA) assay is carried out (appendix 

E.1). FDA is a consolidated probe for the study of both animal and plant cells viability [250,251]. 
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FDA is a non-fluorescent 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 healthy cells become fluorescent. Figure 6.1 shows representative bright-field optical 

microscope images (panels a, c and e) and FDA fluorescence staining over the very same field of 

view (panels b, d and f). The comparison with bright-field conditions allows to distinguish viable 

from not-viable cells. The experiment has been carried out without the polymer in dark and upon CW 

light excitation (ɚ = 540 nm, 64 mW/mm2, time duration = 2 minutes), both in presence and absence 

of the ITO/P3HT device interfaced to GCs. The 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 

samples, respectively (Studentôs t-test p > 0.05 in all considered cases).  
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Figure 6.1. Representative bright field and fluorescence images depicting FDA-treated GCs without any 

treatment (panels a,b), after green light excitation (panels c,d) and after green light excitation in presence of 

rr-P3HT film (panels e,f). Light stimulation conditions: ɚ = 540 nm, 64 mW/mm2, time duration = 2 minutes. 

Scale bars: 50 µm. Panel g shows the percentage of viable cells for each condition.  
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6.3 Modulation of Arabidopsis guard cells intracellular Ca2+ by polymer photoexcitation 

 

Functional interaction between photoexcited conjugated polymer and GCs is evaluated by carrying 

out calcium imaging experiments. To this purpose, Arabidopsis plant leaves genetically encoded with 

a variant of the cytosol-localized yellow cameleon probe (NES YC3.6 [252,253]), are employed. The 

leaves are anchored to glass substrates and immersed in imaging solution in the same way as for the 

viability study (appendix E.1). Then, the plant samples are interfaced with ITO/P3HT devices and rr-

P3HT NPs (average hydrodynamic radius 237 ± 82 nm). rr-P3HT nanoparticles synthesis and 

characterization has been reported elsewhere, and briefly summarized in appendix E.2 [126]. Leaves 

guard cells are incubated for 20 minutes 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 cytosolic Ca2+ 

concentration and can be measured using a fluorescence microscope. We monitor the spontaneous 

[Ca2+]Cyt oscillations before and after stimulating the system with CW light (ɚ = 540 nm, intensity :64 

mW/mm2, time duration: 2 minutes, figure 6.2) in presence and absence of rr-P3HT. In dark, the 

[Ca2+]Cyt trend is comparable in all cases, recording the typical spontaneous [Ca2+]Cyt oscillations 

profile already observed in Arabidopsis GCs (figure 6.2 panels a-c, see appendix E.3 for experimental 

details) [254ï256]. Although the nature of the spontaneous [Ca2+]Cyt oscillations has not yet fully 

elucidated, experiments performed on GCs of intact plants have confirmed that this spontaneous Ca2+ 

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 conditions, CO2 levels) 

[256]. The comparable [Ca2+]Cyt 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 is provided, the situation changes. It has been reported 

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

to an increase in the [Ca2+]Cyt mediated by the action of specific photoreceptors, phototropines and 
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phytochrome for blue and red light respectively [246,257ï260]. 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 the rr-P3HT-untreated guard cells (CTRL), with no relevant 

changes in the [Ca2+]Cyt 
 peaks amplitude and number considered in the pre- and in the post-excitation 

temporal windows (figure 6.2 a). The variation is quantified by calculating the ratio between the 

average peaks amplitude after/before light (IAFTER/IBEFORE) and the ratio of the mean number of peaks 

recorded after and before the light stimulus occurrence (NAFTER/NBEFORE). Both quantities are very 

close to unity in the CTRL case (NAFTER/NBEFORE = ~ 1, IAFTER/IBEFORE = ~ 0.8, figure 6.2 panels d-e). 

Conversely, the illumination of the polymer film leads to a remarkable silencing of the calcium 

activity (figure 6.2 b), associated to NAFTER/NBEFORE and IAFTER/IBEFORE values about 88% and 69% 

lower than in the CTRL case (figure 6.2 d,e). The same 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 case (NAFTER/NBEFORE and IAFTER/IBEFORE values reduced 

respectively by 51% and 49% as compared to the CTRL case, figure 6.2 d,e). 
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Figure 6.2. Ca2+ dynamics monitored in Arabidopsis guard cells expressing Cameleon YC3.60 before and 

after optical excitation in terms of YFP/CFP emission, in absence of rr-P3HT (panel a) and in presence of rr-

P3HT film (panel b) or rr-P3HT NPs (panel c). The yellow dashed line represents the optical excitation (ɚ = 

540 nm, intensity :64 mW/mm2, time duration = 2 minutes). (d) 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 optical excitation. Mean values are averaged over a statistical ensemble of n = 10 

cells for each condition. Error bars represent the s.e.m.. ***, p < 0.001 (Studentôs t-test). 

 

These results demonstrate that the use of polymer photoactivity in combination with visible light 

excitation may provide a useful tool to down-regulate on demand, in a drug-free and fully controllable 

way the calcium activity in single guard cells. Moreover, the use of rr-P3HT NPs gives the possibility 
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to further reduce the invasiveness of the method 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 between rr-P3HT NPs and plants.  

Reversibility of the observed down-regulation in intracellular Ca2+ dynamics must be assessed. To 

this purpose, two different approaches are adopted: (1) administration of excess extracellular Ca2+ 

concentration after light-induced partial silencing; (2) repetition of calcium imaging experiments after 

leaving the samples resting in dark (figure 6.3, appendix E.3). The addition of Ca2+ ions in the 

extracellular bath represents a standard stimulus for eliciting [Ca2+]Cyt spikes in leaves GCs [254,261ï

263]. We observe that the Ca2+ addition in the bath elicits a sizeable increase in both the amplitude 

and number of [Ca2+]Cyt 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 represents a direct and easy way for assessing the reversibility of the photoexcited 

rr-P3HT NPs-induced effect, it implies the alteration of the GCs physiological conditions (delivery 

of excess Ca2+ ions respect to physiological conditions). The recovery of the [Ca2+]Cyt spontaneous 

oscillations is thus verified also without any external stimulus, by taking advantage of the method 

(2). In this case, calcium imaging recordings of rr-P3HT NPs-treated guard cells upon light excitation 

are repeated (figure 6.3 b). Additional calcium 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 [Ca2+]Cyt spontaneous spikes recorded before the light 

stimulation event (figure 6.3 c).  
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Figure 6.3. Calcium imaging experiments on rr-P3HT NPs-treated Arabidopsis guard cells genetically 

encoded with Cameleon YC3.60 for the evaluation of the reversibility of the optically-induced [Ca2+]Cyt 

oscillations silencing phenomenon, performed by extracellular Ca2+ addition (a) or by leaving the plant sample 

resting in dark (b). The yellow and black dashed lines represent the optical excitation (ɚ = 540 nm, intensity 

:64 mW/mm2, time duration: 2 minutes) and 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 pre-light excitation time window. Mean values are averaged over a statistical ensemble of n = 20 

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

 

These results show that the optically-induced silencing in the guard cells [Ca2+]Cyt spontaneous 

oscillations, mediated by rr-P3HT NPs, is not an irreversible effect, excluding the occurrence of 

detrimental consequences on guard cells functionality.  

The explanation of the mechanism involved in the rr-P3HT NPs-mediated modulation of [Ca2+]Cyt in 

Arabidopsis guard cells is not straightforward. The analogy with the results obtained with ITO/P3HT 

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 rr-P3HT NPs-treated leaves GCs. 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 

considered focal 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 the extracellular bath solution. This 

result corroborates the assumption that the photoexcited rr-P3HT NPS down regulate the GCs 

[Ca2+]Cyt spontaneous oscillations trough an extracellular mechanism. 

 

Figure 6.4. Confocal optical sections depicting an Arabidopsis GCs treated with rr-P3HT NPs. GC is stained 

with YC3.6 (green). Red emission corresponds with rr-P3HT NPs. Scale bar: 10 µm. 
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Given the role of Ca2+ as second messenger, the guard cells [Ca2+]Cyt can be modulated by a large 

variety of external stimuli, including auxin, CO2, abscisic acid (ABA), extracellular Ca2+ addition and 

ROS [264]. The response to most of these extracellular stimuli corresponds with transient elevations 

in guard cells [Ca2+]Cyt. However, in some cases effects on the spontaneous [Ca2+]Cyt oscillations were 

also observed. In particular, the increase of the CO2 concentration and the addition of ABA in the 

bath solution have been demonstrated to reduce the rate and both the amplitude and the frequency of 

spontaneous [Ca2+]Cyt transients in Arabidopsis guard cells, respectively [264,265]. Moreover, in the 

case of ABA, a reactivation of the [Ca2+]Cyt spontaneous oscillations after a quiescent period of 30-

40 minutes was noticed,  similarly to what observed with rr-P3HT NPs. Both ABA and CO2-induced 

dampening of the spontaneous [Ca2+]Cyt oscillations were attributed to a depolarization of the GCs. 

In analogy with these reports, we can thus tentatively attribute the silencing of the [Ca2+]Cyt activity 

observed in our case to a cell depolarization induced by the photoexcited rr-P3HT NPs. However, a 

precise explanation of the mechanism requires additional experiments. 

 

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

 

We proceed the study of the interaction between rr-P3HT NPs and guard cells by investigating the 

presence of optically-induced effects on the stomata functionality. In particular, we assess the 

presence of changes in stomatal aperture induced by the treatment with photoexcited rr-P3HT NPs 

by performing fluorescence microscopy imaging (appendix E.4). 

Arabidopsis leaves samples, genetically-encoded with the YC probe, are treated with rr-P3HT NPs 

with the same concentration and incubation time employed in calcium imaging measurements. The 

leaves are also incubated with optically insensitive silica nanoparticles (SiO2 NPs, average diameter 

= comparable to polymer nps, concentration = 0.25 mg ml-1) that serve as a control experiment, for 

assessing the presence of stomatal aperture variations 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 stomatal aperture size after the optical treatment it is possible 

to evaluate the influence of the NPs on the light-induced stomatal aperture. Fluorescence images of 

the YC-encoded guard cells after the treatment with light and NPs are acquired and the stomatal 

aperture width (d) is measured through a post-processing 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 open and closed 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 

double-blind conditions, reveals a significant decrease in stomatal aperture both in the SiO2 and rr-

P3HT NPs cases in comparison to the untreated samples (CTRL) (correspondent to 7 % and 21 % in 

the SiO2 and rr-P3HT cases respectively). Interestingly, the treatment with rr-P3HT 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 YC 3.6-encoded GCs in open (a) and closed (b) states. 

Scale bars: 10 µm. (c) Histogram reporting the average stomatal aperture width (d) measured after exposure 

to white light without any NPs (CTRL) present and in presence of rr-P3HT or SiO2 NPs. Error bars represent 

the s.e.m.. *, p < 0.05, ***, p < 0.001 (Studentôs t-test). 

 

In literature, the inhibition of the stomatal opening was demonstrated by the treatment with ABA, 

extracellular Ca2+, Nitric oxide (NO) and H2O2 [267ï271]. In particular, the addition of exogenous 

H2O2 has been shown to inhibit the stomatal opening provoked by light excitation in Arabidopsis 

Thaliana plants [272]. As discussed in sections 1.6 and 2.2, rr-P3HT presents a favorable energy 

alignment at the polymer/electrolyte interface for the oxygen reduction reaction (ORR) [78,273], that 

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

recently demonstrated that the rr-P3HT NPs photo-stimulation produces an increase in the 
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intracellular concentration of ROS in HEK-293 cells [130]. The presence of ROS was verified by 

using different ROS fluorescent probes, including 2,7-dichlorodihydroþuorescein diacetate (H2DCF-

DA) that is sensible to various ROS species, including H2O2 [130]. We attributed the ROS production 

to a direct photocatalytic effect of the NPs, demonstrated in different electrolyte compositions through 

electrochemical experiments [130]. Thus, it is likely that this phenomenon can occur also in the 

extracellular environment in contact with the GCs. In light of these considerations, a tentative 

explanation of the inhibition of the stomatal opening exerted by rr-P3HT NPs can be made by 

considering a local photo-induced production of H2O2 in the close proximity of Arabidopsis guard 

cells (figure 6.6). The validation of this assumption will be the object of future experiments. 

 

 

Figure 6.6. Schematic drawing of the inhibition of the light-induced stomatal opening due to the presence of 

extracellular H2O2 produced by the rr-P3HT NPs photoexcitation. 
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6.5 r r -P3HT NPs uptake by Arabidopsis Thaliana seedlings roots 

 

We extend the study of the interaction between rr-P3HT NPs and Arabidopsis Thaliana plants to an 

increased level of biological complexity, by investigating the Nps uptake by 7-days-old Arabidopsis 

Thaliana seedlings roots.  

Arabidopsis seedlings are incubated for 60 minutes with rr-P3HT NPs, diluted in the bath solution up 

to a final concentration correspondent to Nps optical density (OD) = 0.25. The Nps, coupled with the 

root tissue, are visualized by performing confocal imaging experiments (figure 6.7). The inspection 

of subsequent stacks, acquired from the bottom to the top of the root sample (1.5 µm steps), reveals 

that nanoparticles have a great tendency to accumulate along the root tip surface and also to be 

internalized within root tissue in proximity of the tip cap (white arrows, figure 6.7). This constitutes 

a promising result and opens the way to an in-depth study of the NPs delivery to entire plants in-vivo. 
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Figure 6.7. Confocal optical sections of the Arabidopsis Thaliana seedlings incubated with rr-P3HT NPs. Root 

tip cells are stained with YC3.6 (green). Red emission corresponds with rr-P3HT NPs. Nps internalized within 

the plant tissue are indicated by white arrows. Scale bar: 20 µm. 
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7. Conclusions and perspectives 

In this thesis work we have developed different strategies to engineer hybrid interfaces established 

between rr-P3HT-based photoactive platforms and aqueous electrolytes, and we have characterized 

in depth the biological effect on living cells activity and functionality. In chapter 2 we present the 

fabrication and characterization of multilayered planar devices that comprise a rr-P3HT active layer 

sandwiched between charge selective materials. By performing electrochemical 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 property can be selectively modulated by coupling the rr-P3HT 

layer with hole-selective 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 HSL materials 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 photocathodes for hydrogen evolution. We explore different multilayered 

architectures, obtaining the best results with FTO/CuI/P3HT:PCBM/TiO2/Pt configuration, 

characterized by photocurrent value up to 7.1 mA cm-2 at 0 V vs. RHE, associated to hydrogen 

evolution reactions with 100% faradaic efficiency . This 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, ITO/P3HT:PCBM, ITO/p-i-n 

and ITO/CuI/P3HT:PCBM/TiO2 architectures with HEK-293 line cells. We observe that the presence 

of ESLs (PCBM, TiO2) leads to modulate HEK-293 cells membrane potential respect to the 

ITO/P3HT and ITO/P3HT:PCBM cases. In particular, we record 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 the fast membrane potential change and the capacitive charging occurring at the device 

surface. These results highlight the fact that the coupling of rr-P3HT with interlayers can be exploited 

for the achievement of different capacitive stimulation patterns, leading either 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 rr-P3HT/electrolyte interface, based on the engineering of the ITO/P3HT 

device morphology. We present a mesoporous device constituted by a rr-P3HT active layer 

intercalated into a mesoporous ITO NPs-modified ITO electrode, fabricated through an all-solution 

process. By performing electrochemical measurements and by modeling 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 orders of magnitude) due to the mesoporous architecture leads to a remarkable increase 

of the efficiency of the optically-induced faradaic charge transfer phenomena occurring at the 

polymer/electrolyte interface. Oxygen reduction reactions (ORR) represent the predominant 

photoinduced faradaic phenomena in both the mesoporous and planar cases, in agreement with 

previous reports that identified a favorable energy alignment at the rr-P3HT/electrolyte interface for 

this specific reaction. The possibility to balance capacitive 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 mechanisms. In light 

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 patch-clamp recordings on HEK-293 cell models. We demonstrate that the mesoporous 

photoactive platform is bio-compatible 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 óactiveô response from the cells, between the surface potential trace recorded in absence of 
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cells and the electrical component of the HEK-293 cells membrane potential variations. We attribute 

this to a scarce electrical coupling between the mesoporous photoactive platforms and the cells. This 

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 micro-structured devices. We present the successful fabrication of rr-P3HT 

microstructures of conical shape, by coupling femto-second micromachining and push-coating wet-

deposition technique. The fabrication process allows for the realization of devices, in a highly 

versatile, fast, straightforward and repeatable way. Realized semiconducting polymer pillars are 

characterized by a high aspect ratio and usefully combine the advantages of micro- and nanoscale 

topographies, as a highly desirable characteristics which, in the case of inorganic electrodes, can be 

achieved only by making recourse to complex fabrication techniques. In fact, the micrometer-sized 

base confers to the soft rr-P3HT pillars good mechanical stability, while the sub-um rounded tip 

establishes 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 show that polymer pillars can be used as 

highly biocompatible substrates for both primary cortical neurons and HEK-293 cells. The adopted 

shape and density of polymer pillars leads to establish a close contact with both HEK-293 and 

neuronal cell membrane, with a localized 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 of the pillar 

microstructures. Interestingly, we observe a sizable change in the morphology of HEK-293 cells, 

showing a pronounced tendency to develop in the three-dimensional space when interfaced to 

structured polymer substrates. Importantly, the rr-P3HT structured 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 observe any clear improvement in the   cellular response upon polymer photoexcitation. We 

attribute this to the high polymer thickness in correspondence with the rr-P3HT-based 

microstructures, which implies, in absence of a corresponding microstructuring of the underlying 

electrode, poor charge dissociation efficiency. In light of this, future work will target the 

implementation of the rr-P3HT pillars-based platform for the thinning of semiconducting polymer 

active layer. A possible strategy consists in the fabrication 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 chapter 5 we describe the 

exploitation of micro- and nano-structured device topographies for antifouling applications, i.e., to 

limit the adhesion of bacteria. We develop micro-structured silk substrates, presenting micro-wells 

or nanogrooves on their surfaces, following a simple, inexpensive and high throughput, soft 

lithographic fabrication procedure. Interestingly, we observe that all the micro and nano-patterned 

silk substrates efficiently inhibit the adhesion of E.Coli bacteria without hindering the proliferation 

of HEK-293 cells. We notice that the sample patterned with micro-wells in the 3.5-5 µm range 

provides excellent antifouling properties, due to a hydrophobicity-driven mechanism, which are 

preserved also when the silk substrate is covered by the rr-P3HT polymer layer. This opens the way 

to the exploitation of polymer-coated biocompatible and bioresorbable devices enhanced with 

antifouling capability for optoelectronic in-vivo applications. In the future, prior to the application of 

this substrate as a medical implant, its antifouling properties will be assessed in-vitro using clinically-

relevant bacterial pathogens (e.g. Pseudomonas aeruginosa and Staphylococcus aureus). Moreover, 

its antifouling efficiency will be also assessed in-vivo by evaluating the influence 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 interfacing rr-P3HT conjugated polymer with 

vegetal systems. In particular, we show that rr-P3HT can be safely coupled with Arabidopsis Thaliana 

guard cells without affecting their viability.  Interestingly, we observe down-regulation of guard cells 

spontaneous [Ca2+]Cyt oscillations upon photoexcitation of the semiconducting polymer, in the form 

of either thin solid films or of nanoparticles. This effect has proven to be safe and reversible, since 

the guard cells recover almost completely their Ca2+ activity after optical stimulation. Even more 

importantly, we demonstrate that the optical treatment of rr-P3HT NPs interfaced with Arabidopsis 

Thaliana leaves leads to remarkable inhibition of the light-induced stomatal opening. In view of 

future applications with entire plant systems, we preliminarily investigated the uptake of photoactive 

rr-P3HT NPs by Arabidopsis Thaliana seedlings roots, showing that NPs are efficiently intercalated 

within the roots tissue. Overall, our results reveal an optically-induced, 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 knock-out mutants, able to selectively deactivate the enzymes implicated in the 

plant response to external stimuli [274]. In light of the preliminary results obtained with rr-P3HT NPs 

and seedlings roots, we will continue the test of the NPs delivery to plants in-vivo. To this end, 

different strategies will be explored, as the vacuum-assisted NPs delivery to whole plants, the direct 

NPs injection into the leaf lamina or the simple uptake of NPs dispersions from roots (root-to-leaf 

method) [275]. 
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Appendix. Supplementary material 

Appendix A. Planar rr -P3HT-based devices 

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

 

Glass/ITO planar substrates were cleaned by subsequent rinses in an ultrasonic bath by using distilled 

water, acetone and isopropanol (10 minutes each), and then dried with a N2 flux. Chlorobenzene 

solutions of rr-P3HT (molecular weight 15000 ÷ 45000) alone (concentration, 20 g lī1) or mixed at 

1:1 weight ratio with PCBM (concentration, 20 g lī1 on a polymer basis) were stirred at 50 °C for 

15 hours. The solutions were then deposited by spin-coating on flat glass/ITO substrates in 2 steps: 

(1) speed 800 rpm, acceleration 800 rpm sī1, for 3 s, (2) speed 1600 rpm, acceleration 1600 rpm sī1, 

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 

potentiostat/galvanostat station (Autolab potentiostat PGstat 302N, Metrohm) with light incident 

from the ITO substrates. An electrochemical cell in a three electrode configuration was employed, 

comprising the rr-P3HT polymer-based device as the working electrode (WE), a platinum wire as the 

counter electrode (CE) and saturated-KCl Ag/AgCl as the reference electrode (RE). 0.2 M NaCl 

aqueous solution at room temperature was used as the electrolyte. Chronoamperometry measurements 

are performed by applying a fixed potential of 0.2 V 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 potential established 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 (Thorlabs LED M470L3-C5) 

connected to a function generator (Keithley 50MHz 3390) modulating the illumination in pulses of 

50 or 100 ms duration, depending to specific cases. The illumination density, homogeneous over the 

whole sample area, was A.5.3 mW mmī2 and the emission wavelength peak was 470 nm. 

 

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

 

rr-P3HT was deposited 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 closed vessel for 75 s in order to 

mix the PCBM layer with rr-P3HT, forming the P3HT:PCBM I-layer. Finally, a second evaporated 

layer of PCBM (20nm) completes the ITO/p-i-n architecture.  

 

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

 

The samples are immersed in liquid N2 and cut in two pieces by forcing them with tweezers. Cross-

sectional micrographs of the devices were acquired by using a Zeiss SUPRA40 field-emission 

scanning electron microscope (SEM) using an operating voltage of 5 kV and a working distance 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 carbon-neutral energy cycle [276]. Two main device 

configurations exist for the optically-induced splitting of water in hydrogen and oxygen: 
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photoelectrochemical (PEC) cells and photovoltaic (PV)-biased electrolytic cells. The former device 

type consists in an all-in-one solution in which the photon absorption and electrochemical processes 

take place in the same electrochemical device usually based on a semiconducting material, coupled 

with a catalyst, immersed in aqueous electrolyte. The second configuration comprises instead a 

photovoltaic module and an electrolytic cell, electrically connected together. Despite the fact that PV-

biased electrolytic cells currently 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 PV-biased electrolytic cells performance [277,278]. 

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

energy required for the water splitting process, which is based on the following redox half-reactions:  

4H+ + 4eī Ÿ 2H2                (1) 

2H2O Ÿ O2 + 4H+ + 4eī     (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 solar-to-hydrogen efficiency (ɖSTH) is defined by the following equation: 

ʂ
ȿ ȿ Ȣ

!-ρȢυ'   (3) 

where JSC is the short-circuit photocurrent density, ɖF is the faradaic efficiency associated to H2 

evolution, and PIN is the photoexcitation power density. This formula is obtained by considering 

standard air mass 1.5G (AM1.5G) illumination conditions [279]. The choice of the proper 

semiconducting material for the PEC cell fabrication is crucial, since the ɖSTH parameter is directly 

related to its light absorption, charge carrier generation/separation efficiency and charge transport 

[279ï282]. 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 H+/H2 redox level ( Ὁ  = 0 V versus standard hydrogen electrode, SHE) and higher than 

the O2/H2O redox level (Ὁ  = 1.23 V versus SHE) respectively [279,283]. The outstanding 

photophysical properties of inorganic semiconductors have been exploited in PEC cells. In particular 

Si, III-V semiconductors and copper-based chalcogenides have been employed [284,285]. However, 

the use of these materials is limited by the associated high manufacturing costs and limited stability 

in aqueous environment [284]. Among the possible alternatives, semiconducting polymers are 

promising candidates, mainly because: (1) their energetical properties can be tuned by the chemical 

modification of their structure with functional groups or heteroatoms [286,287]; (2) they can be 

synthetized and processed by taking advantage of high throughput, cost-effective techniques [288]; 

(3) they present a high absorption coefficient (over than 105 cm-1[150]) within the solar spectrum; (4) 

in specific configurations, their charge carrier mobility can be comparable to the one of amorphous 

Si [289]. In particular, rr-P3HT demonstrated to be highly suitable for this purpose. The charges 

photogenerated by rr-P3HT 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 below the Ὁ  

potential [290]. In addition, it presents a good photoelectrochemical stability in aqueous environment, 

exploited in many biological applications, discussed in section 1.1 [66,72,109,132,291]. ITO/P3HT 

was the first configuration tested, showing photogenerated currents in the order of tens of µA cm-2 in 

acidic environment [132,292,293]. However, HER gives only a small contribution to this signal (in the 

order of sub- µA cm-2). The major part of the recorded photocurrent is due to the Oxygen reduction 

reaction (ORR), given the favorable energy alignment at the polymer/electrolyte interface displayed 

by rr-P3HT for this reaction [78,273]. The photocathodes based on the bare rr-P3HT were improved 

by incorporating electron accepting molecules in the structure, such as C60 [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 order of magnitude 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 solid-state organic solar cells (OSCs) [290,296]. The research was 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, Guerrero et. al. [291] gave 

a fundamental contribution to the understanding of the rr-P3HT-based PEC cells working principles. 

First of all, they studied 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 redox couple it is possible 

to provide both electrons and holes to the organic electrolyte, demonstrating the possibility to extend 

the applicability of the system also to photo-induced anodic processes. Moreover, the authors carried 

out continuous-wave photoinduced absorption spectroscopy (CW-PIA) 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 III (cobaloxime), a homogeneous catalyst for HER, 

and HCl as a proton source. In these conditions cathodic photocurrents of about 1 mA cm-2 were 

recorded, demonstrating for the first time the possibility to perform efficient HER using a 

semiconducting-polymer based photocathode. The results achieved by Guerrero et. al. pointed out 

that the poor HER efficiency of the bare BHJ-based electrodes is 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 the integration of good catalyst for HER, like Pt [297], in the rr-P3HT-

based photocathodes structure. An example is the work made by Haro et. al. [273], in which the 

ITO/P3HT:PCBM BHJ configuration was implemented by sandwiching the photoactive layer 

between crosslinked PEDOT:PSS and TiOx thin films, acting as 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 HER-associated photocurrents up to 1 mA cmī2 
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and a H2 generation rate of 1.6 ɛmol h
ī1 cmī2 at 0 V versus RHE. This result confirm that 

P3HT:PCBM maintain its photogeneration capability also in aqueous environment and opens the way 

to the development of new stable multi-layered semiconducting polymer-based photocathodes for 

hydrogen evolution. 

 

A.5.2 hybrid organic-inorganic photocathodes for hydrogen evolution 

 

As discussed in section A.5.1, the rr-P3HT photogeneration capabilities can be exploited for the 

fabrication of photocathodes for hydrogen evolution, but rr-P3HT 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 reaction [273,291]. For this 

purpose we fabricated hybrid organic/inorganic devices, comprising (from bottom to top): (1) a 

semitransparent electrode of fluorine-doped Indium Tin Oxide (FTO); (2) Ŭ-MoO3 as the hole 

selective layer (HSL), obtained by Mo sputter deposition, followed by thermal oxidation (3) a spin-

coated photoactive layer of P3HT:PCBM BHJ (4) a layer of amorphous TiO2, deposited 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.5.1 a) (see section A5.3 for further 

experimental details) [141]. In this configuration, a built-in 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 voltammogram carried out in a 0.1 M H2SO4ï

Na2SO4 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 conditions. From this 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 density of 10 
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µA cm-2, and the maximum photocurrent density value reached at the minimum applied potential. By 

looking at the I-V traces of the devices constituted by only a part of the complete device, the 

contribute of each layer to the device performance can be evaluated. The FTO/BHJ sample, 

comprising only the photoactive layer, shows the lower photocurrent density at -0.3V vs. the standard 

reversible hydrogen electrode (RHE) (2.5 µA cm-2). When the surface of FTO/BHJ is covered by Pt 

the performance is enhanced, exhibiting an OP value of 0.0 V vs. RHE and a maximum current 

density of 400 µA cm-2 at -0.3 V vs. RHE. The introduction of a layer of TiO2, having the role of both 

Pt support and ESL, the current density is more than doubled (about 1 mA cm-2 at -0.3V), increasing 

the OP value to 0.2 V vs. RHE. The incorporation of Ŭ-MoO3 between FTO and BHJ lead to the 

complete device configuration, reaching the higher efficiency, characterized by about 3 mA cm-2 at 

0 V vs. RHE, increasing to 3.8 mA cm-2 at -0.3 V vs. RHE, with an OP value of 0.55 V vs. RHE. The 

performance of this hybrid organic-inorganic photocathode lies among the best efficiencies reported 

from photocathodes comprising organic photoactive materials [298], generating a photovoltage 

comparable to the best P3HT:PCBM BHJ based solar cells [299], and competitive with Cu2O and Si 

based photocathodes [300,301]. The stability of the photocathode is evaluated by performing 

chronoamperometry measurements 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 decline linearly reaching 

less than 1 mA cm-2 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 is due to the presence of the Ŭ-MoO3 and TiO2 films. The peak in efficiency after 25 

minutes it is ascribed to an intercalation of small cations (H+ and Na+) inside the Ŭ-MoO3 structure 

that firstly lead to an increase in the Ŭ-MoO3 HSL layer conductivity, favoring the injection of 

electrons in the BHJ, and then the photocurrent measured at the device/electrolyte interface. 

Unfortunately, this process implicates the reduction of Ŭ-MoO3 to substoichiometric phases (MoO3-

xOHx, MoO2), probably through an H2 insertion/H2O extraction mechanism, leading 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 of Ti3+ states, acting as traps 

for photogenerated charges, further decrease the photocurrent density and then the photocathode 

efficiency. 

 

 

Figure A.5.1. (a) SEM micrograph depicting the complete architecture of the hybrid organic-inorganic 

photocathode.  (b) Energy band edge positions of the different layers that compose 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 MoO3 energy band diagram represent the levels coming from the protonation of the MoO3 

layer. (c) Linear sweep voltammogram of the complete photocatalytic device and the ones comprising only 

specific layers, acquired in 0.1 M H2SO4ïNa2SO4 solution (buffered at pH 1.37) and by illuminating the device 

with a chopped light source (450W Xe lamp equipped with an AM1.5G fi 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 the HSL and ESL layers. The 

illumination conditions are the same of the ones employed for the linear sweep voltammetry measurements.  

 

The quantitative evaluation of the H2 evolving capability of the hybrid photocathode are carried out 

by performing chronoamperometry experiments under illumination and by simultaneously measuring 
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the presence of evolved hydrogen by in-line 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 processes, like non-faradaic 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. 

 

Figure A.5.2 (a) H2 concentration monitored by GC (left y-axis) during hybrid photocathode 

chronoamperometry measurement under continuous illumination in pH1 electrolyte. Red trace refers to the 

expected H2 concentration obtained from the measured photocurrent during chronoamperometry 

measurements. (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 (CuI) (thickness less 10 nm, figure 

A.5.3 a) [163] (see section A5.4 for further details on the fabrication process). CuI 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 the energy levels in the final device 

configuration (figure A.5.3 b). 
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Figure A.5.3. SEM image in cross-section (a) and energy band diagram (b) of the hybrid organic/inorganic 

photocathode implemented with the CuI HSL. 

 

This new configuration leads to a dramatic improvement of the photocatalytic device performance, 

exhibiting a maximum photocurrent density of 7.1 mA cm-2 at 0 V vs. RHE and a high OP value of 

0.702 ± 0.007 V (figure A.5.4 a). From the comparison with the partial configurations it is clear that 

the CuI interlayer has the main contribution in the overall performance enhancement, since when it 

is not present, a photocurrent less than 100 µA cm-2 at 0 V vs. RHE is reached, with an OP value of 

0.171 V vs. RHE (figure A.5.4 b). Instead, the devices that comprise CuI HSL and lack the TiO2 ESL 

show a higher photocurrent (1.5 mA cm-2 at 0 V 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 catalyst exhibit an expected decrease in performance (600 mA cm-2 at 0 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 efficient electron extraction at the 

device/electrolyte interface (figure A.5.4 b). 
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Figure A.5.4. Linear sweep voltammogram of the CuI-implemented full photocatalytic device architecture 

compared to the TiO2-lacking one (a) and of partial configurations without CuI and Pt (b). Measurements are 

carried out in 0.1 M H2SO4ïNa2SO4 solution (buffered at pH 1.37) by illuminating the device with a chopped 

light source (450W Xe lamp equipped with an AM1.5G fi lter, one sun intensity).  

 

The stability of the device is assessed by chronoamperometry 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 

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

A.5.5 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 CuI-implemented photocathode. The illumination conditions are the same of the ones employed 

for the linear sweep voltammetry measurements. Top-view SEM (b) and HR-SEM magnification (c) 

micrographs of the CuI-implemented hybrid photocatalytic device acquired after 1 hour of potentiostatic 

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 its good adhesion 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, PEI is solution-processable 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 PEI-protected full device architecture confirm this picture, 

showing a 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 illuminated PEI-protected full device architecture, before 

and after chronoamperometry recording, compared to the unprotected device (b) Chronoamperometry test of 

the PEI-protected photocathode. 

 

The implemented hybrid organic-inorganic photocathode is finally tested in experiments for the 

quantification of the hydrogen production, in the same conditions employed in the case of the first 

photocathode version without the CuI and PEI layers. The results obtained (figure A.5.7) show that 

the device is characterized by a 100% faradaic efficiency for hydrogen evolution, confirming that the 

enhanced photocathodic current, due to the introduction of CuI as HSL, is related only to the water 

reduction reaction, and that the PEI layer does not interfere with the process. 
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Figure A.5.7. Chronoamperogram at 0 V vs. RHE (pink trace) superimposed to the simultaneously 

quantified H2 concentration (blue dots) of the hybrid photocathode implemented with the CuI and PEI layers. 

The faradaic efficiency is represented by gray columns (right y-axis). 

 

 

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

 

Glass/FTO coated soda-lime glass substrates (sheet resistance 15 Ý sq-1) were cleaned according to 

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 furnace operating in 

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 of O2 gas process pressure, background gas 

pressure 0.2 Pa). Then, A pulsed-DC magnetron sputtering 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 x 10-3 Pa before each deposition. The discharge operating 

pressure was 1 Pa and argon gas flow 110 sccm; the targetïsubstrate distance was fixed at 50 mm. 

Mo metal films were thermally treated in a muffle furnace operating in air at 500 °C for 30 minutes 

for obtaining alpha-phase orthorhombic MoO3 films. rr-P3HT and PCBM were dissolved in 

chlorobenzene at a 1:1 weight ratio and 25 mg ml-1on a 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 protocol with 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-

1and total drop-casted solution volume was 100 mL for each sample. This spin casting protocol 

produces an P3HT:PCBM blend (BHJ) layer 200±20 nm thick, as measured by means of profilometry 

experiments.  TiO2 films were deposited on top of the FTO/MoO3/BHJ architecture by means of 

pulsed laser deposition using a TiO2 target in an Ar/H2 atmosphere (H2 content 3.1% mol) at a total 

pressure of 15 Pa. A pulsed excimer laser (Coherent KrF, ɚ = 248 nm) was set at a pulse repetition 

rate of 20 Hz with 400 mJ energy per pulse and a fluence of 2.5 J cm-2. Pt deposition was deposited 

on top of the obtained multilayered architecture using a pulsed-DC 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 targetïsubstrate distance at 80 mm. Finally, the FTO/MoO3/BHJ/TiO2/Pt devices were 

thermal annealed in a N2 atmosphere 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/CuI/BHJ/TiO 2/Pt/PEI devices  

 

CuI (97% purity) was dissolved in acetonitrile at 10 g l-1 concentration. The solution was filtered by 

using Polytetrafluoroethylene (PTFE) filters with a cut-off dimension of 450 nm. CuI deposition on 

cleaned glass/FTO substrates was carried out by spin coating in one single step (3000 rpm rotation 

speed for 60 s). Then, the BHJ, TiO2 and Pt layers were added following the same fabrication 

procedure described in appendix A.3.1. branched polyethyleneimine (PEI, Mw 25 000 g mol -1) for 

the realization of the protective 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 photocathode. 
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A.6  Fabrication of ITO/CuI/P3HT:PCBM/TiO 2 devices 

 

This device architecture was obtained following the same fabrication steps employed for the 

deposition of the CuI, P3HT:PCBM (BHJ) and TiO2 layers described in section A5.4, starting from 

planar glass/ITO substrates cleaned by subsequent rinses in an ultrasonic bath by using distilled water, 

acetone and isopropanol (10 minutes each), and dried with a N2 flux. 

 

A.7  HEK -293 cells cultures and electrophysiological measurements 

 

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

(2 µg mLī1 in PBS buffer solution) was deposited on the polymer surface of all devices and incubated 

for 1 hour at 37 ºC, in order to promote cellular adhesion. Excess fibronectin was then removed by 

rinses with PBS prior to cell plating. Human Embryonic Kidney (HEK-293) cells were cultured in 

cell culture flasks containing DMEM with 10% FBS, 100 µg mLī1 penicillin and 100 µg mLī1 

streptomycin. Culture flasks were maintained in a humidified incubator at 37 °C with 5% CO2. When 

at confluence, HEK-293 cells were enzymatically dispersed using trypsin-EDTA and then plated on 

the different devices at a concentration of 20.000 cells cmī2.  

Intracellular recordings were performed with a patch-clamp setup (Axopatch 200B, Axon 

Instruments) coupled to an inverted microscope (Nikon Eclipse Ti). Devices were optically excitated 

with a LED system (Lumencor Spectra X) fiber-coupled to the fluorescence port of the microscope. 

The samples were illuminated from the bottom, substrate side, with light pulses characterized by the 

central emission wavelength, intensity and time duration specified in the main text. Spot size was 

0.23 mm2. HEK-293 cells were measured after 3÷5 days in vitro (DIV) in whole-cell configuration, 

using glass pipettes (3÷6 Mɋ) filled with the following intracellular solution [mM]: 12 KCl, 125 K-

Gluconate, 1 MgCl2, 0.1 CaCl2, 10 EGTA, 10 HEPES, 10 ATP-Na2. The extracellular solution 

composition was [mM]: 135 NaCl, 5.4 KCl, 5 HEPES, 10 Glucose, 1.8 CaCl2, 1 MgCl2. 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 measurements were performed with the same patch-clamp setup, light source and 

illumination protocols employed in the case of whole-cell patch-clamp measurements. Recordings 

were carried out in voltage clamp configuration by micro-manipulating freshly pulled glass pipettes 

(3÷6 Mɋ) in the close proximity (~ 2 ɛm) of the polymer-aqueous electrolyte interface. Both the 

pipette and the bath were filled with electrolytic solution to avoid junction potentials artifacts. The 

electrolytic solution composition was the same as the 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 

measurements 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 rr-P3HT-based devices 

 

B.1 Fabrication 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 (10 minutes each), and then dried with a N2 flux. For the fabrication 

of mesoporous substrates, an ITO nanoparticles (ITO NPs) dispersion in ethanol was prepared 

(100 g lī1), and treated with a probe sonicator (Branson digital sonifier) for 30 minutes at 10% power. 

ITO NPs were then deposited onto cleaned ITO-glass substrates by spin coating (speed 1000 rpm, 

acceleration 1000 rpm sī1). The deposition was repeated 4 times for each device, keeping the samples 

in vacuum after each deposition step for complete solvent evaporation. In between subsequent spin 

coating sessions, ITO NPs dispersion was sonicated in an ultrasonic bath at room temperature. The 

mesoporous ITO NPs substrate was finally annealed at 200 °C under nitrogen atmosphere. rr-P3HT 

chlorobenzene solution (concentration, 10 g lī1) was stirred at 50 °C for 15 hours prior to spin coating 

deposition and finally deposited both on mesoporous and on planar ITO substrates (1500 rpm, 

acceleration 1496 rpm sī1). 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 N2 

atmosphere) completed the fabrication process. 

 

B.2 Morphological, electrical and electrochemical characterization 

 

The work function of the different ITO electrodes was evaluated in air by using an ambient Kelvin 

Probe (KP) set up (KP Technology, series 7), calibrated towards a reference gold substrate. 

Micrographs of the devices were acquired by using a Zeiss SUPRA40 field-emission scanning 

electron microscope (SEM) using an operating voltage of 5 kV and a working distance of 2 mm. 
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An Agilent 5500 Atomic Force Microscope (AFM) in tapping mode at 25 ºC was used for the 

morphology investigation of both the mesoporous and planar systems. The tip employed for the 

measurement was a silicon non-contact probe (NANOSENSORS PPP-NCHR, Nanoworld AG, 

Switzerland) with a force constant of 42 N m-1, a resonance frequency of 330 kHz and a tip radius of 

curvature < 10 nm. Scans were performed over one-length scales (1x1 µm) at a scan speed of 0.5 Hz. 

Root Mean Square (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. The specific surface areas were calculated using the multi-point BET 

(BrunauerïEmmettïTeller) model, considering 9 equally spaced points in the P/P0 range from 0.10 

to 0.30. P0 is the vapor pressure of krypton at 77 K, corresponding to 2.63 Torr. Prior 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 (Autolab potentiostat PGstat 302N, Metrohm) both in dark and in light conditions, with light 

incident from the ITO substrates. A continuous light source (Thorlabs LED M470L3-C5) was used 

(photoexcitation density, homogeneous over the whole sample area, 2.73 mW mmī2, emission 

wavelength peak, 470 nm). 0.2 M 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 working electrode, a platinum wire as the counter electrode 

and saturated-KCl Ag/AgCl as the reference electrode. Impedance spectra were recorded in the 

0.01 Hz ÷ 100 kHz frequency range with an AC amplitude of 0.02 V. For the measurements at 

equilibrium, a constant bias (Veq) 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/AgCl for the ITO/P3HT device and 0.33 V vs. Ag/AgCl for the 

ITO/ITO NPs/P3HT device). All Veq values have been specifically marked in Figure 3. For the out 
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of equilibrium studies, external bias was varied within the range ī0.3 V ÷ 0.36 V vs. Ag/AgCl. 

Nova 2.0 software was used for data analysis. 

Photocurrent measurements were carried out using the same electrochemical set up employed in the 

case of the EIS measurements, by applying fixed potential ranging from 0.3 V to ī0.2 V vs. Ag/AgCl 

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

light source (Thorlabs LED M470L3-C5) connected to a function generator (Keithley 50MHz 3390) 

modulating the illumination in pulses of 250 ms duration. The illumination density, homogeneous 

over the whole sample area, was 2.73 mW mmī2 and the emission wavelength peak was 470 nm. 

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 during 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-100) for 1h at room temperature; nuclei were stained with 4ô,6-diamidino-2-

phenylindole (DAPI) 1µg ml-1 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 pill ars-based devices 

 

C.1  rr -P3HT pillars fabrication  

 

C.1.1 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 

put inside 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 4x5mm2 PDMS area was patterned with micro-holes array, 2 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 mode-locked femtosecond laser source based on Yb:KGW active 

medium (Light Conversion, Pharos) 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 writing parameters 

was carried out. As an optimal result, using the second harmonic ɚ = 515 nm, we obtained the 

following "solution": 50 pulses on the same position with 100 kHz repetition frequency and 15 mW 

average power. The laser beam is statically focused on the surface 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 air-bearing translation stage (Aerotech, ABL 1000 series) with a resolution 

up to 20 nm. Usually 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 ratio and homogeneity. 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 (10-2 ÷10-3 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 unprocessed area - thanks to the increase 

in their average free path and to the low kinetic energy. In this way the obtained structure geometry 

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 mm2 slides and washed by subsequent rinses in an 

ultrasonic bath by using distilled water, acetone and isopropanol (10 minutes each), and then dried 

with a N2 flux. rr-P3HT was dissolved in o-dichlorobenzene (20 g l-1) and stirred for one night at 

50°C. A 1 µl drop of the rr-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 mold was gently 

removed ending up with a 4x5 mm rr-P3HT pillars array surrounded by flat rr-P3HT region deposited 

on top of glass/ITO substrates. 

 

C.2  Electrochemical characterization 

 

Electrochemical Impedance Spectroscopy (EIS) was carried out in KrebsïRingerïHepes (KRH) 

extracellular solution (composition [mM]: 135 NaCl, 5.4 KCl, 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 rr-P3HT-based devices (section B.2) The planar rr-P3HT 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 planar rr-P3HT, flat glass/ITO/P3HT devices were 

employed. Impedance 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 rr-P3HT flat and pillars cases respectively). Nova 1.8 software was used for data 

analysis. 

Glass/ITO/P3HT flat samples for electrochemical measurements were prepared by spin-coating 

(speed 1600 rpm, acceleration 1600 rpm s-1) a 20 g l-1 rr-P3HT solution in o-dichlorobenzene on top 

of 18x18 mm2 glass/ITO slides. 

 

C.3  Cell cultures preparation 

 

HEK-293 cells were plated on the rr-P3HTpillars-based substrates following the same procedure 

described in the case of planar rr-P3HT-based devices (section A.7). 

Primary cortical neurons cultures were prepared from 18 to 19-day-old rat embryos (pregnant females 

were obtained from Charles River Laboratories). Prior to neurons plating, the micro-structured rr-

P3HT devices were sterilized in oven at 120 °C for two hours and treated with a poly-L-lysine 

solution ( 1mg/100ml of Buffer 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 of 60.000-

75.000 cells cm-2 in Neurobasal medium supplemented with 1% Penicillin and Streptomycin; L-

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 incubator at 37 °C with 5% CO2. 

After 4 DIV half of the medium was replaced with Neurobasal 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 neurons after 14DIV, 

HEK-293 cells after 1DIV) was accomplished by HOECHST 33342/NucGreen Dead 488 

ReadyProbes assay. The flat/pillar rr-P3HT substrates were incubated in KRH extracellular 

containing the two dyes (HOECHST 33342 10 µg ml-1 and NucGreen Dead 488 ReadyProbes 

Reagent 2 drops ml-1) 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-S 

epifluorescence inverted microscope. Standard DAPI and FITC filter sets 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 obtained on the flat and micro-structured regions were compared (n = 450 

cells for each substrate type). 

 

C.5  Scanning electron microscopy (SEM)  

 

To evaluate cells morphology and spreading, HEK-293 cells (1DIV) and primary neurons (14DIV) 

plated on flat/pillars rr-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 air-drying; (3) evaporation of a thin gold layer on top of samples surface 

(thickness 6 nm, 1.5 nm Cr adhesion layer). rr-P3HT pillars-based devices without cells instead, did 

not require any treatment prior to SEM images acquisition. All SEM micrographs were acquired by 

using a TESCAN MIRA III 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 fibronectin-coated rr-P3HT flat/pillars substrates for 2 DIV were washed 

twice with PBS and fixed for 15 min in 4% paraformaldehyde and 4% sucrose in 0.12 M sodium 

phosphate buffer pH 7.4, at RT. Labeling with phalloidin-FITC was applied in GDB buffer (30 mM 

phosphate buffer, pH 7.4, containing 0.2 % gelatin, 0.5 % Triton X-100, and 0.8 M NaCl) for 2 hours 

at RT. Nuclei were marked with DAPI (5 minutes incubation in PBS). Fluorescence images were 

acquired with the same microscope employed for the viability assay, using standard FITC and DAPI 

filters set for recording the fluorescence emission of the phalloidin-FITC and DAPI stained actin and 

nuclei. Cells top-view surface area and shape parameters were quantified using Imagej software. Cells 

shape was evaluated in terms of circularity c (4ˊ * [cell area]/[cell perimeter]2, c = 1 indicates a 

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 the cells top-view surface area. Mean 

values have been obtained by averaging over a statistical ensemble of n = 100 cells for each substrate 

type.   

Rat cortical neurons were fixed at DIV14 in 4% paraformaldehyde plus 4% sucrose at room 

temperature. AntiMAP2 (1:200, Abcam, GR143561) was applied in GDB buffer (30 mM phosphate 

buffer pH 7.4, containing 0.2% gelatin, 0.5% Triton-X-100 and 0.8M NaCl). Morphologic analysis 

of dendrites was performed on the signal 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, NY) to evaluate 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 quantification is indicated in the figure legends. Statistical significance was 

determined by one-way 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 inverted fluorescence 

microscope (Nikon eclipse Ti-S). Intracellular recordings of primary cortical neurons were carried 

out after 14DIV with an Axopatch 200B (Axon Instruments) in whole-cell configuration, using 

borosilicate glass pipettes (3-6 MÝ). Recordings were performed in KRH extracellular solution and 

in current clamp configuration, with and without applying a current ramp (20 pA current steps, 

ranging from 0 pA up to 200 pA) for evaluating the neuron firing threshold. The patch pipette was 

filled with the following solution [mM]:  126 K-Gluconate, 4 NaCl, 2 MgSO4, 0.2 CaCl2, 0.08 Bapta, 

9.45 Glucose, 5 Hepes, 3 ATP, and 0.1 GTP. Responses were amplified and stored with pCLAMP 10 

(Axon Instruments), and resting membrane potentials were corrected for a -15 mV junction potential 

offset, evaluated using pClamp10 junction potential calculation tool. All data were elaborated with 

Origin 9.0 software. Neurons top-view surface area was measured from bright field images 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, anti-PSD95 (used at the concentration of 1:200, and obtained by 

Neuromab, cat. n. 444-1LC-49), anti-vGAT (1:100, SynapticSystem, 131002), anti-v-GLUT 

(1:200,SynapticSystem, 135303), anti-Synapsin (1:400, SynapticSystem, 106002) and secondary 

antibodies FITC- conjugated anti-mouse (1:100, Jackson ImmunoReserch, 715-095-150), FITC- 

conjugated anti-rabbit (1:100, Jackson ImmunoReserch, 711-095-152) and  Cy5- conjugated anti-

mouse (1:100, Jackson ImmunoReserch, 715-175-150) were applied in GDB buffer (30 mM 

phosphate buffer pH 7.4, containing 0.2% gelatin, 0.5% Triton-X-100 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 coverslips 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 synapse density was calculated as number of 

synapses per length of dendrites. Statistical significance was determined by one-way ANOVA 

Bonferroni post hoc test.   

 

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

 

Glass/ITO planar substrates (surface area = 1 cm2) were cleaned by subsequent rinses in an ultrasonic 

bath by using distilled water, acetone and isopropanol (10 minutes each), and then dried with a 

N2 flux. 1,2-diclorobenzene solution of rr-P3HT (molecular weight 15000 ÷ 45000, concentration, 

60 g lī1) was stirred at 50 °C for 15 hours for completely dissolving the polymer. The solution was 

then drop-casted on top of the glass/ITO substrate (drop volume = 20 µl), heated at 90°C for 2 

minutes, and finally annealed at 120°C for 2 h. The thickness of the rr-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 mori degummed silk fibers (2 g) were dissolved in a LiBr solution (9.3 M, 10 mL) at 60° C 

for 90 min obtaining a 20% (w/v) solution. A dialysis tubing (molecular cut off weight of 12 000 Da) 

was used for dialyzing the solution in water for 48 h at room temperature to remove the LiBr salt. 

The aggregates formed during dialysis were removed by 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 present the negative structure of the final micro and nano-patterns (for details about the 

fabrication of the PDMS masters see ref. [223]) and dried at room temperature for 24 h. Once 

solidified, the fibroin films were carefully removed from the PDMS master and subjected to a water 

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

the crystallinity of the silk-based material and makes it insoluble in water. 

 

D.2  Scanning electron microscopy (SEM) 

 

Prior to Scanning electron microscopy (SEM) images acquisition, silk substrates were attached to 

glass slides using adhesive tape, air-dried 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 III scanning electron microscope (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-H2O. Then, a layer of fibronectin (2 µg ml-1 in PBS buffer solution) was deposited on the 

samples surface and incubated for 1 hour at 37 ºC, in order to promote cellular adhesion. Excess 

fibronectin was then removed by rinses with PBS prior to cell plating. HEK-293 cells were cultured 

on top of the different substrates following the same procedure adopted in the case of rr-P3HT-based 

devices, described in section A.7. Cells proliferation was assessed after 24, 48, 72 and 96 hours in 

vitro performing the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. For 

each time point, the growing medium was replaced with RPMI medium without phenol red containing 

0.5 mg ml-1 of MTT and the samples were maintained in dark at 37 °C for 3 h. Then, the medium was 

removed, and the samples were air-dried at room temperature. Dry samples were subsequently 

immersed in 200 ɛl of ethanol in order to dissolve the formazan salt produced by cells through 

reduction of MTT. The proliferation cell rate was calculated as the difference in absorbance at 560 

nm and 690 nm. 

 

D.4  Bacterial cultures preparation 

 

The gene encoding eGFP was PCR amplified from a pDONR-P2R-P3 vector carrying the eGFP 

coding sequence, and cloned into a pET23a(+) by conventional methods using NdeI and XhoI 

restriction sites (Table PRIMER). The resulting construct pET23a(+)-eGFP was sequence verified, 

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

Table PRIMER. Primer sequence (5ô-3ô) used in this study.*Û 

eGFP 
ForwardNat ccccccatatggtgagcaagggcgaggagc 

Reverse1 ggtctggctcgaggtacagctcgtccatgcc 

*: the restriction sites for NdeI (forward) and XhoI (reverse) are underlined. 
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Bacterial cells were similarly cultured as previously described (ACS Biomater. Sci. Eng. 2016, 2, 

1862-1866). Briefly, a single colony, from the bacteria carrying the pET23a(+)-eGFP construct, was 

inoculated in Luria Bertani (LB) broth in presence of Ampicillin (50 ɛg/ml) and incubated overnight 

at 37ºC until stationary phase is reached. The bacterial culture was then diluted to O.D 0.1 (1x107 

CFU ml-1) 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, isopropyl-1-thio-D-

galactopyranoside (IPTG) was added to the bacterial culture at a final concentration of 1 mM, 

following a 24-hours incubation at 25 ↔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-H2O and covered by a drop of water. Fluorescence images for the evaluation of the bacteria 

adhesion grade on the different substrates were acquired using an inverted fluorescence microscope 

(Nikon eclipse Ti), by exciting with a 470 nm light source (Lumencor Spectra X) and 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 independent samples.  

 

D.6 Water contact angle measurements 

 

Silk-based samples were attached to glass slides using adhesive tape and air-dried overnight. Then, 

photographs of 5 µl water droplets deposited on the different substrates were taken using an optical 

contact 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 water droplets deposited 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), silk nano-

stripes (c), µ wells2 (d) and µ wells1 (e) samples. 

 

D.7 rr -P3HT deposition on silk substrates 

 

Wet flat and patterned silk substrates were anchored on glass slide using adhesive tape and air-dried 

for one night. rr-P3HT was dissolved in o-dichlorobenzene (5 g l-1) and stirred for one night at 50°C. 

rr-P3HT solution was deposited on dry silk substrates by spin coating (speed 1500 rpm, acceleration 

1600 rpm s-1) and the obtained samples were left in vacuum for 40 minutes. 
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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 solution of rr-P3HT (Mn 54.000ï75.000 molecular 

weight) in chlorobenzene (20 g/l, Sigma Aldrich) on top of glass/ITO substrates (15 ɋ/sq) by spin-

coating (two-steps recipe: i) 3 s at 800 rpm, ii) 60 s at 1600 rpm), after a careful cleaning of the 

substrates trough subsequent ultrasonic baths of ultrapure water, acetone and isopropanol. Polymer 

film thickness is about 150 nm. All films were thermally treated in an oven at 120°C for 2 h for 

annealing. 

Prior to guard cells viability assay, 6-week-old Arabidopsis Thaliana leaves were attached to 

microscope cover glasses (0.17 µm thickness) using a Medical adhesive and by gently pressing them 

with a paintbrush. The leaves were then immersed in the imaging solution (5 mM KCl, 10 mM MES, 

10 mM Ca2+, pH 5.8 adjusted with Tris) after carefully removing the upper cells layer using a razor 

blade. Then, the obtained peeled leaves were incubated with fluorescein-diacetate (FDA, 4 µg/ml in 

imaging solution) for 20 minutes. Then, bright field and fluorescence images of the FDA-stained 

guard cells were acquired with an inverted fluorescence microscope (Nikon Ti-E) using a 20X 

objective (NA 0.75) and standard FITC filter set. Plant samples were subsequently interfaced with 

ITO/P3HT devices, and both rr-P3HT-treated and untreated leaves were photoexcited with green light 

focalized by the microscope objective (ɚ = 540 nm, light intensity on the sample: 64 mW/mm2) for 2 

minutes. The acquisition of bright field and fluorescence images of the FDA-stained 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 obtained from the ratio between the FDA-stained 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. 

 



151 
 

E.2  rr -P3HT Nps fabrication and characterization 

 

rr-P3HT NPs were prepared as previously described, following the reprecipitation method [126]. 

Briefly, a solution of rr-P3HT in tetrahydrofuran (THF, Sigma Aldrich) was added drop-wise to mQ-

water under magnetic stirring. The colloidal dispersion obtained was subjected to dialysis against 2 l 

of water overnight, for removing the residual organic solvent. The rr-P3HT-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 of samples with 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 TECAN Spark 10M Plate reader, respectively. The rr-P3HT Nps 

dispersions administered to the plant systems during the experiments described in this work are 

characterized by an average hydrodynamic radius 237 ± 82 nm and a polydispersity index of 0.12.  

 

E.3 Calcium imaging experiments 

 

Prior to guard cell Ca2+ imaging, Arabidopsis Thaliana plants leaves, genetically-encoded with NES 

YC3.6 probe, were attached to microscope cover glasses by following the same procedure described 

for the viability assay (see section E.1). The obtained peeled leaves were then immersed in the 

imaging solution (5 mM KCl, 10 mM MES, 10 mM Ca2+, pH 5.8 adjusted with Tris) and put directly 

in contact with ITO/P3HT devices or incubated with rr-P3HT NPs (rr-P3HT NPs in imaging solution, 

OD value: 0.1) for 20 minutes. Ca2+ imaging analysis of the spontaneous guard cells activity were 

carried out with an inverted fluorescence microscope (Nikon Ti-E) using 20X objective (NA 0.75). 

The yellow Cameleon (YC) probe excitation was provided by a fluorescent lamp (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 (ORCA-D2) using a FRET cyan fluorescent protein 

(CFP)/yellow fluorescent protein (YFP) optical block A11400-03 (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 × 4. 

The rr-P3HT photo-excitation was carried out with green light focalized by the microscope objective 

(ɚ = 540 nm, light intensity on the sample: 64 mW/mm2, time duration = 2 minutes). Statistical 

analysis was performed by considering n = 10 guard cells for each condition, belonging to 3 

statistically independent samples.  

The experiments for the evaluation of the reversibility of the rr-P3HT Nps-induced effect were 

performed by adding CaCl2 in the bath (5 mM) at the end of the calcium imaging measurement; or 

by repeating the calcium imaging experiments after leaving the plant samples resting in dark for 20 

minutes. 

 

E.4 Stomatal opening analysis 

 

Arabidopsis Thaliana leaves genetically-encoded with NES YC3.6 probe, were attached to glass 

coverslips and peeled in the same way as for the viability assay (see section E.1). Then, they were 

incubated with imaging solution containing rr-P3HT NPs (rr-P3HT NPs solution OD value: 0.23) or 

SiO2 NPs (average hydrodynamic radius = 260 ± 10 nm, 250 µg/ml) under white light (4000 lux) for 

90 minutes. The 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 stomatal aperture size was 

quantified 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 samples. 
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