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Abstract

The thesis investigates the potential of photoactive organic semiconductors as a new class of materials
for developing bioelectronic devices that can convert light into biological signals. The materials can
be either small molecules or polymevghen these materials interact with aqueous biological fluids,

they give rise to various electrochemical phenomena, including photofaradaic or photocapacitive
processes, depending on whether photogenerated charges participate in redox processes or

accumudte at an interface.

The thesis starts kstudying the behavior of the H2Pc/PTCDI molecular p/n-titim heterojunction
in contact with aqueous electrolyte. An equivalent circuit model is developed, explaining the

measurements and predicting behavior ireless mode.

A systematic study on-tfype polymeric thirfilms is presentedcomparing #P3HT with two low
bandgap conjugated polymeRBDB-T and PTB7. The results demonstrate that PTB7 has superior

photocurrent performance due to more effective eladtansfer onto acceptor states in solution.

Furthermore, the thesis addresses the issue of photovoltage generation for wireless photoelectrodes.
An analytical model based on photoactivated chéngesfer across the orgarsemiconductor/water
interface § developed, explaining the large photovoltages observed for polymesipe p

semiconductor electrodes in water.

Then,flash-precipitated nanoparticles made of the same three photoactive pogmmérgestigated
assessing the influence of fabricationgmaeters on the stability, structure, and energetics of the
nanoparticles. Photocathodic current generation and consequent positive charge accumulation is also

investigated.

Additionally, newly developed porous P3HT tHitms are testedshowingthat porogy increases

both the photocurrent and the semiconductor/water interfacial capacity.

Finally, the thesis demonstrates the biocompatibility of the materialsvitranexperiments and
showssafe levels ophotoinduced intracellular ROS production wittype polymeric thirfilms and
nanoparticlesThe findings highlight the potential of photoactive organic semiconductors in the
development of optobioelectronic devices, demonstrating their ability to convert light into biological
signals and interface withiological fluids.
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1 Introduction

1.1 From traditional bioelectronics to organic optoceuticals

Advances in micreelectronics and material sciences provide new dppiies for biomedical
devices. The interface between the human body and electronic technology is a burgeoning field of
study to realize novel diagnostic and therapeutic tools. Inorganic metals, as well as inorganic
semiconductors and organic electromaterials have been developed for the different purposes that
emerge when biological cells and tissue get in contact with external devices. Metals have been the
first material class to be employed already in tHechtury. Noteworthy are the historiperiments
SHUIRUPHG E\ *DOYDQL ¥stiiModay, noleGndRals \Ardthie post relevant interface

material due to their high conductivity, chemical stability and the good biocompatibility.

Inorganic semiconductors can offer advanced electronic properties bringing optoelectronic
functionalities, diode and transistor capabilities and modern microfabrication techniques for
integrated circuits to the abiotic/biotic interface. SucHtifomnctional properties have significantly
increased the complexity of bioelectronic devices in the last two decades. However;ifordeive
implantable devices, these traditional materials have an important drawback as they do not match the
R U J D Qpaxaignv of soft mechanical compliance. Living tissue is sebOPa organs,-20MPa
ERQHVY DQG FDUWLODJH ZKHUHDV LQRUJDQLF QREOH PHWDO\
modulus (161000GPa). In addition, the traditional materials canntdriace directly with the
cellular communication processes. Electrodynamic signals in the materials are transported by
electronic carriers. In biological signals carriers are instead either ionic currents or molecular
messengers. This incompatibility cresta high impedance for transduction processes across the
abiotic/biotic interface and renders them ssmecific. Given these two major shadmings of
traditional materials, there is a quest for materials science to discover novel materials that are
conpliant to the stringent conditions of implantable devices and offer soft mechanical properties
combined with designed transduction pathways to achieve both, specific recording, and stimulation

of selective biological signals.

Within this framework, organi materials have become very appealing for their vast chemical

diversity as offered by synthetic organic chemistry. Organic materials span over a wide range of



elastic moduli, from the very soft gels (10s of KPa) to the much more rigid molecular criSsale (

100s of GPa). Moreover, conjugatedgpbital systems offer semiconducting properties to organic
materials and with suitable dopants or with field effect, metallic conductivity can be realized in
organic materials. In addition, the semiconductirgpprties are relevant for interesting photoelectric

or photoelectrochemical properties. Furthermore, composite organic polymer structures can be
realized that offer mixed electric and ionic conductivity. This last attribute allows for a low impedance
interface with the cellular environment which is not easily achieved with metals, and which is being
developed in the last decade. Accordingly, such materials offer novel perspective-fovdswe

and highly specific interfaces between the biotic and thetiabivorld. In addition, in organic
materials thanks to the broad synthetic possibilities offered by organic chemistry it is possible to add
functionalization both inside the material to change the elegitic properties, and on its surface to
tune the mteractions with the surroundings thus opening a large space for tuning multifunctional

properties.

When an external body comes into contact with living cells, a complex network of interactions is
established. These can span from mechanical stressesapitdtias, to chemical interactions, as

well as concentration gradients, and so on. When, more specifically, such an external body is put into
a living animal, it might undergo a reaction called Foreign Body Reaction (FBR%} the typical

tissue response to a mismatch in mechanical properties or chemical recognition. It usually includes
the formation of a foreign body granuloma, which consists of protein adsorption, macrophages
immune reaction, multinucleated foreign baglgnt cells formation due to macrophage fusion, the
appearance of fibroblasts and finally angiogenesis. In the long term, the FBR results in encapsulation
within fibrotic tissue and eventually in a calcified shell. This response can be most detrintbtal if

aim of the implanted device is the collection of information as well as the bidirectional
communication with a living target. The low elastic moduli that can be achieved with polymeric
organic materials in addition to a suitable biochemical surfaoeifinalization offers novel means

to tackle the FBR problem in future interfaces. Mechanical compliance to the body mechanics allows
further implantation of devices into soft and muscular tissue that is subjected to continuous motion in
the human body. Aexample for such an interface regards peripheral nerves and soft inner organs

such as the beating heart.

An important issue for implantable biomedical devices is the energy supply necessary for operation.
Packaged batteries can only power implants famédd lifetimel® and surgical intervention is
10



required to replace them. With an increase in longevity of patients, the need ftedongustainable
wireless powering and overcoming the finite battery capacity has become imp&atieenatural
progression must then be the development of external powering allowing the complete removal of
wires. Literature reports multiple approaches to the wireless, b#sasrybioelectronics.2°
Extensive research is being conducted to achieve such devices with properties combining soft
mechanical behavior, biocompatibility and small form factdr&2 Wireless power transfer (WPT)

is primarily realized through the electromagnetic field and by -sikand waves. In general,
electromagnic power transmission can be categorized into three types according to the transmission

distance and the employed frequency: #fesdd, far-field, and light.

An emerging approach uses acoustic waves to deliver power and could take advantage of the high
power density and penetration depths up to 88hwohthe ultrasound wave iride tissues. The
received ultrasonic wave can be converted to electrical power through implanted mechanical energy

harvesting, e.g., a piezoelectric or triboelectric nanogeneYator.

Based on electromagnetic inductive coupling between aopamwils, the neafield WPT, e.g., the
nearfield communication (NFC), has been the most widely adopted method for powering implantable
devices. Its prominent advantage is a high transmission efficiency greater thangoid) could
therefore delivem power output of milliwatts to implanted devices. However, the small coverable
transmission distance (a few millimeters) and the strict requirement afdivalignment, limits the

use of neafield WPT to subdermal devicé$.Different from neasfield WPT, farfield WPT
operating at a higher frequency range (megahertz to gigahertz) has larger transmission distances (up

to seweral meters§® However the power transmission efficiency is less than 1%.

Light provides an alternative possibility to power implanted bdebaic devices wirelessly. Light

has the advantage of: superior spagimporal resolutions due to the small electromagnetic
wavelength, lowemvasivenessand higher selectivity with respect to traditional electrical methods.
The efficiency is given byhe implanted photovoltaic system and modern cells can exceed 18% of
conversion efficiency. However, one limitation comes from the opacity of the body tissues to NIR,
visible and UV light. The highest penetration depth is within the so called Therapaatowy

which is located between 626nm and 1316Am.

Organic semiconductors offer several advantages for sucholgiited bioelectronic devic¥s.

They combine biocompatibility, with flexible and even soft meatanproperties, high optical

11



absorption coefficients and photoconversion properties as exploited in organic photovoltaic devices
with efficiencies reaching up to 18%Many organic polymers are in addition stable in the aqueous
environment of biological cells and do to not need a dielectric encapsulation to maintain their
properties. This operbe possibility to engineer direct transduction pathways of light being absorbed
in the organic semiconductor and transduced into a phgbiemical stimulus able to impact on
biological pathways relevant for therapeutic purposes. Even though a conapleduiction chain is
targeted, a potential device could be very simple relying only on the multifunctional properties of a
single organic semiconducting material. Such a kind of optoceutical device would be minimally
invasive due to its wireless activati@mall formfactor and mechanical properties. It would be highly
specific as it is activated only by illumination. Therefore, it would provide an alternative to unspecific

drug-based therapiesr specific lightbased genetic engineering approaches.

The hypothesis of organic implantable phototransducers was successfully tested by different research
groups. An important first example was the demonstration of organienletgkojunctions that could

activate or deactivate neurons in close proximity when itated by strong laser light. Other
demonstrations regard organic semiconducting thin films that activate retinal neurons upon
illumination and that are possible candidates to treat certain blindness conditions. Recently polymer
thin films activated by lighwere also found to impact on differentiation processes of epithelial cells
DQG FRXOG SURYLGH D QRYHO WRRO IRU UHJHQHUDWLYH PH
2UJDQLF 1IDQRWHFKQRORJ\ IRU &DUGLRYDVFXODtdvideWtHOVH" |
frame for this PhD thesis. The objective of the project is to develop an organic semiconductor based
optoceutical that supports the regeneration of cardiac tissue after damage due to heart disease. The
multidisciplinary project covers all thesearch necessary to pursue such an objective and ranges
from materials development by chemists to medical doctors testing the developed devices in large
animal experiments. My part as a physicist was to study the possible pblgsimical transduction
pathways and to provide a microscopic interpretation of the relevant processes occurring at the

semiconductor/water interface.

1.2 State of the art and photophysics of organic optoceuticals

lllumination with photon energies higher than the optical bandgap gesesatitons in organic
semiconductors. The excitons diffuse through the bulk and can split into separated charge carriers.

The low dielectric constant makes exciton splitting unlikely in organic semiconductors and it occurs
12



spontaneously only at very lonwugntum yields. Improved conditions for exciton splitting can be
present at interfaces due to the difference in energy of the neighboring states located in the two phases.
By using the photoelectronic approach, the maximum achievable photovoltage isddugtétes

energy carried by the absorbed photon. Practically this value must be scaled down for multiple
reasons. First, for most of the organic materials the exciton binding energy is much higher (up to
1.4eV of Algg)*than, as a comparison, in Silicon (13mé¥n addition, energy is lost to overcome

the electrical resistance, to overcome energy barriers between materials, and through thermalization
in nonperfectly aligned energigvels, to cite some. Despite all these limitations, it has been proven

in literature that it still is enough to produce sufficient effects in the surrounding biotic envirdiiment.

The ways by which this energy can be exploited to influence the nearby cells are mainly three:
Photothermal, Photocapacitive and Photofaratfaithe photothermal paess results when light
DEVRUSWLRQ FDXVHV DQ LQFUHDVH LQ WKH SRO\PHUYV WH
propagation to the surrounding, generating a temperature gradient through the electrolyte and in the
cell. This effect will not be coverenh this dissertation because we are mainly interested in the
photoelectronic and photoelectrochemical mechanisms, which are more selective, localized, and
efficient. In order to achieve significant changes in temperature light intensities above 500mW are

needed.

The photocapacitive mechanism denotes a situation where the light driven generation of carriers leads
to the formation of a dipole with consequent local transient electric fields occurring at any device
interface. Transient electric fields are dlgiscreened by the redistribution of electronic carriers in

the organic semiconductor and ions in the electrolyte. Examples for interfaces where dipoles can
generate are (i) internal ones between crystallites and amorphous @é)yijeheterojunctions
between different semiconducting layer (i.e. p/n junction) or between semiconductor ant?fiietal,

and (iii) the semiconductor/electrolyte interfdéé8To achieve the stimulation of neuronal cells with
photogenerated transient electric fields, it is important that thedigkhds outside the device and
passes through the target cell. This requires a strong adhesion of the cell to the semiconducting
interface to increase the-salled seal resistance. Else the electric field would be screened by ionic

displacement currentsefore effecting the cell membrane.

The third phototransduction mechanism is called photofaradaic stimulation. This denotes a situation
where light absorption causes the semiconductor to electrochemically reduce or oxidize molecules

that are present it¢ electrolyte. These photoelectrochemical reactions can have different degrees of
13



reversibility but by using organic semiconductors they are often irreversible. Frequently, the reaction
products are reactive intermediates that can react with the semitonididucing degradatioti.But

they can also impact on cellular proteins or other biological structures, initiating in this way a
transduction chain that impact on cellular messaging or phenotype. Photogenerated redox product can
diffuse into the cellfom outside, when generated with a macroscopic thin film devi¢e€or using
sufficiently small devices or semiconducting nanopatrticles, they can be directly generated inside the

cytosol®2351

Looking at the structure of the device, we can teadévision between the use of p/n junctidrig*’

and the use of a single polymer layet?®* Both can be employed in the form of thin films, mostly
prepared with sphtoating techniques and possibly with microstructures able to enhance both cell
adhesion and device performangés®or in the form of nanoparticles. In the last decade, a lot of
attention has grown on the possibility to employ such phenomena as photoactivated biochemical
signals>30435%1 | [iterature we can find examples of heterojunctions employed as photocapacitors
for peripheral nerves stimulati¢fand retina stimulatiot?, as well as for photofaradaie® in-loco
generators! In single polymer device on the other hand, a lot of attention was devoted to P3HT,
which is a wdkknown and widely studied polymeric semiconductor that together a wide range of
polythiophene ring based materials was proven to be biocompatible with batroiand invivo
experiment€*®3The energetic landscape at the interface between this polymer and the electrolyte is
the key factor in its photostimulated respdfs€ leading mainly to the Oxygen Reduction Reaction
(ORR) forming Hydogen Peroxide (¥D2) as an end product. This in turn is the responsible for cell
stimulation through cascade processes which cause eventually a modulation of calcium channel
activity.®* We will see in the following that depending on the alignment between the valence or
conduction band of the OSC and the Density of States (DOS) of the species dissolved in the liquid
phase, thenergetic conditions can be favorable for an electron or hole transfer between the two
material<®. Another interface that has been shown to be important for charge separation, for example
in rr-P3HT#4, is the one that forms between the crystalline and thepdmos fractions. In this case,

after the separation the charge itself would diffuse in the material and if it reaches the interface before

the recombination can cause a redox protess.

Since the energetics at the interface between OS and the electrolyte dictate the redox behavior of the

device, the presence of an additional semicotdg layer to realize a p/n heterojunction could cause

charge more effective generation and accumulation, thus leading to a photocapacitive Behavior.
14



Examples in literature for such a kind of device that have already been successfully employed for
neural photostimulation through cell depolarizatare the HPcPTCDI heterojunctions studied by
Glowacki and coworker$2%06"They were also able to detect and possibly tailor these structures for

photofaradaic production of #,.57:68:6

When such phototransder devices are operated wireless, they are electrically floating. Since there
are no low impedance routes to close the circuit, the only possible pathways for the photogenerated
charges are thus accumulation and recombination or accumulation followeddxyprocesses or

both. In this case the knowledge of the thermodynamics and the kinetics of such materials makes it
possible to develop predictive models for their behavior when no external electronic is connected.
Such a model becomes fundamental whealinig with nanoparticles (NPs) since here it is also not
possible to probe photoelectronic and photoelectrochemical properties without perturbing the system

under examination.

1.3 Overview of the thesis results

In the first chapter of this thesis, | will expighe fabrication and the investigation techniques | used

in this thesis. | start with introducing the tHilm protocol used for macroscopic sample production,
followed by the flash nanoprecipitation technique used to make nanoparticles. Next, spgictrosc
techniques used to probe the energy levels and their optical activity are described. In the case of NPs,
| employed Dynamic Light Scattering (DLS) for the hydrodynamic radii evaluation -fadential

for stability assessment. We developed a Phottveldemical (PEC) cell to study thin films, which

is here introduced, through both electrochemical and photoelectrochemical means such as
voltammetry, impedentiometry, photocurrent spectroscopy and transient photocurrent and
photovoltage investigations. &wming Probe Microscopy (SCM) techniques are then introduced.
Kelvin Probe Force Microscopy (KPFM) is used to evaluate the surface potential andmact

Atomic Force Microscopy (AFM) is used to probe the surface morphology of the films and to
determinethe size and shape distributions of the nanoparticles. Transmission Electron Microscopy
(TEM) is used to supplement the latieformation Finally, | introduce HRPTMB assay for HO-
concentration measurements, and | explatwito techniques such an@ HDCFDA assay for

intracellular ROS evaluation and AlamarBlue assay for cell viability.
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Following the methods, | will present the main results obtained during my PhD studies divided by
topic. | begin with the study of the IFB.PcPTCDI p/n heterojunain where we a detailed
characterization of photoelectrochemical current transients is combined with spectroscopic
measurements, impedance spectroscopy, and local photovoltage measurements to establish a mode
that predicts quantitatively faradaic or cafige current transients. The decisive elements of the
model are the alignment between the energy levels at the interface, influenced by the voltage building
up, and the acceptor molecules in the electrolyte. The result is a comprehensive model of
photocapcitive and photofaradaic effects that can be applied to developing wireless bioelectronic

photostimulation devices.

Then | compare the weklnown P3HT with two other thiophemang based polymers astppe thin

film photocathodes, namely PBBB and PTB7.l quantify their photogeneration capabilities at
physiologic conditions through photocurrent transient analysis andTHBassay. | find a superior
photocurrent generation capability in PTB7 as compared to the other two polymers, which is reflected
in a ketter H2O, photogeneration yield. Additional spectroscopic and structural investigations are
used to compare the energy levels of the materials at the electrochemical interface and their thin film
morphologies to rationalize the differences in materialsfopmances. Finally, | test the
biocompatibility of the new materials both in dark and illuminated conditions and demonstrate
effective intracellular ROS production in-uitro experiments. The findings point to the relevant
physicechemical material propges that will be crucial for novel, less invasive, optically operated

bioelectronic interfaces.

Following this, | report systematic spectroscopic and transient photovoltage measurements on P3HT
and PBDRT thin films in contact with PBS electrolyte to idy the role of the electrolyte and the
impact of electrochemical reactions for photovoltage generation. | compare the measurements to
intrinsic photovoltage generation as observed in capacitively coupled photoelectrodes in the absence
of electrolyte. Bycombining these measurements with electrochemical impedance spectroscopy, |
develop a simple circuital model to explain the large observed photovoltage and itsiduild
dynamics. Based on Butlfolmer kinetics describing the photoreduction process, &ioba
guantitative description ofthe photovoltage transients and charging behavior efype
photoelectrodes. By analyzing the initial photovoltage charging and discharging slopes | identify the

forward and back electron transfer contributioiie findings are of particular relevance to

16



understand wireless, optically triggered bioelectronic transduction as achievedtyith @SC in

the form of transducer patches or micand nanoparticles in contact with biological cells.

Following the work on gype plymeric thinfilms, | report on P3HT, PBDH and PTB7 in the form

of NPs exploring diverse preparation conditions and how they impact on the optical, physical and
photoelectrochemical performances. This with the aim to open the possibility to empldyevaria
routes of low invasive administration, as well as to selective cell targeting down to the subcellular
length scale. Additionally, we demonstrate that there are no adverse responses to administration and
internalization in Human umbilical vein endotlalIcells (HUVECS), employed here as a valuable

model for the study of the endothelium function.

Finally, | describe the work done on porous regiorandom P3HTP@HITI) developed by our
collaborators in POLYMAT (San Sebastj Spain) as a next generationntfilms for biological
applications to enhance the surface area exposed to the electrolyte. The porosity is intended to favor
the photestimulation for the next in vitro and in vivo studies. Based on in depth characterization of
the optical, microscopyJectrical and electrochemical properties of the material in form of thin films
exposed to an electrolyte, | investigated the phototransduction performances-attiggtied redox
processes occurring at the polymer surface. Taking into account that dtweefgdttrochemical
processes highly influence the angiogenesis activity in endothelial cells and modulate the intracellular
Ca&"* concentration in cardiac and endothelial cell mddels®®! the ability of the porous P3HT

based films to generate Reactive Oxygen Species (ROS) upon illumination in ex@atkéul

conditions is evaluated as a function of the pore size.

All the reported studies have been done within the framework of the LIONHEARTED European
project (Horizon 2020). Being active part in this project | had the opportunity to spend my period
abraad at the Chemistry laboratories at EHU/UPV and POLYMAT in San SébdSpain), in the
OHFHUUH\HVY JURXS ZKHUH WRJHWKHU ZLWK H[SHUWV LQ
nanoparticles shown in the results and other novel nanoparticles.wetsanultiple times at 1T
&167#3ROLOL LQ OLODQR ,WDO\ WR FROODERUDWH-vithhW $QW
experiments on Human Umbilical Vein Endothelial Cells (HUVECS).
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2 Methods

2.1 Materials and Sample Fabrication

2.1.1 Thin film fabrication

The substrate

As a backelectrode for our samples we chose indium tin oxide (ITO) deposited over 1mm thick glass
substrate from Ossila. Indium tin oxide (ITO) is a ternary composition of indium, tin, and oxygen in
varying proportions. Depending on the oxggmntent, it can be described as either a ceramic or an
alloy. Indium tin oxide is typically encountered as an oxysaturated composition with a
formulation of 74% In, 18% Sn, and 8% O by weight. Oxygaturated compositions are so typical
that unsatuated compositions are termed oxygiaficient ITO. It is transparent and colorless in thin
layers, while in bulk form it is yellowish to gray. In the infrared region of the spectrum it acts as a

metatike mirror.

-— 283 nm

Glass
-~ |TO Glass

Abs

310 nm
480 nm

200 300 400 500 600 700

Wavelength / nm

Figure 1. Typical absorption spectra glass and ITO glass samples (1.1mm glass, 100nm ITO).

Indium tin oxide is one of the most widely used transparent conducting oxides because of its electrical
conductivity, sufficient local flathess (1.8nm RMS roughness) and optical transpaFémane (1),
the ease with which it can be deposited as a thin film, and its chemical resistance to moisture. Thin
films of indium tin oxide are most commonly deposited on surfaces by physical vapor deposition.
Often used is electron beam evaporation, or a rang@uifes deposition techniques. The work
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function of the ITO we used was measured via KPFM to be 4.9eV. The polymeridrthinas

deposited over the ITO baehectrode through spicoating technique.

Spin-coating

Spincoating is a procedure used to depasiform thin films onto flat substrates. Usually, a small
amount of coating material dissolved in a proper solvent is applied on the center of the substrate,
which is either spinning at low speed or not spinning at all. The substrate is then rotptstiaifs

to 10,000 rpm to spread the coating material by centrifugal force (as illustrakéguire 2). A

machine used for spin coating is called a spin coater, or simply spfnner.

Applying the
solvent solutions

)|

‘ G- TR 2D eRINEIIIErri
Substrate Substrate Substrate
|

E =S 1

Figure 2. The stages of thifilm depositiorby spin coating method

Rotating Drying

Rotation is continued until flat surface and eventually complete evaporation is achieved. The higher
the angular speed of spinning, the thinner the film. The appileers is usually volatile, so that it

easily evaporates during rotation. The thickness of the film also depends on the viscosity and
concentration of the solutid.Pioneering theoretical analysis of spin coating was undertaken by
Emslie et al’? and has been extended by many successive audftiéfhe main advantage of spin
coating is the uniformity of the film thickness. If the substrate is sufficiently small compared to the
viscosity of the solution to spin, owing to skdfeling, thickhesses vary less than 1% throughout the

film. In the case of the polymers we used, the thickness could be tuned between 10nm and 250nm,
while the average roughness was in the order of the nanometer. However, spin coating thicker films
of polymers can resuin relatively large edge beads whose planarization has physical limits. In this

occurrence, blade coating is preferred.
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Physical Vapor Deposition (PVD)

When dealing with small molecules such as the HRIPP€DI heterojunction we will introduce in this
dissertation, a technique widely used in the fabrication of organic solar cells (OSC) is the physical
vapor deposition (PVD)®’". This term describes a variety of vacuum deposition methods which can

be used to produce thin films and coatings. As illustrateéigare 3, PVD is characterized by a
process in whiclthe material transitions from a condensed phase to a vapor phase and then back to a
condensed phase. In our case, the Evaporation method was used. It involves two basic processes: &
hot source material evaporates and then condenses on the substrateatibvatfakes place in a
vacuum, i.e. vapors other than the source material are almost entirely removed before the process
begins in order to avoid side reactions. In high vacuum (with a long mean free path), evaporated
particles can travel directly to tlkeposition target without colliding with the background gas. At a

typical pressure of 1HPa, a 0.4nm particle has a mean free path of 60m.

m‘ Vacuum chamber

| Substrate

— Vaporized Material

Source material

Supply

U

To high
vacuum

Figure 3. Schematic sketch of thermal evaporation deposition

Because the evaporated material attacks the substrate mostly from a single direction, protruding
features block the evaporated material from some areas in a phenomenon called "shadowing" or "step
FRYHUDJH ™ (Y DS R UW&pdsitd conhDowhly UfLtbeCsubstrate has a rough surface as
integrated circuits often do. ITO used for our depositions had on the other hand an average roughness

of 1.8nm RMS.
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2.1.2 Flash Nanoprecipitation

When a material is brought in an oversaturated ¢mmdiprecipitation takes place. In this scenario,
mixing conditions control the final particle size distribution. Mixing characteristics can be categorized
as macromixing (decimeter scale, e.g. on the order of the vessel), mesomixing (millimeters, on the
order of the turbulent eddies that form when viscous forces dominate over inertial ones), or
micromixing (micrometer scale, on the order of molecular diffusion in fluid lameR&e).
Micromixing conditions areequired to afford characteristic times on the order of nucleation and
growth times needed for the formation of NP with controlled size distributions. Starting from a single
phase of molecularly dissolved molecular species in solution, rapid precipisasichieved through
imposing a condition of high supersaturation. This leads to nucleation and growth of particles at a

nucleation rate J given b§*

) /.
L #ATO A b P [1]

:KHUH $ LV D FRQVWDQW LV WKH VXUIDFH WHQVLRQ LV W
the absolute temperature, and S the supersaturation. This relation show the stronghdepende
nucleation on both supersaturation condition and temperature. Starting from the supersaturated state,
nuclei start to form once the critical nucleation concentration is reached. As a result, the bulk solute
concentration decreases. The concentratiop freezes any additional nuclei formation and leads to

the growth of the already formed nuclei by aggregation and association with solute molecules in the
bulk. In order to afford NP smaller than a few hundred nanometers, nucleation should be favored

overgrowth.

Flash nanoprecipitation (FNP) process consist in the dissolution of a hydrophobic material and an
amphiphilic block copolymer (as Pluronic F127, which was used throughout the thesis) in-a water
miscible organic solvent (in our case THF), whiehtlhen impinged at high velocity against an
antisolvent (water or aqueous electrolyte) to create turbulent mixing and high supersaturation.

The FNP process provides the local supersaturation needed for particle nucleation by fast mixing of
a stream containg a molecularly dissolved solute and stabilizing molecule with an opposing stream
containing a miscible solvent, which acts as asolwent for the solute and stabilizer. Mixing occurs

in the turbulent regime in a confined volume, affording keglergydissipation rates, and providing

the supersaturation conditions required for simultaneous precipitation of the solute and stabilizer. The
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block copolymer inhibits further growth of the solute particles, and provides steric stabilization
through the hydrophc block on the surface of the particle. Molecularly dissolved amphiphilic block
copolymers, also known as surfactant, -ss$emble when the solvent quality for one block is
decreased. This feature makes them useful as surface stabilizers and helptltemarticle size
distribution by adsorbing on the particle surface and preventing particle aggregation. In the context
of FNP, the solvent quality jump imposed by rapid mixing leads to precipitation of the organic solute
and adsorption of the hydrophobblock of the copolymer on the particle surface through
hydrophobic interactions. Further growth of the solute particles is inhibited through the steric
VWDELOL]DWLRQ SURYLGHG E\ WKH SRO\PHUYTV K\GURSKLOLF

The final state of block copolymer NPs rieed via FNP is noequilibrium, kinetically frozen. A

study by Dormidontova provides insight into the kinetics of formation of block copolymer NP from

a unimer solutiof? The results show micelle fusion/fission dominates at early stages of micelle
formation, while unimer exchange becomes active at longer times to bring thie nicéhe
equilibrium size. Supersaturation conditions can be tuned through solute concentration or solute
solubility in the mixed solvent. After FNP is performed, high boiling point solvents such as dimethyl
sulfoxide (DMSO) are best removed by dialysighile low boiling point solvents such as

tetrahydrofuran (THF) can be removed by vacuum evaporation.

2.2 Optical characterizations

2.2.1 Spectrometric and Spectrofluorimetric spectroscopy

Absorption

When radiation interacts with matter, a number of processes cam, ancluding reflection,
scattering,  absorption,  fluorescence/phosphorescence  (absorption and  reemission),
photoelectrochemical reaction (absorption and electron transfer) and photochemical reaction
(absorption, bond rearrangement). In general, when uriagsUV-visible absorption spectra, we

want only absorbance to occur. Absorption of light causes the energy content of the molecules (or
atoms) to increase. The total potential energy of a molecule generally is represented as the sum of its
electronic, vibrational, and rotational energies:

‘cacols ‘orogocaRiumoaocukaaacocuaaor (2)
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The amount of energy a molecule possesses in each form is not a continuum but a series of discrete
levels or states. The differences in energy among thderelit states are in the

order: ' grgocaRataiioaocuRdGrcOcUaa0R

In some molecules and atoms, photons of UV and visible light have enough energy to cause
transitions between the different electronic energyellevHowever, for molecules and solids
(crystalline, amorphous, or the phases in between), vibrational and rotational energy levels are
superimposed on the electronic energy levels. Because many transitions with different energies can
occur, the bands aloadened. The broadening is even greater in solutions owing to ssbreta

interactions.

When light passes through a sample, the amount of light absorbed is the difference between the
incident radiation (lcideny and the transmitted radiatiormméhsred. The amount of light absorbed is
expressed as either transmittance or absorbance:
Apivavoi x
6 L 2Blbay #LFZ % (3)
Auioipur
For most applications, absorbance values are used since the relationship betorbanedsnd both

concentration and path length normally is linear.

The position of the absorbance peaks is not a fixed value, but depends partially on the molecular
environment of the chromophore (namely a part of the molecule responsible for lightiab$orpt

Other parameters, such as pH and temperature, also may cause changes in both the intensity and the
wavelength of the absorbance maxima. Conjugating the double bonds increases both the intensity and
the wavelength of the absorption band. For somegutaesystems, such as conjugated hydrocarbons

or carotenoids, the relationship between intensity and wavelength has been systematically

investigated.

This equation can be transformed into a linear expression by taking the logarithm and is usually
expressd in the decadic form:

#LFZ'%L BPLB.. T (4)

ZKHUH 0 LV WKH PRODU DEVRUSWLRQ RU H[WLQEWIHRQ FRH
concentration and the absorption path, while in solitls the material thickness. This expression is
FRPPRQO\ NQRZQ DV %HHUYV ODZ
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7KH HIWLQFWLRQ FRHIILFLHQW O LV FKDUDFWHULVWLF RI D
conditions, such as wavelength, solvent, and temperature. For electronic transitions, the difference in
energy between ground and excited states isivelptlarge. Therefore, at room temperature, it is
highly likely that all molecules are in the electronic ground state. Absorption and return to ground
state are fast processes, and equilibrium is reached very quickly. Thus, absorptieuisibléMight

is quantitatively highly accurate and in aaseit is important to gain information about how many

photons are involved in the process under investigation.

Fluorescence/Phosphorescence

In fluorescence, the species is first excited, by absorbing a pHisionits ground electronic state to

one of the various vibrational states in the excited electronic state. Energy is then lost by
thermalization to the lowest vibrational state of the excited electronic state. Depending on the
energetic landscape, thec#ed state can either thermalize to the ground state or lose its energy by
photon emission. If in this last case the electron state multiplicity is conserved we talk about
fluorescence, otherwise we talk about phosphorescence. In Spectrofluorimetry Wwe edher
interested in acquiring emission spectra by exciting at particular energy, or acquiring excitation
spectra while measuring the emission intensity at a particular wavelength. In modern
spectrofluorometerg is even possible to trace a bidimemsbplot with both the information for
every wavelength of interest. By using Spectrofluorimetry it is possible on one hand to explore
photoactive states, and on the other to grasp information on the energetic pathways taken by the

excited states to recorime.

2.2.2 Dynamic Light Scattering (DLS) and zPotential

Dynamic Light Scattering (DLS)

DLS is most commonly used to analyze nanoparticles in the size regime ranging from microns to
nanometers for the purposes of size measurement. When in solution or isidispgarticles are

buffered by the solvent molecules. This leads to a random thermal motion known as Brownian
motion. Each particle is constantly moving, and its motion is in most of the cases uncorrelated with

that of other particles. This random motisreasily modeled by the StokEsstein equation:
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gz

@ L~ (5)

where d is the hydrodynamic diameter, which is the parameter of interess, tbe translational
diffusion coefficient, found by the measuremesiskhe Boltzmans'constant, T the thermodynamic
WHPSHUDWXUH DQG WKH G\QDPLF YLVFRVLW\ RI WKH VROYH

and extract the hydrodynamic diameter, liquid refractive index and viscosity needs to be known.

If we illuminate such ram@m-moving objects, the motion shifts in a different way the phase of each
photon. When the scattered light emerging from two or more particles is added, there is a time
dependent fluctuation in the intensity of the scattered light due to constantly ahdegtructive or
constructive interference. The most common angle to collect the scattering information is at 173° :
this is known as backscatter detection. Contaminants such as dust particles within the dispersant are
typically large compared to the samize. Large particles mainly scatter in the forward direction.
Therefore, by using backscatter detection, the effects of dust are significantly reduced . The intensity
fluctuations in the signal due to the change in position of the particles are shemmasically in the

graph below:

Intensity (arb. units)

time (microseconds)

Figure 4 optical signal oscillating during time

Although it could appear be only noise, if we interpret it in terms of autocorrelation functions we can
extract useful data. By processing in rixle, the incoming data wh an autocorrelator device it is
SRVVLEOH WR H[W U IhEhg appidrima@ibhQubere\dlLteHbartiles have the same size,
the baselinesubtracted autocorrelation functidd, is simply an exponential decay of the following

form:
%L A8L  (6)

ZKHUH + LV GHULYDEOH IURP H[SHULPHQWDO GDWD E\ D FXU)
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Figure 5. plot of Correlation function vs Time

The diffusion coefficient is obtained from the relatien 9> whereq is the scattering veat, given
8 &

by ML *<s,n is the refractive index of the liquid,the wavelength of the laser light anthe
scattering angle. Insertirig: into the Stokegkinstein equation above and it is possible to obtain the

size of the particle. &h size is expressed in terms of Stokes diameter or Sfiketein diameter.

Stokes diameter (or more commonly, radius) of a particle is the radius of a hard sphere that diffuses
at the same rate as that particle. Named after George Gabriel Stokedpgely related to the
mobility, factoringin not only the size but also solvent effects. A smaller ion with stronger hydration,

for example, may have a greater Stokes radius than a larger ion with weaker hydration. This is because

the smaller ion dragsgreater number of water molecules with it as it moves through the solution.

Stokes radius is sometimes used synonymously with effective hydrated radius in solution.

Hydrodynamic radius, i can refer to the Stokes radius of a polymer or other macromelecul

Z-potential

Zeta potential is defined as the charge on a patrticle at its shear plane. This value of surface charge is
useful for understanding and predicting interactions between patrticles in suspension. Manipulating
zeta potential can be a powerful med of enhancing suspension stability, or control particle

flocculation.

The liquid layer surrounding the particle exists as two parts: an inner region (Stern layer) where the

ions are strongly bound and an outer diffuse region where they are less fsmtyaded. In the latter
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we can recognize a notional boundary inside which theandgarticles moves together as one: the
SRWHQWLDO DW WKLV VOLSSLQJ SODQH LV WKH =HWD SF
an indication of the stability of the colloidal system. If all the particles in suspension have a large
negatie or positive zeta potential, then they will tend to repel each other and there will be no tendency
for the particles to aggregate. However, if the particles have low zeta potential values, then there will
be no electrostatic repulsion to prevent the pladi clump together. The general dividing line
between stable and unstable suspensions is generally taken at either38BMt This lose part of

its significance in the presence of other ssbectrostatic stabilizers such as capping agents or

surfactairs.

7KH WKLFNQHVV RI W #eHer@Raxsa ankheQancEritration of ions in solution and can
be calculated from the ionic strength of the medium. The higher the ionic strength, the more
compressed the double layer becomes, thus shielding eifietively the central charge and

providing a lower Zpotential measure for the same suspended material.

, «—— Particle
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Figure 6. representation of the ionic envelope of particles

In order to measure the-pbtential a laser doppler velocimetry coupled with a scatjephase
analyzer and an electrophoretic capillary are used. The particle motion due to the applied electric field
is measured by light scattering. The frequency of the scattered light is a function of particle velocity
by Doppler shift. The scattered ligls collected at an angle of 13°. A second beam of light, the
reference beam, is mixed with the scattered beam in order to extract the frequency shift. The measured

magnitude of the frequency shift is then used to determine the particle velocity.
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2.3 Electrochemical characterizations

2.3.1 Photoelectrical analysis

KPFM is the perfect experimental method when high spatial resolution is needed, at the same time it
is limited in time resolution even in Heterodyne configuraffowhen the spatial resolution is not

the priority and higher time resolutions are needed, a simpler macroscopic detection method via a
capacitively coupled electrode can be used. This method has been used sevét&ftimesasure

surface potential, especially for photovoltage trartsienpn junctions.

Faraday cage

Figure 7. Setup of a capacitivelgyoupled macroscopic transient experiment. The sample is enclosed
LQ D )DUDGD\ FDJH WR PLQLPL]J]H WKH QRLVHVY 7KH FRXQWHU
is collected and amplified. Asistor is placed in parallel to the capacitively coupled device in order

to have zero potential difference between the sample and the ITO counter electrode in dark

conditions.

A sketch of a basic setup for this kind of experiment is shovwdgure 7. Inthis circuit, the sample

being measured is the polymeric thin film deposited over a transparent IT&@lbatide (sample

ITO) and it represent one plate of the capacitor. The other plate is a second ITO electrode (here
referred to as counter), isolatadrm the junction through a 3Dl thick dielectric layer. The whole
sandwich is placed in a Faraday cage in order to avoid external noises. The light, which comes from
a monochromatic source such as a LED, passes through a hole in the Faraday cage, hits the sample

and passes throughsa®ndhole on the opposite to avoid reflections. The measured electric field is
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the sum of that generated at the interface between the polymer and treddzacde, the one that

forms within the semiconductor and that which forms at the free surfaameplate of the capacitor
charges up due to photovoltage generation, charge accumulation also occurs on the other conductive
electrode. The voltage difference between the two plates can now be measured as a quantity
proportional to the actual photovaje A resistor with a high resistance modulus @to 10) 3) is

placed in parallel with the so formed capacitor in order to keep the potential difference between the
plates equal to zero when no light is shined. The chosen resistance value is theaesuttgromise

between a low Johnséxyquist noise and low current flux between the condenser armors.

2.3.2 Electrochemical analysis

Potentiostat

When measuring the electrochemical properties of a material in contact with an electrolyte, the circuit
that we liild must be composed of the material under investigation, the electrolyte, and an electrode
which is capable to close the circuit through a redox reaction with any of the species present in the
electrolyte. We call the first one Working electrode (WE) tiedsecond one Counter electrode (CE).

If we are already using an electrolyte as the liquid phase, we ensure that a low resistance path exist
between the WE and the CE. In this way, though we can measure the potential difference between
the two contactsannected to the measuring electronics, we do not have information about what
happens at the interface between the material under investigation and the conducteledbamie,

and about the interfaces between the WE and CE and the electrolyte. lo dvalex & fixed potential,

we need to introduce what is known as Reference electrode (RE), which is an electrode characterized
by a stable and weknown potential reached by employing a redox system with constant (buffered

or saturated) concentrations @@ participant of the redox reacti®riThe RE can be used as a CE

in a two-electrode configuration or in addition to a best suited CE in a-#iestrode configuration.

In our case the RE employed was an Ag(s)|AgCI(s)|KCI(3M) known as Silver Chloride electrode,
with a reduction potential of +210mV vs Normal Hydrogen Electrdi¢E). The electrode functions

as a reversible redox electrode and the equilibrium is between the solid (s) silver metal (Ag(s)) and
its solid sale silver chloride (AgCI(s), also called silver(l) chloride) in a chloride solution of a given

concentration.
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Since during measurement a current flow through the cell, an ohmic drop will perturb the measured
potential also if we use a RE. Moreover, when using a RE as a CE the solid components are consumed.
To address these problems, a thetextrode setup is empleg, where a device called potentiostat is
connected in a low impedance mode to the CE and in a high impedance mode to the RE. The
potentiostat has at its core an operational amplifier connected to the three electrodes as shown in
Figure 7. The operationaimplifier has a high input impedance and thus any branch connected to its
inputs will be traversed by a low current (ideally zero). In this way the measured potential is
independent from the current passing through the low impedance branch of the anictiite RE

does not wear out during the operation. It also tries to keep the potential at its two inputs equal and it
sources all the current necessary to do so to the CE from its output. The CE on the other hand, must
be made of a material with facile rextion and oxidation kinetics towards the solution so that a low
resistance path is established independently from the potential in which we are working. Such an
electrode in our case is made of a Platinum wire which is a good catalyzer both for thredvetison

reactiont*> Et A’ Z *gzand can for the water oxidation reactiohigl Z 16 E v* > E VA,

Potentiostat
E . |+ Measures I
2 = Drives CE l
CE
+ No current RE/: -
- Applies V M.
: Rp AV WE
TR ) |
| J:?‘/ measured I

Figure 8. A schematic of the thresdectrode cell and the connections to the potentiostat operational

amplifier.
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Cyclic Voltammetry

Cyclic voltammetry consists of measuring current at the WE while scanning the potential in contact
with a solution of electroactive species or the system of interest. Cyclic voltammetry is known as a
transient technique, for which the working electrodetasianary, and the experiment is performed

in an unstirred solution. The potential is linearly (or staircase) scanned forward from the starting
potential to the switching potential and then backward, giving a triangular potential cycle. In cyclic
voltammety, the starting and the final voltage have often the same values although this is not a
necessary condition. A regular cyclic voltammetry consists of two potential ramps known-as half
cycles. Depending on information that is about to be measured, sstelb@isy of electrochemically
generated species or formation of new electroactive compounds, multipeytiel or just a half

cycle can be performed, and the techniques are known as multicyclic voltammetry or linear sweep
voltammetry (LSV), respectivgl The rate of potential change, or potential scan rate (#/),

range form few millivolts per second to several volts per second. Depending on the scan rate a
different contribution from the displacement currents impact on the total measured: theréwer

the scan rate, the lower the capacitive contribution. At the same time, a slower scan rate would result
in a more pronounced perturbation of the equilibrium concentration of chemical species at the
interface between the WE and the electrolpepending on the structural and chemical context, and

on the information of interest, the scan rate must be adjusted.

Operatively, starting from the resting potential of the system, in which the forward and recombination
currents are equal, as we approhigiher positive potentials we will see a faradaic current appearing
and adding to the capacitive one. This current grows with the potential applied, but at the same time
the volume of solution around the electrode where the reduced form of the anadytkeisaigrows.
However, in our case the current density flowing through the WE does not grow enough to become

dictated by mass transport instead of electron transfer kinetics.

In this work, cyclic voltammetry is primarily used to verify the stability wwdof the
semiconductewater system. Such stability window depends on the alignment between the
semiconductor energy levels capable of being oxidized (valence band) and reduced (both conduction
and valence band) at the interface with the electrolyte,fanddnor and acceptor levels in water, as

well as their kinetic facility towards such processes.
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Electrochemical impedance spectroscopy

From a mechanistic point of view, an electrochemical reaction at an eleslecteolyte interface

can be decomposedto a series of multistep processes (mass transport, charge transfer processes,
adsorption, capacity charging), each occurring at distinct rates. The individual steps are time
dependent and may occur at different timescales. Therefore, the use of tri@ebieifues such as
electrochemical impedance spectroscopy (EIS), which enables the analysis of time dependent (or in
an equivalent manner, frequency dependent) mechanisms based on the response of the
electrochemical system collected at selected frequen@erequired to facilitate evaluation of

electrochemical systems.

The EIS technique is broadly applicable because it can provide an understanding of the
electrochemical mechanisms occurring at an interface in a single measurement. Textbooks,
monograph¥®%and review articles have been dedicated to EIS that are specific to the applitations.

% In the case of an electrochemical system, the main difficulty is that the system must remain in a

stationary state throughout the measurement.

a Electrochemical system b Perturbation signal ¢ Electrochemical response
Potentiostat
I(t) = | + Alsin(wt
‘ RE WE (=1, (wt—¢)
? ‘l Il L (| | \ ANV /—Linear domain
A it o o selection
| = & El Al
m \‘ | {U
E(t) £
i > | )=
Time E+ AEsin(wt)
High Low i ] AE(t) =
frequencies frequencies E (V(ref)

Figure 9.% An electrochemical system with a workingcélede (WE), a counter electrode (CE) and

a reference electrode (RE). The potential E(t) is applied between the working and reference electrode,
and the resulting current is measured at location (a). In this example, a periodic perturbation signal
with ampOLWXGH G( LV DSSOLHG EHWZHHQ WKH :( DQG 5( IURP

electrochemical response to this perturbation is measured in the linear domain (c).
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EIS uses a small amplitude potential or current periodic perturbation to exceétett®chemical
system at different frequencies, as illustrate#igure 9. By measuring the response of the system
to this perturbation, a transfer function is calculated. This function is the electrochemical impedance

of the system. The impedance, Znde expressed as:
D [ I W v
<A L=— L £~ 7. %:f;0E B <ko:fi;00L < E E<a (7)

where &is the angular frequencygis the phase angle between the input and output signalsjsand

the imaginary unit. The electrochemical impedance, &seateby Eq. (7), is a frequency dependent
complex number, whose real park, & a frequency dependent Resistance and imaginary psiud Z
frequency dependent Reactance. EIS measurements should be designed to conform to the Kramers
Kronig relations, with are derived under the assumptions that the system under investigation is
linear, stable, and causal. The perturbation amplitude required to achieve a linear response with an
appropriate signal to noise ratio is generally determined experimentallyadbr system through

Cyclic Voltammetry. A typical amplitude for potentiostatic modulation is in the order of 10 mV.

The power of EIS lies in its ability to probe processes in systems across a wide frequency range.
Ideally, the frequency range should beteghatch the dynamic range of the system under study. The
typical frequency range for electrochemical measurements is 10@18BimHz. Usually, seven to

ten points per frequency decade equally spaced logarithmically, are required for measuring an
impedancespectrum with sufficient accuracy for a detailed data analysis. It is preferable to start the
measurement from the high frequency limit sweeping towards the low frequency limit. This because
at high frequency capacitive currents and charge transfer itted@/E are predominant, while at

low frequency the faradaic behavior against the liquid phase becomes significative and the generation

of new chemical species at the interface might interfere with subsequent measurements.

The first step towards data ansily is the use of graphical methods to visualize and interpret the
impedance data. To emphasize a specific feature or behavior, impedance data need to be presented ii
different formats that include the Nyquist representatioguie 108 for mass transfesnd kinetic

behavior and the Bode representatibigre 10b) for frequency dependent behavior.
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Figure 10.Example of a Nyquist Plot (a) and the relative Bode Plot (b) of arQ@BQC thinfilm

By fitting these data with equivaleaircuits, it is possibé to correlate the frequency response of the

system with specific interfaces and processes, such as interfacial capacitances and charge transfers.

2.3.3 Photoelectrochemical analysis

Photocurrent

Photocurrent measurements can be performed both as transieatenesd in time by illuminating

with a high irradiance LED source (up to 500mWAror as spectroscopic measurements spanning
from the upper limit of 350nm imposed by ITO absorption, down to 800nm where the Xenon lamp
has still a good spectroscopic respmrBhese measurements can be performed applying a potential

to the WE in order to, as an example, grasp information on the photoelectrochemical conversion yield
at open circuit potential and moving towards maximum photovoltage. Caution must be taken about
the sizing of the CE if the currents are elevated. At the microampere scale, in which our experiments
fall, a Pt wire is enough to ensure a low impedance path for the current to flow in. It is important to
acquire EIS spectra before performing photocumesasurements in order to be able to choose the
best timescale to observe the desired phenomenon. A synthetic sketch of the Photocurrent setup in

the case of LED illumination is presentedHigure 11
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Figure 11. Scheme of the photoelectrochemical céll.threeelectrode setup is used for the
Photocurrent measure. The LED can be placed on both sides of the film and can be substituted with

a monochromated Xenon light in order to acquire spectra.

By mounting the photoelectrode in a dedicated cell onlyna hzea of the semiconducting layer is
exposed to the electrolyte, while the ITO surface and the electrical contacts remain separated through
a PDMS Cring. The cell allows the exposition to the illumination from either the ITO side or the
solution side, le latter through a quartz window, only in the 2@rea exposed to the electrolyte.

The photoelectrode was operated as the working electrode in setect®de configuration where

an Ag|AgClI (3M KCI) was used as the reference electrode in combinatioa ®t counter electrode.

In spectroscopic measurements the monochromatic illumination of the photoelectrode at a defined
wavelength was achieved with a Xenon lamp combined with a monochromator (Cornerstone 260).
The amplified current signal was filteradd digitized with a lockn amplifier (Zurich Instruments)
connected to the monitoring output of the potentiostat (Metronm PGSTAT204). For transient
measurements the monochromated Xenon lamp light was replaced with monochromatic LEDs
(Thorlabs M530L4) drien by a sourceneasure unit (Thorlabs DC2200).

Photovoltage

Photovoltage measurements employ the same illumination conditions as the aforementioned
Photocurrent measurements but are performed usingealéstvode setup. Photovoltage experiments
are perfomed to probe the potential difference between the ITO-blirode and the RE while

approximately no current flow in the circuit, thus mimicking open circuit conditions.
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These information, combined with those from other experiment such as EIS anduPteoto
transients, can be then employed both to extract important data such as the recombination currents or
the photocharging dynamics, and to develop equations to fit, describe or predict the wireless behavior.

(RE/CE)
Ag|AgCl|KNO

[ [ | Mask
O-rin

(WE)
ITO

Glass

Figure 12.Experimental measurementpifotovoltage: scheme showing photovoltage experirAent.
two-electrode setup is used for the Photovoltage measure connected to a high impedance voltage
amplifier. The LED can be placed both sides of the film and can be substituted with a monochromated
Xenonlight in order to acquire spectra.

The cell is the same as for Photocurrent experiments but used in-aettimde configuration
composed by the WE and the Ag|AgCI functioning as RE and CE. Here the signal can be acquired
both with a higampedance FEMD DLPVA-100-F-D voltage amplifier in which the impedance can

be reduced through a 1¥Mto 1GY UHVLVWRU SODFHG wit a $Dtehiost@ O WR

Galvanostatic mode.

In spectroscopic measurements the monochromatic illumination of the photoelectrode at a defined
wavelength was achieved with the same illumination setups as incdahetat: Xenon lamp
combined with a monochromator (Cornerstone 260). The amplified photovoltage signal was filtered
and digitized with a lockn amplifier (Zurich Instruments) connected either to the voltage amplifier

or to the monitoring output of the m@ottiostat (Metrohm PGSTAT204). For transient measurements
the monochromated Xenon lamp light was replaced with the aforementioned monochromatic LEDs

(Thorlabs M530L4) driven by a sourceeasure unit (Thorlabs DC2200).
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Nanoparticles Photocharging Spectroggo

When put in biological systems, nanoparticles are surrounded by aqueous electrolytes and find
themselves in an electrically floating condition. In order to probe them in such a state, they cannot be
directly addressed with a stable electric contact.s Tiecause thanks to their nanoscopic to
microscopic dimensions, they would be a perturbation to the far bigger system composed by the
electrically contacting material. This could significantly change or mask the electrical and
photoelectrochemical responsd such nanoparticles. In order to circumvent the problem, a

possibility is to probe the accumulated charge through a shorstiale electric contact.

We achieved this by developing a system in which the NPs floating in the dispersing agent with a
Brownian motion eventually hit a conducting surface made of ITO and discharge during its proximity
moment. Depending on the expected Fermi energy of the investigated semiconductor and on the
expected photovoltages, a potential can be applied to the ITO ektirodise its Fermi level and
promote NP discharge. Since no charge is accumulated in dark conditions, the signal is flat when no
light impinge on the suspension. When light is switched on, by using a macroscopic electrode and a
concentrated dispersiomé hit frequency is high enough to generate an easily observable signal. In
order for the current to close the circuit, a Silver Chloride seference electrode is employed. To
ensure that the signal is not coming from polymer agglomerated, stuck aitddpmver the ITO
electrode, microscopy and AFM measurement should be performed. In our case, these confirmed that
the signal was coming from nanoparticles. It was also double checked by using only electrolyte in the
cell that the signal was not due tearaction induced by light absorption on the ITO electrode. When
these measurements are performed in a spectroscopic manner, informations can be extracted on the
spectral response of the nanoparticles to light. By comparing it to Absorption spectizeipoamsible

to trace which energies are involved in the photocurrent production and which ones are inactive, and

to relate the wavelength to the photovoltage bupdorocess.
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Figure 13. Scheme of the setup used to detect nanoparticles discharge oglddi@de with
illumination. The silver wire is placed opposite to the ITO and its area is negligible. A PDMS well
contains the NPs dispersion that can be illuminated both sides with a LED or with a monochromated
Xenon Light for spectroscopy purposes.

Thecell is similar to the one used for Photovoltage experiments in absence of an electrolyte, being
composed by a Faraday cage with a4koie to let the light in and out, and by a sandwich structure

in thecenter Such structure is composed by the ITO tetete and a glass slide enclosing a PDMS
well, within which the NPs dispersion is situated. Here the signal is collected witha FEMTO BDLPCA
200 current amplifier and digitized with an ADC, in order to be then filtered with a PC.

In spectroscopic measurenm&nthe monochromatic illumination is achieved with the same
illumination setups as in Photocurrent and Photovoltage: Xenon lamp combined with a
monochromator (Cornerstone 260). For transient measurements a monochromatic LED is employed
(Thorlabs M530L4), dven by a sourceneasure unit (Thorlabs DC2200).

2.4 Scanning Probe Microscopy

2.4.1 Atomic Force Microscopy (AFM)

One of the most suitable methods to investigate morphology, electric, magnetic, or other surface

characteristics at the micrand nanescale is the &nning Probe Microscopy (SPM). The instrument

uses specially prepared tips in the form of needles as probes, with the working part (apex) usually of

the size of ten nanometer or lower, mounted on a flexible supporting cantilever. One side of the

cantileve is fixed to a support, while the other edge, where the tip is located, is free to move and is
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approached to the sample at$yrface distances down to €@ nm, according to the technique used

for the measurement. When the tip approaches the samealsimteractions between the tip and

the substrate can be studied in order to get information on the sample surface features. Let the
interaction be van der Waals forces between the two elements, as in the case of our morphology
analysis, and the techniq is thus referred as naontact Atomic Force Microscopy ({#FM); then,

the tip will induce a deflection of the cantilever. A schematic of the experimental technique, its
working principle and data trace obtained are representedjume 14. Since thedimension of the

edge of the tip is one to two orders of magnitude higher than the atomic size, the van der Waals energy
of two atoms can be used to approximate the potential energy of the tip, as plbttederidb and

approximated by the following:
8 g 56
7A1/2'NL74\Ft@éA E@A : (8)

wherer0 is the equilibrium distance between the atoms.

a)

Figure 14. a) Schematic of an AFM. A laser shine on the cantilever head and the reflected beam is
collected by a photodiode, thubtaining the bending of the cantilever due to atomic forces. The
feedback mechanism (FS) is used to control thesurface distance, through the piezoelectric
actuator under the sample holder, according to the deflection of the canfildyeBcheme of the

AFM operation, with the cantilever oscillation depending on the topography and its surface

39



composition. The helig and the phase images are registered, with pisageé signal changing with
dissipated energy variations on the sample surféce.

To detect the cantilever deflections, a laser beam is reflected from its surface and collected by a
photodiode divided in four quadrants: from the measurement of the laser intensity variations on the

different sections it is possibie extract the amount of vertical and lateral deflection of the cantilever.

Imaging of morphological surfaces were carried out with Park NX10 AFM system, operating in non
contact mode with the tip oscillating close to its resonance frequé&nciyhe heght of the samples

surface is then described by the equatfon:
VR LV,E#, .. “APF6; (9)

wherez is the mean height of the cantilevéy, is the amplitude of the free oscillatio&is the
oscillation frequency andis the phase constant. The pmontact mode is obtained when the tip is

far enough from the surface of the sample to remain in the ateaegime of the Lennardones
potential, where( L%'I, P r). When the tip is approached to the sample, the oscillation amplitude

decreases tA(z), with A(z)< Ao. A value in this range must be fixed as ap@ht in order to control
the height othe tip through a feedback system. From the amplitude variations it is then possible to
extract the sample topography and morphology.

a) o b) | Uy

ot
| B

Figure 15.: a) Atomic resolution with the AFM: the tip edge dimensions allow for an-atom

interaction with the sapie surface€” b) Qualitative form of the Lennasdbnes potentidl
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2.4.2 Kelvin Probe Force Microscopy (KPFM)

In Kelvin Probe Force Microscopy (KPFM) the probe and sample are electrically connected through
a voltage supplier to form gitto-plate capacitor, which can be in suitable conditions approximated

as a parallel plate capacitor. The probe is usually composed of a different material from the sample
one, therefore each component has initially a distinct Fermi level. When elemtnoaiction is made
between the probe and the sample, electrons can flow between them from the less to more negative
Fermi level. This electron flow causes the equilibration of such Fermi levels. Also, a surface charge
develops on the probe and an opposite on the sample, with an associated potential difference that
builds up between them known as the contact potentgl [V Scanning Kelvin Probe (SKP) the
probe is vibrated along an axis perpendicular to the plane of the s&ripis. vibration causes a
periodic change in pbe to sample distance, which results in an alternated flow of current. The
resulting sine wave is demodulated to a DC signal through the use ofia lmiplifier 1°° Once the

DC potatial is determined, an external potential, known as the backing potenjiabfvbe applied

to null the charge between the probe and the sarffgjeré 16). When the charge is nulled the Fermi

level of the sample returns to its original position. Tlisachieved when the electrostatic force

between the tip and the sample is canceli¥d.

Eg: | Ers Ep | Ere )

Sample] Tip Sample| Tip Sample| Tip
Voc=L9

i rndl

Figure 16. KPFM steps: initially the tip and the sample are separated, each one with its Fermi level.

When electrically connected, they will reach equilibriby flow of charge equilibrating on the same
Fermi level. In this way an electric field, and so a net force, is set between the two. A DC potential is

applied to the tip to nullify this force. Such a potential is the KPFM potential.
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Tuning the ACfrequerty to the resonant frequency of the AFM cantilever results in an improved
sensitivity. The electrostatic force in a capacitor may be found by differentiating the energy function
with respect to the separation of the elements and can be written as

(LSxge

A (10)

whereC is the capacitance,is the separation, arMis the voltage, each between tip and surface.
Substituting the previous formula for voltag§ €hows that the electrostatic force can be split up into
three contribubns, as the total electrostatic force F acting on the tip then has spectral components at
WKH IUHTXHQFLHY & DQG &

(L (GevE( E(e (11)

The DC component, FDC, contributes to the topographical signal, the teainttte characteristic

frequency &is used to measure the KPFM signal and the contributieodh be used for capacitance

microscopy.

(ol = B :8,yF 8,50 EL85,C  (12)
(L 58uF 8,678y, 4R (13)
(5 L Fi—'8%,.. 40P (14)

The quality of the measurement is affected by a number of factors. This includes the diameter of the
probe, the probe to sample distance, and the material of the probe. The probe diameter i® importa
in these measurement because it affects the overall resolution, with smaller probes leading to
improved resolution®1°20n the other hand, reducing the size of the probe causes an increase in
fringing effects which reduceke sensitivity of the measurement by increasing the measurement of
stray capacitance§® The probe to sample distance affects the final measurement so that with smaller
probe to sample distances the lateral resolution is impteftedether with the signdb-noise ratio

of the measurement. Furthermore, by reducing the gimbample distance increases the intensity

of the measurement, which is proportional to*1%d
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Figure 17. Schematic of KPFM setup.

2.5 High energy analyses
2.5.1 Grazing-Incidence Wide-Angle X-ray Spectroscopy (GIWAXS)

Thin-film morphologies are different from bulk structure. Because of the small thicknessasgiall

X-ray scattering (SAXS) and wielngle Xray scattering (WAXS) are less suitable to use. To solve
this problem, reflection is use instead of transmission. A very shallow incident angle is applied as
compared with the incident angle of 90° used in transmission. Resultantly, the beam travels a
significantly longer path inside the thin film. This new teigue is named grazirgcidence Xray

scattering (GIXS) and a simple sketch of its working is shoviigare 18.

The monochromatic Xay beam of wavevector,lkwith a wave numberock & LPSLQJHV F
WKH VDPSOH VXUIDFH XQaa@E W \D @ AW WGE R @S aBdebQldidlave D Q J O
(OOP) angleW The zaxis represents the axis normal to the surface and as a consequence, the

scattering plane is the (x;pJanel® Thus, all these angles are typically smaller thanria(iange

of a few tenth of degree&)’
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Figure 18. A skech of the scattering geometry used in GISAXS and GIWAXS. The sample surface is
inclined by an incident angl&}jwith respect to the horizon. The exit angle is dendigand theout-

of-plane angleW The color coding visualizes differences in the scattered intensity on a logarithmic
scale. Typical sampl®-detector distances for GIWAXS and GISAXS arergi®®

Because of energy conservatidme X-ray beam is scattered alor@gand the scattering wave vector

g is based on three componenkg & 4V) that are defined by following equations

MLS c.. 8 ... WhoF ... "5 g : M LS oced; ... Whog (15)
ML¥MEM (16)
ML ool E < klhog (17)

The incident angle is usually chosen to be slightly larger than the critical angle of the material under
investigationm order to ensure full penetratiéif.This geometrys particularly important for weakly
scattered organic thin films to achieve a good simaloise ratio. To increase the scattering
intensity, a higHbrightness synchrotron radiation is often used for such measurements. In our case,

the ALBA synchrotrorfacility in Barcelona.

Typically, grazingincidence angle is shifted between 0.05° and 0.50° using a séihptage. X
ray beam efficiently reflects from sample due to shallow incident angle. Scattering signal coming
from sample is then recorded on 2Bray detector. Different scattering features (rings, peaks, and

diffuse scattering) are obtained. These contain the nanoscale profile of sample under examination.
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The length scale of the microstructure probed can be easily tuned by adjusting the caetgletor
GLVWDQFH ZKLOH IL[LQJ WKH EHDP HQHUJ\ 8§ NH9

The Scherrer equation is simple and vkelbwn expression to get crystallite size from diffraction
peaks:

A
(DAmmMq

@L (18)

d is average size of crystalline domains that can be smaller or equal to the grainisiXesay
wavelengthK is a dimensionless shape factor, normally with a value oFOVHM is the fullwidth

at halfmaximum of themeasured peak and LV % UDJJYV DQJOH 7KH SRVLWLR
indicates specific crystalline lattice spacings. The orientation of crystallite will be preferentially
SIDRD " LIz KWNVEFNLQJ VFDWW Hdirecflah and tie SagltaDsthtieng\Ve KoH T
theq GLUHFWLRQ 7KH RULHQWDWLRQ RI FARE W DIOMEK W WIEYH NOLA)
scattering is in therglirection and the lamellar peak is appearing in thdirgction® Peak width is

use to find the Crystallite Correlation Length (CCL). A narrow peak indidatge CCL, which in

turn is indicative of a sharp crystal length distribution, and vice VétSzattering pattern indicates
arrangement and orientation of molecules, i.e., film with no preferred crystallographic orientation
produces sharp rings. Film with partially ordgrerystallographic orientation results an -bke

peaks. Finally, highly ordered crystallographic orientation form elfifise.

2.5.2 Transmission Electron Microscopy (TEM)

Transmission electron micragey (TEM) is a microscopy technique in which a beam of electrons is
transmitted through a specimen to form an image. The wavelength of electrons is related to their
kinetic energy via the de Broglie equation, which states that the wavelength is invespelyipnal

to the momentum. Taking into account relativistic effects (as in a TEM an electron's velocity is a
substantial fraction of the speed of light'* WKH HOHFWURQVY ZDYHOHQJWK LV

Byl ——— (19)
§6313/45>Tﬂi_p

where,h is Planck's constanty is the rest mass of an electron & the kinetic energy of the

accelerated electron. Electrons are usually generated in an electron microscope by a process known

45



as hermionic emission from a tungsten filament, usually made of tungsten. The electrons are then
accelerated by an electric potential and focused by electrostatic and electromagnetic lenses onto the
sample. The transmitted beam contains information about@edensity, phase, and periodicity of

the targeted material in the hit area; this beam is used to form an image.

Imaging methods in TEM use the information contained in the electron waves exiting from the sample
to form an image. Different imaging mettotherefore attempt extract from the electron waves
exiting the sample different information about the sample. To improve the contrast in the image, the
TEM may be operated at a slightly defocused setting, owing to convolution by the contrast transfer
fundion,** which would normally decrease contrast if the sample is not a weak phase object. In
Imaging mode, which is the one employed in this dissertation, the objective aperture is inserted in a
back focal plane (BFP) of the objective lens. By using the objespigdure to select only the central
beam, the transmitted electrons pass through the aperture while all others are blocked, and a bright
field image (BF image) is obtained. Otherwise, if the signal is selected from a diffracted beam, a dark
field image (OF image) is received. The selected signal is then magnified and projected on a camera
with the help of Intermediate and Projector lenses. An image of the sample is thus obtained.
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Figure 19. Schematic view of imaging and diffraction modes in F&Mm

2.6 Chemical and biological assays

2.6.1 Hydrogen Peroxide determination

In physical and analytical chemistry, colorimetry is a technique used to determine the concentration

of colored compounds in solutid#. Colorimetric assays use reagents that undergo a measurable

color change in the presence of the analyte.

Peroxidases catalyze the oxidation of a wide variety of substrates, including benzidine and other
aromatic amines. A positd SEHQ]JLGLQH WHVW ™ LV LQGLFDWHG E\ WKH IR
of benzidinet'’ The oxidation of aromatic amines by peroxidases has been studied for many years.

Horseradish peroxidase, an enzyme frequently used in these studies, is believed to be capable of both

one electron and twelectron aidations, depending on the substrate empldyed.
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In the cas®f the HRRTMB, procedure consist in the addition of the sample to be tested to a vessel
ZKHUH -Tetfamé&thylbenzidine (TMB) and Horseradish peroxidase (HRP) are already
dissolved in water. The first one needs to be present in a concentratiennticagrately higher than

the maximum Hydrogen peroxide {Bk) concentration expected in order not to surpass one
equivalent of reaction. HRP is dissolved in water with the help of a droplet of DMSO. This reactant
serves to the sole purpose of mediating eawdlyzing the oxidation of the substrate. The reaction
speed is proportional to the HRP concentration, therefore a high concentration (>1mg/l) of this
reagent ensure an almost instantaneous oxidation reattibhe absorbance of the sample is then
measured between 600nm and 700nm (the absorption peak is cert@®2hi). In order to

extrapolate the D, concentration, a calibration curve must be performed before the experiment.

2.6.2 ROS determination in HUVEC cells

Reactive Oxygen Species (ROS) can be detected through their selective reactivity, in the chosen
envirorment, with specific molecules. In the specific case of living cells, the reactant must be
biocompatible, notbioactive and must be able to enter the cells. One of the fastest, easiest, most user
friendly, and accessible methods for monitoring ROS produdsidbased on the detection of ROS
sensitive fluorescent probes using a fluorescence microplate féfleese probes are all oxidized

to form intermediate probéerived radicals that are successively oxadizto generate the
corresponding fluorescent produétDichlorofluorescein diacetate §8#CFDA) is one of the most

used molecule in this sense.

H>DCF-DA freely permeates the plasma membrane and is hydrolyzed in the cytosol to form the
DCFH carboxylate anioff® Oxidation results in the formation of fluorescent DCF, which is
maximally excited at 495 nm and emits at 520 nm. The oxidation of H2DCF to DCF isskefwo
process: first, the DCF radical is formed, and then it is further oxidized to DCF in a reaction with
molecular oxygern?* H,O, does not react with #CF directly but requires the mence of
peroxidases or other enzymes containing transition metals which are present in the cytoplasm of our

cells of interest, namely Human Umbilical Vein Endothelial Cells (HUVECS).

First, HUVECs are seeded on polymer and control substrates and inculbat@dation protocol is

performed, and immediately after the cell medium is removed to avoid chrgbieHects on cells
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and artifacts in the assay. Then the cell cultures are washed and incubatesgD@EDA 10uM in
KRH for 30 min. After incubationthe fluorescence of the probe is recorded (excitation 490nm, 520
nm) with an inverted microscope. Variation of fluorescence intensity are evaluated over regions of

interest covering singleell areas, and reported values represent the average ovetarogtip.

2.6.3 AlamarBlue cell viability assay

The resazurin/resorufin assay (AlamarBlue cell viability assay) is commonly used to quantify the
number of live cells in a sample, and to monitor cell viability / cytotoxicity. It is a fast, simple,
accurate anddmogeneous / revash high throughput assay that can be used to monitor cells for up
to 2448 hours. The resazurin assay protesdiased on the reduction of oxidized ffarorescent

blue resazurin to a red fluorescent dye (resorufin) by the mitochoreBtatory chain in live cells.

The amount of resorufin produced is directly proportional to the number of living cells. Resorufin has
an excitation peak at 572nm and a fluorescence observable between 586 nm. The typical excitation
wavelength chosen fohis assay lays between 530nm and 560nm and the fluorescence is monitored
at 600nm where the contribution of excitation is minimal. The resazurin dye can be measured either
in fluorescence or absorbance mode. However, fluorescence mode measuremeneafEraggay
linearity, reproducibility, robustness, and sensitivity. AlamarBlue has the advantage to be a non

destructive viability assay as opposed to other techniques for the evaluation of cell proliferation.
The number of cells that must be plated peprBSOH LV LQ WKH RUGHU RI DQ
the method, at least three replicates must be perfolfhédter the addition ofr a;—: AlamarBlue

reagent to the cell medium, the samples are incubated for 3h in physiological conditions. Fluorescence
is recorded through a confocal microscope and the cell medium is eepédbea new cell medium
without AlamarBlue. The assay is repeated after a certain amount of time that depends on the

particular experiment.
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3 Results

3.1 Understanding Photocapacitive and Photofaradaic Processes
in Organic Semiconductor Photoelectrodes for
Optobioelectronics

7RPPDVR 3DOWULQLHUL /XFBeaftde G@akoni, OWIGRU DOQQ LHOHNARZDF N
Tobias Cramer

3.1.1 Abstract

Photoactive organic semiconductor substrates are envisioned as a novel class of bioelectronic devices
that transduce light into stimulatingobogical signals with relevance for retinal implants or guided
cellular differentiation. The direct interface between the semiconductor and the electrolyte gives rise
to different competing optoelectronic transduction mechanisms. A detailed understahdirgh

faradaic or capacitive processes and the underlying material science is necessary to develop and
optimize future devices. Here we address the problem in organic photoelectrodes based on a planar
p/n junction containing phthalocyanine »f#t) andN,N-dimethyl perylenetetracarboxylic diimide
(PTCDI). We combine the detailed characterization of photoelectrochemical current transients with
spectroscopic measurements, impedance spectroscopy, and local photovoltage measurements tc
establish a model thatguicts quantitatively faradaic or capacitive current transients. The decisive
elements of the model are the energy levels present at the interface and the voltage building up in the
photoelectrode. The result of our efforts is a comprehensive model dbcppacitive and
photofaradaic effects that can be applied to developing wireless bioelectronic photostimulation

devices.

3.1.2 Introduction

Organic semiconductors are attracting increasing interest as photoactive substrates for the stimulation

of biological cdls and tissué®!?® Exposure to light efficiently generates excitons in organic
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semiconductors and localizes the electromagnetic energy of the radiation in close vicinity to the
biological interface. Dependingidhe type of semiconductor and the interfaces present, the excitons
can release the excess energy either by recombination into local heat or else by separating into a
chargeseparated state that initiates further electrical or electrochemical protégdesthermal as

well as the optoelectronic pathway both lead to a variation in local physicochemical properties of the
illuminated photoactive substrate with possibigpact on the biochemistry or bioelectronics of
nearby cells. Thus, photoelectrodes offer a means to trigger optically a biological response with high
temporal and spatial resolution and without the need for invasive wires to connect external power
source. First proofof-principles applications that exploit this optoelectronic transduction pathway
with organic semiconductors have been realized and regard optical stimulation of neurons for retinal
implants33142 optical activabn of differentiation pathways for regenerative meditieand

modulation of neuronal signaling in-iritro culturest®*

In addition to enabling an optical transduction pathway, a range of properties make organic
semiconductorsiieresting candidates for photoactive substrates in biomedical appli¢atiéiss

organic semiconductors are molecular or polymeric materials, they can be designed to ffer sof
mechanical properties allowing integration into flexible or stretchable dedfit®s?’ The
consequence is a better adaptation to curved biological formfactors and a larger compliance to the
mechanics bbiological tissue, both improving the interface quality and reducing invasivéiiess.
Also, for many organic semiconductors biocompatibility with different cell types has been
demonstrated?®%3! Finally, organic semiconductors offer stable electrodhahproperties when in

direct contact with aqueous electrolyte and a dielectric encapsulation layer can be &¥dided.
Hence extremely lovimpedance interfaces between the electronic processes in the semiconductor
and the ionic ones in the cellular environment have been reafz€de lowimpedance properties

are at the core of many emerging orgasgmiconductor based bioelectronic devices such as organic

electrochemical transistdfS or low-invasive recording and stimulation arr&fs=6

In photoelectrodes the direct interface between the semiconductor and the electrolyte opens several
physicochemical pathways foight activated stimulatio®® Photoexcited states can directly
participate in electrochemical reactions in the nearby cell medium and organic semiconductors have
beenreported to show photocathotit®*® or photoanodit*®*'reactions in aqueous electragt A
well-documented effect regards the reduction of dissolved oxygen to hydrogen peroxide by
photoactivated electrort8® At variance to such faradaic reactions is photocapacitive beravior.
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this case, no electrons are transferred across the@wwdnittor/electrolyte interfacksteadgexcitons
dissociate into a charge separated state at an internal interface such as the semiconductor/metal
electrode or a p/n heterojunction. This causes an ionic displacement current until the electric field of
the charge separated dipole is screened. Photofaradaic and photocapacitive effects impact very
differently on biological cells. Reactive oxygen species formed during faradaic reactions have been
GHPRQVWUDWHG WR LPSDFW RQ W Ktidnd=in iot@deMildt cakchuk helPdl V W U \
and inflammation reactions at higher concentratforidnstead photocapacitive currents vary locally
WKH FHOOYV PHP BhdxgnHriggy® \&ato \Watedt@ls in neurdrBlearly, effective
photoelectrodes must enable a single stimulation mechanismd loas either photofaradaic or
photocapacitive transduction. However, to date it is not clear whether such a strict separation can be
achieved in photoelectrodes based on organic semiconductor in direct contact with the electrolyte.
Progress will require detailed understanding about how the photoelectrode architecture and the
semiconductors electronic material properties impact on photocapacitive versus photofaradaic

processes.

To address this problem, we report here detailed photoelectrochemical aiatotes and
theoretical analysis on photoelectrodes with a phthalocyanisfecjHand perylenetetracarboxylic
diimide (PTCDI) heterojunction. Such photoelectrodes have been demonstrated to work as effective
photocapacitors that enable the stimulation eifnal neurons or single cell oocytes invitro
experiments:® At the same time PTCDI based photoeleté® have also been reported to act as
photocathodes with strong faradaic reactions yielding effective hydrogen peroxide geriéfation.
H2>Pc/PTCDI heterojunctions, this faradaic process is enhanced when electron donors such as glucose
are present to close the electrochemical cycle with anodic oxidation at thelbetrkde’’ Based on

these tedate findings, the HPc/PTCDI heterojunction photoelectrode represents a model system with
both photocapacitive as well as photafdaic behavior. The factors affecting the prevalence of either
regime remain ambiguous and quantitative understanding of transient photocurrent signals is
currently missing. We address this issue by combining transient and spectroscopic photocurrent
measwements with electrochemical impedance spectroscopy and microscopic characterizations on
H2Pc/PTCDI photoelectrodes. Our findings lead to an equivalent circuit model that reproduces
guantitatively photocurrent transients and explains the transition betepacitive and faradaic
behavior. The model shows how intrinsic material properties such as semiconductorlevelsyy

and reorganization energy determine photocurrent signals and how the photoelectrode geometry can
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be tuned to control and optimize phatorent generation. The model can easily be extended to more
complex photoelectrode operation modes. As examples we explain the large electrochemical
photovoltage generation observed in the photoelectrodes and rationalize the impact of the back
electrode m floating photocapacitor pixels for wireless operation, such as in retinal stimulation

applications.

3.1.3 Results

Faradaic and capacitive photoelectrode processes

Figure ladepicts a scheme of the basic experiment used to characterize photoelectrodesamade of
indium tin oxide (ITO) substrate onto which an organic planar heterojunctictypeg+tPc (30 nm)

and ntype PTCDI (30 nm) were thermally evaporated. The border of the photoelectrode is sealed by
a silicone Gring to expose an area of 0.785%atiameer to the aqueous electrolyte (0.1 M phosphate
buffered saline PBS). A potentiostat connected to the ITO substrate (WE) and to the Ag/AgCl
reference electrode (RE) andwite counter electrode (CE) controls the voltAgepplied to the
photoelectrodevith respect to reference in the electrolyte and measures transient photocurrents. The
Figure also shows schematically the basic mechanisms that can contribute to photocurrent signals.
Upon illumination, excitons are generated in the organic semicondley@gand separate into holes

and electrons at the planampunction. The separated charge carriers can follow two principally
different reaction pathways to contribute to the photocurrent transient. First, charge separation into
positive and negativeacriers in the gype and rype layer, respectively, gives rise to an electric

field that attracts cations to the surface and repels anions. In this way a transient ionic displacement
current Ic is generated in the electrolyte that persists until theciaouble layer at the
semiconductor/electrolyte interface is charged. This capacitive mechanism is indicated by a blue
arrow in Figure 1c. Second, free electrons in thgpe layer can tunnel onto acceptor molecules in

the liquid and give rise to reductifaradaic processes. A typical acceptor state in ambient conditions
regards dissolved oxygéh!42This faradaic cuentlr does not cause the accumulation of charges at

the interface, as both, the remaining hole charge as well as the negatively charged acceptor, are free

to diffuse away from the interface. Consequently, a constant steady current is generated from the
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faradaic process, as long as mass transport of acceptor molecules does not become limiting. This

mechanism is indicated by the red arrow in the Figure la.

Figure 1b shows two photocurrent transients measured at different photoelectrode voltages. The two
transients are presented here as the first evidence that both, capacitive as well as faradaic mechanisn
coexist and can be controlled by external parameters. When applying a positive wiltage2b

V), a negative current spike is observed at the onkdtumination (590 nm, 12.4 mW/cf)
corresponding to the formation of a positively charged ionic layer at the photoelectrode surface. Upon
switching off the light, the double layer discharges and a similar current spike of positive sign is
present. In cotrast, at negative photoelectrode voltage=-0.15 V) an almost constant negative
current is observed during illumination and no current spikes are generated. Consequently, the current

is caused purely by the faradaic process and no variation in dayétecharge occurs.
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To distinguish faradaic from capacitive currents quantitatively we compute the net total charge
transferred across the photoelectrode interface peniilation cycle by integrating over the current

transient:

J .
3.L|g@4+.F’,@P (2)

<

The resulting number is the total amount of faradaic ch@gassuming an irreversible electron
transfer procesdnstead,capacitive displacement currents calneach other out in this integral as
they appear with both, positive and negative polarity. To count capacitive cliggges have to

consider the absolute value of the current transient and subtract the amount of faradaic charge:
5 0
3yL5 @gq *PR @P 3, A (2)

From the charge®r andQc we define average photocurrent valueslas=Qr/ T and<lc>=Qc 2
whereT is the period of the illumination cycle ands the characteristic time constant describing the
capacitive transient degaime (see Suppl. Inf. S1). Figure 1c plots the average faradaic and
capacitive photocurrents as well as the total averaged photocutrent <Ic> as a function of
photoelectrode voltagé. The plot demonstrates the fundamental role of the electrochkvoitage

V; for controlling the transients at the semiconducting photoelectrodes. At positive voltages we
observe purely capacitive behavior. The transition to a faradaic regime sets in at 0.1 V a@d.\ntil

both mechanisms coexist. Below this vodag purely faradaic regime is observed. In a similar
experiment we investigated the impact of the excitation wavelength on the ratio between faradaic and
capacitive processes. Figure 1d shows photocurrent spectra obtained at three different voltages. In
the positive range, the spectrum constitutes only capacitive current contributions, while at negative

voltages the processes are almost entirely faradaic. Despite the change in mechanism, the overall
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shape of the spectra remains unaltered and the ratiopaefcitiae to faradaic processes is not
influenced by the wavelength. The finding clearly demonstrates that the electrochemical reactions
happen on a slower time scale and only depend on the number of charges separatedjanttiep.

The energetics andynamics of exciton formation and separation as well as charge transfer state
relaxation dynamics are much faster and do not have a direct impact on the following electrochemical

process.

Based on these findings and on the qualitative understanding pfnthienction photoelectrode we
propose the equivalent circuit depicted in Figure 1c to arrive at a quantitative model. The circuit is
composed of a voltage source that represents the dipole and associated photgypttsgnt at the

p-n junction duringillumination. Transport of electronic carriers across the semiconductor is
described by the resistand&s, andRen In the electrolyte the transport of ions is modelled by the
resistanceR.. The semiconductor/electrolyte interface is modelled by two esiésn first, a
capacitanceéCq that represents the double layer containing electronic charges in the semiconductor
and ionic charges in the electrolyte. Second, almaar element that causes the faradaic charge
transfer processds. Finally, a smallecapacitancé&g is put in parallel to the circuit to account for

the geometric capacitance of the organic semiconductor layer. Clearly, this circuit is simplified but it
allows to grasp the most relevant processes attherpT O-p interfaces. In the fawing, we provide

a characterization for each individual circuit element based on electrochemical impedance
spectroscopy and photovoltage measurements. Only then we turn back to transient behavior and apply

the parametrized circuit to achieve a quantieatiescription of the current transients.

Surface photovoltage measurements

Electrical stimulation with the photoelectrode is driven by photovoltage generation. In the equivalent
circuit model this process is attributed to the junction and in first ggroximation independent on

the presence of electrolyte. To confirm this hypothesis and to arrive at quantitative photovoltage
values that characterize the voltage source in the equivalent circuit we performRellagn Force
Microscopy (KPFM) on photoelémde/air interfaces in darkness and during illuminatiégure 2a,

b and cshow, respectively, images of the surface heigbtk function and surface photovoltayé
obtained from such measurements. The surface topography is dominated by the ndimezcrysta
structure of the evaporated organic semiconductor with crystallite sizes on the ordet2d fhén.

Thework functionis close to the level of the underlying substrate (ITO) and reveals that in darkness
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interfacial dipoles due to thermally activatetiarge transfer states are not pres&htJpon
illumination, we observe the formation of a negative photovoltage. The precise values wfdrkth,
functionas well as photovoltage, depend strongly on the local topography. The profiles of height,
work function and surface photovoltage in Figure 1d obtained from the images show the effect more
clearly. Overall, the length scale of the local fluctuations madchariations in surface height.
Therefore, we suggest that changes in nanocrystallite orientation are responsible for the variations in
work functionand surface photovoltage. We note that the length scale of the surface photovoltage
fluctuations is howeer orders of magnitude below the typical size of cells. Therefore, we consider
the average photovoltage to be relevant for photoelectrode biological activity (and not the local
fluctuations). Figure 1e then shows how the average photovoltage incredskghivintensityP. At
relatively low light intensities oP=3 mW/cnt we observe photovoltages exceeding 30 mV. For
strong celphotoelectrode contacts with high sealing resistance, such a value can already be sufficient
for cell membrane depolarizatidfigher light intensities lead to even stronger photovoltage response
as required for efficient cell depolarizatidfhe inset of the Figure shows the photovoltage transient
and confirms the fast rise and decay times of the photovoltage (<< 1ms). Thenalndépendence

of photovoltage on light intensity is described by a logarithmic function similar to photovoltages
observed in inorganic heterojunctiof$ KPFM photovoltage measurements were done on pristine
samples and after photoceint measurements in electrolyte. No significant difference in response
due to degradation was found (see Supp. Inf. S8)
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Figure 2.Kelvin Probe Force microscopy (KPFM) on the photoelectrode surface. (a) Topography of
sample (b) localork functioncalcuated from KPFM potential in darkness. (c) local photovoltage
Vp calculated from KPFM potential measured during illumination and darkness. (d) Line profiles of
the images. (e) Averaged KPFM photovoltage as a function of light intensity. The inset siaaks typ

measurement transients.

Electrochemical impedance spectroscopy

EIS performed in darkness and during illumination provides quantitative data describing passive
elements in the photoelectrode equivalent circuit. Bode plots of impedance and phasednaasure
different photoelectrode voltayge are shown irFigure 3aand b. As EIS measures the passive circuit
propertiesyve do not consider the voltage source in the model to fit the measurement data. Due to the
small modulation amplitude the faradaic elemisntreated as a charge transfer resistége All

other elements in the fitting model are kept as depicted in Figure 1d. The resulting fit describes well
the experimentatiata,and we obtain quantitative values 6k, Cg, Rct, R and R=RetRnp. In

darkness, the heterojunction behaves as a dielectric and the impedance response is dominated by the

geometric capacitandg, and the ionic resistand®. This is a direct consequence of the fact that the

58



organic materials are intrinsic, undoped semicondsctath very low conductivity in the dark.

During illumination, the impedance drops by orders of magnitude and typical features appear in the
amplitude and phase spectra that are well reproduced by the simple model circuit. Deviations between
model and meased data are only notable in the EIS phase spectra at positive photoelectrode voltages
(Vr>0.15). At these voltages, the peak associated to the double layer capacitance broadens. This
disagreement between model and data is associated to positive draegs that migrate from the

ITO electrode into the pype layer and are subjected to disorder and surface roughness at the

ITO/H2Pc interface which is not considered in our idealized model.
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Figure 3. Determination of parameters for photoelectrodeiegkent circuit. (a,b) Electrochemical
impedance spectroscopy data and fit to model. Data measured in darkness and during illumination
at 595 nm with 12.4 mW/énat different voltage®.. (c) Extracted double layer capacitance and
geometric capacitance asfunction ofV;. Solid lines show fits to capacitance models as detailed in
the text. (d) Plot of capacitive photocurrent time consiaad a function of double layer capacitance

Cai to determine the characteristic resistariRef the junction. (e) plobf capacitive charg€c as a
function ofCq to determine the photovoltagé. (f) Plot of faradaic charg&r as a function of

effective voltag®: + Vp and fit to MarcusGerischer model describing faradaic charge transfer.
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Most importantly, the EIS mad provides access @y andCy of the photoelectrode. Figure 3c shows
these capacitances normalized per photoelectrode area as a function of photoelectrode voltage. The
geometric capacitandgy is independent on light intensity and shows almost no depeedorV;.

Only at larger positive photoelectrode voltage a slight increaSe ia observed which is attributed

to hole carriers that start to enter into thiype HPc layer. Instead a strong dependence of the double
layer capacitanc€q on photoeletrode voltage and illumination power is present and variations
exceeding an order of magnitude are observed. Maximized capacitance with values typical for the
DebyeHelmholtz layer are only reached at negative voltages. Towards more positive voltages the
value of Cq drops by more than an order of magnitude. This effect can only be explained by an
additional, strongly voltage dependent capacitance in series to the Belboyleoltzcapacitanc€ph.

The semiconductor in direct contact with the electrolytbaesntype PTCDI. Consequently, a more
positive voltage applied to the photoelectrode causes a drop in thel€eeh@nd reduces the number

of negative carriers in the conduction band. The resulting decrease in capacitance for an undoped
semiconductor iglescribed bi#*:

% L # 13 (GELPA 3)

with the intrinsic screening length, dielectric constanfand a nordeality factori. Only at very
positive voltages the total measured capacitance starts to rise again. Now, positive inhiduges
closeby ptype HPc layer start to accumulate and interact with the counterions in solution resulting
in a capacitance that is a series combination of the undepgxk semiconductdC,, described by

an equation similar to eqn. [3], and a geomeatapacitanc€ngdescribing the depletedtype PTCDI

layer. The inset in Figure 3c shows how the different capacitances are combined in series and in
parallel to achieve a quantitative fit to the capacitance data (see Suppl. Inf. S2 for more detailed

description).

In the next step, we use the quantitative description of the capadianc@chieve a first estimation

of the effective resistand® and photovoltag&/r of the heterojunction based on the PEC transient
data. For transients in the capaa@tregime Y, >0.05 V) we plot in Figure 3d and 3e the characteristic
time constant2and the total charge stored on the double layer cap&gitas a function oCq. In
both cases the linear fit to the data confirms the simple capacitor rel@tieng, £qand 2=R Ly

allowing to extracR andV, values for different light intesities. Notably, the photovoltage valugs
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are in good agreement with the KPFM based measurements and confirm our initial hypothesis that
the photoelectrode is driven also in electrochemical environment by exciton separation-at the p

junction.

The las missing element regards the faradaic processes. In Fifuve Blot the faradaic charge
extracted from the PEC transient as a function of photoelectrode voltage. For the three different light
intensities a similar functional dependence is obtainedstimt/s the onset of faradaic processes at
0.1V and exhibits a strong increase towards negative voltages until a saturation is reached. The stable
current plateau in the PEC transient and thedata (see Suppl. Inf. S3) indicates that the process is

not limited by mass transpohhsteadthe heterojunction resistance in series with the charge transport
process on the acceptor state dominate the current. We thus model the rate limiting process of the
oxygen reduction reaction by applying a Mar€asrischerrate equation leading to the expression:

keA >aV?AE>Tg> o

3, L ¢P® L (P® 4ATIF — h (4)

In which Ik is the faradaic current¢,Hs the duration of the light excitation,is the reorganization
enery, and (G° the free energy of the charge transfer process. Eqg. 4 depends recursively on the
currentlr that passes through the heterojunction of resistRrEg«t+Ryp as it creates an additional
potential drop across the photoelectrode. A solution for egagl obtained numerically. For the
different light intensities, we varied only the prefadigs and obtain excellent fits to the data (lines

in Figure 3c) with an overall reorganization energy of 0.43 £ 0.07 eV. Such a value is in the
typical range dr single electron CT processes at aqueous interf&tEse free energy of the charge
transfer process amourits ¢G° = -0.24 + 0.04 eV and represents the difference between the edge of

the PTCDI conduction band and the standard potential of the oxygen acceptor state.

The full photoelectrode model

At this point we have numerical representations for all elementiseirequivalent circuit of the
photoelectrode. The combined set of differential equations describing the current flow is solved
numerically using Rung&utta algorithm (see Suppl. Inf. S4). Measured and simulated transients are
compared irFigure 4 for different light intensities and photoelectrode voltages. The simulations that

are based on the parameters obtained as described above (red curve in Figure 4) achieve a reasonabil
description of the relevant features in the transients such has the capacrewe spike at positive

voltages and the transition towards pronounced faradaic currents during illumination at negative
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voltages. However, stronger differences between simulated and measured transients exist in the
capacitive contribution at positive ploelectrode voltages. To improve the agreement, we introduce

the photovoltage as a fitting parameter, that depends on the light intensity and also on th&voltage
This is justified by the strong impact of electric fields on recombination processes pnthe
heterojunction. For example, stronger photovoltages should be present at negative photoelectrode
voltages where the electric field facilitates exciton splitting and charge separation. After the numerical
fitting procedure, we obtain an almost quaniti&a agreement with the measured transients. The

Suppl. Inf. S5 contains all the numerical values of the parameters/functionals used in the fit.
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Figure 4. Measured (grey points) and simulated photocurrent transients (red and blue lines) obtained
at different light intensities and photoelectrode voltages. For clarity transients with different
photoelectrode voltage are shifted by an offset. The red lines correspond to the model with parameters
determined a priori from EIS and photovoltage measurementsliiédéine corresponds to the model
optimized directly with the transient data using photovoltage and heterojunction resistance as fitting

parameters.

With the full model in hand, we can arrive at important conclusions regardingntheterojunction

baed photoelectrodd=igure 5ashows the energy diagram of the heterojunction in contact with the
electrolyte in darkness. During illumination excitons are generated in-tyfgeand rype layer.

After diffusion to the junction the excitons separate irftola charge in the valence band of th&¢&l

layer close to the ITO back electrode and an electronic charge in the conduction band of the PTCDI

layer in contact with the electrolyte. The charge separation leads to the formation of the dipole layer
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at the pn junction and generation of photovoltage. After charge separation, two reactions are possible
and indicated in the energy diagram: In the first case, the electron interacts with counterions in the
electrolyte and gives rise to the capacitive currensgblue arrow). Once the Debielmholtz

layer is established, no further current is generated and charge separation and recombination at the
heterojunction occur at equal rate. In the second case, the free electron in the PTCDI conduction band
can tunnebnto the G-acceptor state in the electrolyte (red arrow). As new charges are continuously
generated in the heterojunction, this process gives rise to the steady faradaic current.

The efficiency of theunnelingprocess involved in the faradaic procegpehds strongly on the
energetics of the involved states. From our measurements we obtain a free erg8%y@024 eV.
Combining this value with the electron affinity of PTCIB, prcoi= 4.114¢ and he PTCDI/PBS
surface dipole in darkness estimated tgq#g = 0.23 eV from KPFM measurements (see Suppl. Mat.
S6), we obtain the energy level of the acceptor sEtgreF Eaprcoi+ ¢G%- -Va = 4.11 eV. This
value compares well to the standard potential of the rate limitingelest&ron oxygen reduction
process leading to the superoxide radical akfenoz = 4.1 eVF*and is significantly above the level
for the tweelectron process reported for the final reaction product hydrogen perSsigded= 4.8

eV 142

The energy diagram explains the relevant factors that decide on capacitive or faradaic photoelectrode
behavior A negative photoel¢ode voltageV: shifts the semiconductor levels upwards with respect

to the oxygen acceptor level, thus making electron transfer more probable and causing a larger
faradaic current. Instead positive voltag®/; suppressefaradaic transfer as the acoapstate rises

above the PTCDI conduction band leverom these findings we predict that the capacitive
mechanism becomdavoredin semiconductors with lower conduction band levels (high electron
affinity) and strong reorganization energy, whereas ldygedgaps and high lying conduction bands

support the faradaic process.
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Figure 5. Implications of photocapacitor equivalent circuit model. (a) Energy diagram of
photocapacitor junction in darkness and interpretation of capacitive and faradaic csurénhe
model provides estimates for the reorganization energ.43 +/- 0.07 eV and for the free energy
¢GP=-0.24 +/-0.04 eV. (b) Equivalent circuit of floating photocapacitor pixel. (c) Simulated floating
photocapacitor response showing transitioonfi faradaic to capacitive operation regime without

external control.

To highlight the relevance of the photoelectrode circuit model we employ it to simulate floating
photocapacitor pixels. A floating configuration is important in bioelectronic applitaéis the pixel
should activate by light without any wire attached. To provide a circular pathway for the generated
current in a floating electrode pixel, the ITO back electrode must be put into direct contact with the
electrolyte as shown in Figure 5b. & Rl O/electrolyte interface is modelled by the resistdRee

and the capacitand@ro. The two elements are crucial as they close the circuit for photocurrent
generation in the floating electrode necessary to maintain charge balance. Values fordintirese

from EIS measurements on ITO. Experimentally, there is no way to measure or control the
photoelectrode voltage Vr in the floating configuration. Thus, at first sight it might be unclear how to
control capacitive or faradaic contributions in sudtoating pixel. To understand the situation, we
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run simulations for the worstase scenario for wireless stimulation: the photoelectrode is for some
reason at a negative potential. As shown above, the negative potential should lead to a faradaic
processalthough a capacitive one would be desired to avoid reactive oxygen species to be generated.
The simulation of such an initial condition with V81 V is shown in Figure 5d. Aexpectedthe
simulated current transient shows in initially a faradaic shajmvever, already after a few
illumination pulses the shape changes and becomes charge balanced and capacitive. Accordingly, the
Vr drifted from the negative initial condition to a stable positive value. Therefore, even in the worst
case, a faradic mecham cannot prevail on the floating photocapacitor pixel when ITO is employed

as a baclelectrode. The effect explains our earlier work in whiciP¢PTCDI based floating
photoelectrodes behave as photocapacitors with charge balanced stimulation protilzacthahow
faradaic current contributions. We note that the effect can be further influenced directly by the electro

chemical properties of the back electrode such as the Nmtesitial®’

3.1.4 Conclusions

In this work weanalyzein detail the photoelectrochemical processes that lead dtogirrent
generation in organic heterojunction based photoelectrodes operated in contact with aqueous
electrolyte. Electrochemical impedance spectroscopy, Kelvin probe force microscopy and
spectroscopic photocurrent measurements are used to determime poaperties of the
heterojunction/electrolyte interface such as photovoltage, capacitive coupling and charge transfer
resistance. The findings are combined into an equivalent circuit model that is in quantitative
agreement with measured photocurrent fems and provides a clear explanation for
photocapacitive as well as photofaradaic processes. Photofaradaic processes, that are undesired ir
bioelectronic stimulations, can be avoided by applying positive voltage to the photoelectrode. In this
way electrms emerging out of charge separated states do not tunnel onto electrochemical acceptor
states but remain in the conduction band and interact only electrostatically with the electrolyte
generating an ionic displacement current. The equivalent circuit maldtds the magnitude and the

time constant of the displacement current to the double layer capacitance, the photovoltage generated
at the organicm junction and the total resistance of the heterojunction. We further employ the model

to provide importantnsight into the response of floating photoelectrodes as employed for retinal
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neuron stimulation. The simulation shows that in the floating configuration the photoelectrode

automatically charges positively and operates in the purely capacitive mode.

We ae convinced that our findings provide guidance for the design and optimization of future organic
optobioelectronic interfaces. Our results demonstrate how semiconductor energy levels impact on
capacitive or faradaic processes. To maximize the capacuivwvpy exploited in artificial retina
interfaces, transport properties of the heterojunction as well as electronic photovoltage generation
have to be optimized. The equivalent circuit model presented here shows how these properties are

interrelated and demdent on semiconductor material properties as well as device architecture.

3.1.5 Methods

Photoelectrode fabrication

15x15mm square ITO slides (Kintec, 1 Ohm/sq) were cleaned by consecutive ultrasonication for

5 minutes in acetone;f@opanol and 2% Hellamex Il cleaning solution. The substrates were then
rinsed with DI water and dried under a stream of Next, Q plasma treatment was appligkD0W,

5 minutes)and the ITO surface was modified by a vapbase deposition af-octyltriethoxysilane

(OTS) by placing the samples in an OV8por saturated chamber heated to 80 °C for 1 h. This
improves the adhesion of organic PN layers to the ITO substrate. Excess physisorbed OTS was
removed by sonicating the samples in acetone for 5 min followed by ringim@Wiater and drying

under N stream. Phthalocyanine >Pc (Alfa Aesar) and 1 Zdimethyt3,4,9,10
perylenetetracarboxylic diimide, PTCDI (BASF) were purified thrice by tempergradient
sublimation. The EPc/PTCDI layers were formed by evaporativeaigion at a base pressure of <

2 x 10° Torr using a rate of 0-0.5 nm/s. 30 nm of ®pe HPc and 30 nm of Nype PTCDI were
successively deposited. Kapton tape was used to mask the edges of the ITO substrate to leave area:
convenient for electricallyantacting for later measurements. All samples were then stored in 0.1 M
KCI for 24 h before further use.

Photoelectrode ebtdrical characterizations

The photoelectrode was mounted in a homemade-&HGdesign inspired from literatuf). A

silicone O-ring confired the photoelectrode area to a diameter of 10 mm in contact with aqueous
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electrolyte (PBS 0.1 M) and prevented electrochemical contact with the back ITO electrode. A Pt
wire and Ag/AgCl (3M KCI) reference electrode were used to control the potentia elettrolyte

with respect to the photoelectrode. The ITO back electrode was connected as the working electrode.
A potentiostat (Metronm PGSTAT 204) was used for transient current measurements and
electrochemical impedance spectroscopy. For spectroscopiasumements a Xenon lamp
(Hamamatsu 150W) combined with a Czeflnyner monochromator (Cornerstone 260) was used as
light source. For other measurements a surface mounted LED (595 nm CREE XPE1AMBAs

used. Data analysis was done with MATLAB (code aldé upon request). Light intensity was
calibrated using a Hamamatsu photodiode (S2281). Electrochemical impedance spectroscopy was

conducted on the same photoelectrodes exposing an area of 6.78 cm

Surface photovoltage measurements

Measurements were doneith a Park NX10 AFM in KPFM mode. A PHRCST-Au probe
(Nanosensors, k=7.4 N/m) was operated in-comtact mode at resonance frequency to trace the
topography. In parallel a 3V amplitude A®Itage was applied to the tip to modulate electrostatic
forcesat 17 kHz. The resulting tip oscillation was nullified by the KPFM feedback circuit applying a
DC voltage to the tip. The DC voltage is reported here as the surface voltage. Surface voltages were
measured in darkness and during light exposure from bekgatiple. The difference is the surface

photovoltage.
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3.2 Supporting Information
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Figure S1.Determination of characteristic time constatftom photocurrent transients. The initial

slope s of the transient is determined as well as maximum initial cusrand final current plateau
Ir,0. The values then lead to an estimate of
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Figure S2.Capacitance model of the semiconductor p/n junction / electrolyte interface. At negative
photoelectrode potential (\# -0.3) the PTCDI layer is populated by phgémerated negative
carriers, and the total capacitance is only limited by the DeHgémholtz capacitance of the ionic
layer. Increasing Mdepletes the-type layer from carriers, increasing the screening length and hence
reducing G. The reduction in tell capacitance @ stops at positive potentials (¥ 0.2), when
carriers in the ptype layer start to screen the field with a capacita@eeThe overall capacitance is

then obtained as:
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We sé¢ x=3, a typical value for the permittivity in organic semiconductors. Fitting the equation to the

Cuai(Vr) data we arrive at the following parameters:

light intensity
Ln(nm Lp(nm Cng(UF/c?) | Con(uF/cn? i
mwicr) n(nm) p(Nm) no(H ) (W )
12.4 0.019 105
3.15 0.031 170 3.1 60 2.9
0.81 0.057 380
5
oL
51
. -10¢ —— 12.4 mW/cm?®
< -15 —3.2mWiem’
= 20 — 0.81 mW/em’
-25
-30
-35
40

02 01 00 01 02 03 04 05
v (V)

Figure S3.Cyclovoltammetry of HPc/PTCDI photoelectrodes at 0.1V/s scan rate at different light

intensities.
S4. Methods to solve the differential equation

We consider the following equivalent circuit to calculate transients

Mearcus

Marcus is an element that is described by the following equation:
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4 L F=$ 5 0A280e> 0 [SE2]
1
8VLQJ .LUFKRIITV ODZ RQ FXUUHQW FRQVHUYDWLRQ ZH REWD

Ty?kKi ¢ ?2Tgo

b E %'—5 RS [SE3]
The time derivative of the volge is separated:
xTig, | 5 47K g ?Tgo

o LB F 4C [SE4]

In this form we can apply the Rung¢@tta algorithm for iterative integration over a given time

interval. The initial condition is determined \@&=0) =V..
In darknesshe expression SE4 simplifies ¥s=0 andln=0.
The RungeKutta algorithm is implemented IMATLAB with the ode45command and yields the

function V(t). The current is then obtained by:

#p LT [SE5]

S5: Data tables contaning parameters used to calculate transients in Fig. 4

Light
intensity | a(R) CeV) | 'G(eV)
(mW/cm?)
0.81 51+o03
-0.24+
3.15 21.2+2 | 0.43x0.07 o4

12.37 73.4x2

SbHa.Parameters used in the Marcus equation SE2.
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S5b. Parameters used for the series resistance and

Light
intensity R(k :) Vp (MV)
(mW/cm?)
0.81 4.6+01 -17+2
3.15 1.8+01 -31+2
12.37 0.74+003 -52+2

capacitance is described by eq. SE1

the photo voltage source. The double layer

Light Vp(mV)
intensity | R(k:)

(mW/cmZ) Vi=0.45V Vi=0.35V | V=025V | V;=0.15V | V:;=0.05V V:=0.0V Vi=-0.05V | V;=-0.15V
0.81 8.6:02| -9.5 -23.9 -41.6 -58.3 -66.5 -69.8 -73.8 -73.1
3.15 2.9+01 -1.7 -20.1 -33.4 -44.6 -45.9 -46.7 -48.7 -52.4
12.37 10-_35 -7.4 -21.2 -33.5 -39.6 -38.6 -39.3 -41.0 -43.7

S5c.Values for photo voltages obtained by least square fit to transients at different photoelectrode

potentials V.
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Figure S6 Kelvin Probe Force Microscopy to determine vactawel offsets at interfaces. a) KPFM

of ITOb) ITO/H2PC and c) ITO/H2PC/PTCDI obtained in darkness. The results show that the offset
at the ITO/KPFM interface is 0.18 V whereas only a small offset is present at the H2PC/PTCDI
interface €0.01 V). Combining these values with Wark functionof ITO (5.1 eV) and Ag/AgCI (4.7

eV) an offset of 320.23 V is estimated for the PTCDI/electrolyte interface.
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Figure S7.Electrochemical impedance spectroscopy on pure ITO substrate (area (F)/8Thm
data is fitted to the RC circuit shown in the ingdte resistance value corresponds to the resistance

of the electrolyte solution and matches the findings for the more complex photoelectrode.

72



m pristine samples
04 log fit 1
O samples after 6 h photostimulation
log fi
204 og fit i
>
£
= 40 .
>
-604 i
-80 % i
'100 T T T T T T

0 2 4 6 8 10 12 14
light intensity (mwW/cm?)

Figure S8. KPFM surface photovoltage pVmeasured in pristine samples and after 6 h of

photostimulation in PBS solution.
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Figure S9. Electrochemical impedance spectroscopy of H2PC/PTCDI photoelectrode during
illumination and fit to equivalent circuit described in figure 1. (a,b) Modulus and phase of impedance
with illumination of 3.15 m\&Mm2. (c,d) Modulus and phase of impedance with illumination of 0.81

mW/cm2.
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3.3 P-type Semiconducting Polymers as Photoreducing Electrodes:
a Comparative Study for Optobioelectronics

Luca Bondj Edgar GutiérrezFernandez, Gabriele TulliiMaria Rosa Antogazza Camilla

Marzuoli, Jaime Martin PéreDavid MecerreyesBeatrice FraboniTobias Cramer

3.3.1 Abstract

Recent studies show thattype polymeric semiconductors are enabling a novel type of wireless,
optically triggered interface with biological cells. ®uorganic optobioelectronic interfaces have
been realized with the polymer P3HT, that exhibits a photofaradaic behavior to generate reactive
oxygen species and hydrogen peroxide. These molecules act as messengers in biological systems
impacting on celkignaling and proliferation. However, the use of P3HT to trigger
photoelectrochemical reactions in biomedical applications is limited as its optical absorption maxima
is not aligned with the transparency window of tissue and characterization of novel matéhal
improved properties at optobioelectronic interfaces is desired. Here we compare the performance of
P3HT with two low banejap conjugated polymers commonly employed in high performance organic
solar cells, namely PBDB and PTB7. We quantify their ptogeneration capabilities at physiologic
conditions through photocurrent transient analysis and -HH®RB assay. We find a superior
photocurrent generation capability in PTB7 as compared to the other two polymers, which is reflected
in a betterH>O, photog@eration yield. Additional spectroscopic and structural investigations are
used to compare the energy levels of the materials at the electrochemical interface and their thin film
morphologies to rationalize the differences in materials performances. yFimal test the
biocompatibility of the new materials both in dark and illuminated conditions and we demonstrate
effective intracellular ROS production in-uitro experiments. The findings point to the relevant
physicachemical material properties that Wie crucial for novel, less invasive, optically operated

bioelectronic interfaces.
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3.3.2 Introduction

Organic semiconductors are soliciting strong interest as active materials in novel bioelectronic
interfaces. As organic materials they have an enormousichleversatility and can be designed to

meet the multifunctional properties requested for interfaces with living biological cells. Recent
literature examples demonstrate how semiconducting charge transfer properties are combined with
soft mechanical behawi as well as chemical stability and biocompatibility to improve traditional
microelectrode based interfaces for bioelectronic recordings and stimuf&fiétié> On top of that,

recent findings show that the outstanding optoelectronic properties of organic semiconductors enable
conceptually novel gyes of optobioelectronic interfacEs>*The aim is to substitute invasive wires

and implantable electronics by a single unconnected organic transducer device that is operated by
light pulses transmitted throudhe surrounding tissue. First examples for this concept are organic
semiconductor based retinal implamté*1521530r nerve stimulatof8*'*® as well as optically
controlled smart surfaces to guide tissue growthall regeneratiof?°%157All these applications

rely on the transduction of light pulses to physit@mical stimuli at the semiconductor/electrolyte
interface further effecting ro biological processes. Accordingly, materials science is required to
investigate the different light enabled transduction mechanisms and performances that can be

achieved in this context with organic semiconductors.

Different architectures of organic @aectronic interfaces have been presented in the literature such

as planar m heterojunctions#¢47 polymeric thin film$§253 structured polymeric filnfs>8 and
polymeric nanoparticléd®>3 In these architectures, semiconducting polymers offer several
advantages compared to other materials such as high optical absorptiantgrid photostimulation
mechanisnt¥, high khocompatibility, mechanical compliance and synthetic flexibility. As the
application requires a direct contact with the aqueous electrolyte containing the biological target, a
suitable energetic alignment with the redox species present irWaterrequired. Rype organic
semiconductors can fulfill thisequirement and a high stability towards electrochemical degradation
processes has been demonstrated combined with the selective activation of photoelectrochemical

processes.

Depending on the architecture and the materials, different optically excisduction mechanisms
impacting on adjacent cell have been established. Thermal activation aims at a significant increase in

temperature close to the illumination site. Due to the high thermal transport properties of water,
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localized increases of temperatuare only achieved with high light intensities (>>100mW)cit?

At lower light intensities two different electrochemicalnsduction mechanisms can remain active:
Photocapacitive stimulation occurs when the semiconducting layer Jopildsphotovoltage upon
illumination*® The photovoltage drives an ionic displacement current that charges the-Debye
+HOPKROW] FDSDFLWDQFH DW WKH VH P LjfaRe&menX éuvkeRtafieétsL Q W H
cells adhering to the surface similar to current injecting stimulation electtr@tmssequently light
pulses can be transduced into cell membrane depolanzaiygering action potentials in neuronal
tissue. Heterojunctions of gnd ntype organic semiconductors or metal/semiconductor interfaces
have been exploited to maximize photovoltage generation. The first example demonstrating this
concept is the bulketerojunction developed by the Lanzani gf8uphich consist of a binary
polymeric blend made of the polymerP3HT and PCBM. Alyigtable junction for photocapacitive
stimulations is made by the organic pigments HHBXCDI thinfilm molecular planar
heterojunction developed by Glowacki and coworkErRecently it has beademonstrated that also

a single layer of iype polymer such as P3HT can builg photovoltage due to photoelectrochemical
reactions’®1%9 This simplification has important implications, as it can be applied -tpp@
semiconducting nanoparticles interacting directly with the cell membrane to stimeliateegen

though the operating mechanism is still under dety4t&?

A second relevant pathway to stimulate cells relies on semiconductorgiBotmchemistry. Here

excited charge carriers transfer through the semiconductor/water interface and cause oxidation or
reduction reactions in the biological system. Such photofaradaic processes have to be tuned to
generate electrochemical messenger més that impact on cellular proces$e®e note that an

organic semiconductor device in direct contact with the aqueous electrolyte can follow both
stimulation mechanisms, photocapacitive as well as photofdraditich one of the two prails

depends on the semiconductor energy levels and their alignment with redox species as well as kinetic
barriers for electron transfer. Both processes start under illumination by the generation of localized
excitons and their subsequent dissociatioa free carriers occurring at interfacial electric fields or
spontaneousl§? In the capacitive case, the free carriers accumulate and modulate the space charge
in the devce also affecting the Debye Helmholtz layer and generating ionic displacement currents.
In photofaradaic reactions, free electrons in the conduction band are transferred to acceptor states in
solution or alternatively hole carriers in the valence bandizxidonors in solutiorPhotofaradaic

or photocapacitive processes can be easily distinguished through chronoamperometric measurements
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in darklight-dark conditions: the integral of a cycle amounts to the overall photofaradaic current; the

photocapacitiveontribution is then the total current minus the photofaradai¢’one.

In the case of ype polymers such as P3HT or PEDOT the typical acceptor molecule taking free
electrons is oxygen as it is always present in biological conditfdfi§1%163rhe oxygen reduction
reaction (ORR) generates®h on organic semiconductor surfaces and other intermeldedetive

oxygen speciesR09).**1**Importantly, the ORR products are known to act as messenger substances
with impact on cell homeostasis, cell metabolism and regeneraticegses. The photofaradaic
generation of ROS species has been employed through the use of organic semiconductor thin films
as well as injectable nanoparticles and was demonstrated to be effective in stimulating cardiac cell
regeneratioi®°"99%18The detailed mechanism of the photofaradaic transduction chain depends on
the physicechemical interactions occurring at the interface with the cellular mééiftiand between

the ROS and the particular cell i Steady state physiological flux oG to specific protein

targets leads to reversible oxidation, altering protein activity, localization and intera€fidinés
contributes to adaptation of various processes in cells and organs, including cell proliferation,
differentiation, migration and angiogene8#é % Overall, physiological targets of ROS seras

redox switches in signal transduction acting in response to stressors or external perttfrbations

Most of the studies were conducted on siAgidymer photoelectrodes and relied on the use of
regioregular poly8-Hexylthiophene (HP3HT), asemicrystalline polymer with a low glass transition
temperature (J§ Zmp and a noticeable chain mobifity. This material has recently been under the
spotlight as an effective photocathode for triggering cell differentiation pathways through the
production of Reactive Oxygen Species (RB%) nevertheless it have some weak spots in
perspective of human implementation. For instance, its absorption spectrum (66808at) is not
well superimposable with the therapeutical window (@360nm). In this context, the introduction
of novel materialsand the study of how they interface with the biological medium is important to
overcome current limitations and to improve the desired photoelectrochemical behavior. From OPV
research similar 4fype semiconducting polymer materials are known which featigh
performances and lower bandgaps, such as PTB7, PBIPEB7Th, and PCPDTBT. The HOMO
levels of these materials are betwegBeV and5.3eV1"?2’>and the optical bandgap between 1.5eV
and 2e\A7%%78 The position of the energy bands relatitee donor and acceptor levels at the
semiconductevater interface is of fundamental importance also in determining the stability of the
photoelectrod®?17%81 as well aghe possible back electron transfer pathways. Among the latter,
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are worth of mention the polymer reduction by means of ROS species and the oxidation of water by
means of positively charged states in the polymer. In addition to energetic aspects, tleegdifyen

in the processability, the solubility in common solvents, the chemical stability and in structural
factors. For example, the structural order can space from totally amorphous to paracrystalline in
regiorandom polymers or polymers with a smalintuer of repetitive units, up to semicrystalline
order in regioregular and high molecular weight polymers like3iHT:82 Moreover, the Jof all

the mentioned OPV materials is much higher than thersoim temperature glof rr-P3HT®S,

implying a lower chain mobility.

The aim of the work is to compare differentype organic semiconductors for photofaradaic ROS
generation at optobioelectronic interfaces, in aqueousoement. Among the possibletppe low
bandgap biocompatible polymeric materialg @hose for our studies 2 materials to compare to the
extensively used P3HT, namdRBDB-T and PTB7, based on their chemipalysical properties.
These are low bandgapghly absorbing polymet& with high photoconversion yield reviewed in
OPV application¥°18¢ and are characterized by a chemical structure and a LUMO energy
compatible with oxygen photoreduction while having a HOMO energy not suitable for efficient water
oxidation processedNe perform phtoelectrochemical experiments under physiologic conditions to
determine photocurrent generation efficiency and efficiency in H202 generation. Absorption spectra
and photocurrent spectra are acquired and combined with Keteibe force microscopy
measuremas to determine the energy level diagrams forlTi@/polymer junction. We conclude

our physicochemical characterizations of the materials with structural investigations of the
photoelectrode thin films by means of AFM and GIWAXS. Finallyvitno experments we
demonstrate the biocompatibility of the materials and their ability to increasecatiidar ROS
formation. The systematic comparison allows us to determine relations between pttysmal
properties and photoelectrochemical performancesmgbrtance for such novel optoelectronic

interfaces.

3.3.3 Results

We characterize the oxygen reduction properties dlpp organic semiconducting with
photoelectrode samples that were prepared by spin coating solutions of P3HT, PTB7 oif PBDB
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polymer in chbrobenzene onto ITO covered glass slides. Conditions were optimized to obtain thin
films of 50 nm thickness for all polymer$he Photoelectrochemical Cell (PEC) setup used to
perform the measurements is introduceBigure 1a The active area of the plo@iectrode in contact

with electrolyte (PBSt137mM NaCl, 3mM KCI, 10mM Phosphate buffer, pH 7.4) is confined by a
PDMS Oring and the same area is illuminated from the electrolyte side. The photoelectrode is
connected as the working electrode to a potstat and a Rwire and an Ag|AgCIIKCI (3M)
electrode are used as counter and reference electrode, respectively. Figure 2b shows typical
photocurrent transients obtained with the P3HT photoelectrode when measured in ambient air and
after oxygen removal biyuxing N2 for 60 minutes. Upon illumination a cathodic current is observed
that starts with a peak and then settles within a few milliseconds to a relatively constant level. The
absence of oxygen causes a significant reduction in current and confiroenthed role of oxygen

in the generation of photocurrent in this class of materials. The remaining photocurrent intensity is

attributed to H reduction to gaseous;H
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Figure 1. Photofaradaic transients produced bytywe organic semiconductor photodhecles. (a)
Scheme of the photoelectrochemical cell. (b) Comparison between the photocurrent transients of a
50nm P3HT thirfilm illuminated with a 20mW/ch#70nm LED in presence of ambient air and after
60min of nitrogen. (c) Comparison of photocurreantient generated by photoelectrodes made with
different ptype organic semiconductor thin films. Light intensity is 110mW/@vavelength was
chosen close to polymer absorption peak (530nm for P3HT and AB&# 660nm for PTB7). All

transients were recaded at open circuit potential as determined in dark
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Figure 1c compares the logrm Faradaic photocurrent obtained with the different semiconductors

in aerated electrolytes. Since the absorption spectra of the compared materials are different, two
monochiomatic LED were chosen to have comparable absorption coefficients, such as 530nm/2.35eV
for P3HT and PBDBI and 660nm/1.88eV for PTB7 (s&able 1). The biomedical application of

such thin films as photoelectrodes is motivated by the wireless operatidreace without ground
connection inside the biological tissue. Accordingly, we carried out the photocurrent experiments at
open circuit potential (OCP) as determined in dark condition at equilibrium as listed in Table 1. We
note that such a hypothesizethoounded condition, would cause the accumulation of positive charge

in the polymer during photocathodic activity and it would slow down further photoconversion. Hence
WKH SKRWRFXUUHQW YDOXHY PHDVXUHG DW 2&3 raiimbande SURY L
In these conditions, PTB7 outperforms the other polymers in photocurrent and exceeds by 5 times the
photocurrent per absorbed mW of PBDBand approximately 10 times the one of P3HT. Detailed

plateau values are reported in Table 1.

Next, we inestigate the spectral properties of the photoelectrochemical current and compare with
absorption spectroscopy. The na#rared window (also known as optical window) defines the range

of wavelength where light has its maximum depth of penetration irglhgsue, and spafetween

625nm and 1315nm, which corresponds to energies between 0.95eV and 2eV. In this respect, the
absorption spectra ifigure 2aidentify PTB7 as the most suitable material forino applications.

The PTB7 absorption peak fits peetly into the transparency window thus minimizing the energy
losses in irvivo applications due to unspecific tissue dispersion. Figure 2a also shows the comparison
between absorption and photocurrent spectra. All the materials show a good agreensamt thestw

two curves, especially close to the bagap energy, suggesting that photocurrent is generated through

a mechanism based on HOM@MO excitation in the bulk, exciton generation and separation into
free carriers and ultimately transfer of free @ngionto electrochemical speciédl. the materials

show an enhanced photogeneration yield in the dogmagap energy probably due to an increased
exciton generation ratzused both by optical interference inside the film as well as a higher polaron
pair formation efficiency due to hot excitoi.
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LED wavelength Absorbance OCP Dark Max OCP Photocurrent at | H,0, generation
(at LED wavelength) llluminated OCP dark EQE [x10%]

Table 1. Data acquired with 50nm organic semiconductor thinmél deposited on ITO
photoelectrodes, illuminated area = 1§m110mW/crh LED light source, PBS electrolyte.
Photocurrent (PC) and D2 generation are measured at the open circuit potential measured in dark
conditions (OCP Dark). The hydrogen peroxide genhermaexperiment lasted 60 minutes. The
voltages are referred to Ag|AgCl 3.0M reference electrode.

In addition to the photoelectrochemical current characterization it is crucial to determine the
efficiency of the electrochemical reduction reaction. Forapig semiconductors, a featectron
reduction process is very unlikely to be efficiéhtand instead the ultimate qutuct of ROS
generation is kD>. Here we quantify the amount of generate®iHn PBS by using the HRPMB
(Horseradish Peroxidas® 3',5,5tetramethylbenzidine assay?°2°2 The hydrogen peroxide
photoproduction yield experiment was performed by filling the PEC cell witmllof electrolyte,
operating the photoelectrode in potentiostatic mode at OCP dark and illuminating from the electrolyte
side with a 110mW/cALED for 60 minutes. The photocurrent was monitored throughout the whole
experiment duration. Based on the acedidata, we prepardelgure 2b that shows the External
Quantum Efficiencies (EQE) measured in the form of electron per incident photon as wglhas H
molecule produced per incident photon for the three materials. The total charge is calculated through
the integral over the 60 minutes experimefigure 2c depicts instead the Faraday efficiency
determined as the ratio between measured photoelectrons and revealed hydrogen peroxide molecules

For all three materials a value of just above 3 to 1 is obsefaedach HO. molecule, 2 electrons

are needed during the oxygen reduction. Accordingly, approximgmflyhe photocurrent involves

O reduction Whileginvolves other photoreductions such as HER. This ratio strongly resembles the

one initially doserved in the photocurrent experiment with and without oxygen (Figure 1b). The
electrons that make the ratio exceed tkie-3 exact proportion can be reasonably ascribed to the
further reduction of the ¥D. in solution to HO molecule¥® As the photoelectrochemical
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conversion yield is approximately the same for all the polymers, the peroxide generation EQE trend
is reflected in the photocurrent EQE trend. As a result, PTB7 outperforms both P3HT andTPBDB
with a roughly fourfold higher photon to peroxide conversion efficiency. We note that the measured
photocurrent is only an effective current and does not provide tneigidifferent contributions
related to photoreduction, back electron transfer or other electrochemical processes. Similarly, the
measured hydrogen peroxide yield must be considered lower limit of the real value as it does not
account for HO- that is furher converted to #0'*° at the WE, that oxidize the polym&ror that

reverts to @in the presence of metallic impurities or catalytic $#§he HO photoproduction
measured for PTB7, in terms of moles per irradiated mW, is noteworthy also compared with other
conjugated polymers that can be found in literature such as TPT pol§hoe®QTEECOP®,
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Figure 2. Spectroscopy and efficiency of photocathodic current: (a) Normalized absorption and
photoelectrochemical current spectra of the three different photoelectrotdziasg (b) External
Quantum Efficiency (EQE) comparison of the three studied polymers, illuminated for 1 hour with a
near bandgap LED (530nm for P3HT and PBBB and 660nm for PTB7) at an irradiance of
110mWi/crf (c) ratio between the net charge passetigh the WE during the latter experiment

and the concentration ofd@, measured in water.
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In the following we perform microscopic analysis of the different photoelectrodes in order to
understand why PTB7 is a better oxygen photoreducing polyfigarre 3a compares the surface
morphology of the three photoelectrodes as measured by Atomic Force Microscopy. All the films
show a low roughness as expected for a spin cast film, withh @ R8nm for P3HT, 1.3nm for

PTB7 and 1.7nm for PBDE. Also, the obserd correlation lengths are similar in the three height
maps. Therefore, we exclude that increased surface roughness or porosity of the material could be a
reason to explain improved performance in PTB7.

Another key factor to evaluate photoelectrochempeaformance regards the energy levels in the
three materials. By combining KPFM measurements with the photocurrent spectra and literature data,
we construct the energy level diagrams of the '@ polymer junction as described in the
following. KPFM mas as obtained in darkness under ambient conditions on the photoelectrode
surfaces are shown Figure 3b. All three materials show a narrow distribution of surface potential
(rms = 24.1+0.2V, 19.8+0.1V and 18.9£0.1V for P3HT, PBDBnd PTB7 respectivelyFigure

30) and no significant correlation with the height map is present. From the average value of surface
potential, we determine the shift in vacuum level across the ITO/semiconductor junction by
subtracting the average value measured on the puresiifi@ce as reference value. With the shift
values of +0.32V, +0.30V and +0.10V we initiate the construction of the energy level diagram in Fig.
3d. The offset between vacuum level and HOMO level is taken for the three polymers from literature
as determing by UPS measuremeht$!’® The position of the LUM@evel is then determined by

the bandgap as measured with absorption spectroscopy (1.88eV, 1.60eV af)d If.Brist be
stressed on the one hand that the LUMO levels tiSMODLQHG GRQITW WDNH LQWR LC
and surface levels, and on the other hand that the free electrons that participates to ORR are sit at
lower energies owing to polaron binding eneigypally, the Fermievel through the junction is given

by thework function of the underlying ITO layer and was determined by KPFM measurements (WF

= 4.9 eV). The completed energy level diagram allows us to make two relevant observations for the
photoelectrochemicdlehaviorof the ptype polymers: First, all matals align energetically in the
junction to produce a Ferraevel that shows an offset of 0.53+0.02 eV above the HOMO level.
Accordingly, all three polymers have an excess of positive free carriers. The similar offset energy in
PTB7 and PBDBT points to a plaronic level that is similar in energy, while the lower offset in
P3HT can be ascribed to the alignment with the bipolaronic'fév8econd, all the LUMO levels

are higher than the typical enerigyel attributable to the effective oméectron oxygen reduction in
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water (Q/O*x H9 4149, suggestig a good superimposition between the negative
polaron and the redox couple densities of states. Besides, the effective energy of this redox couple
could be lower due to the concentration balance of the two participants at equildocondingly,

we condude that the energlgvels difference in the threetppe materials is not enough by itself to

explain such a higher efficiency in PTB7 together with such a small difference between P3HT and
PBDB-T.

200 nm e éOO mﬁ

* . 2 - $
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H: -5.08eV H: -5.26eV

0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40
KPFM potential (V)

Figure 3. Microstructural and energic investigatioren photoelectrodes by Kelvin Probe Force
Microscopy (KPFM): (a) Height maps show that all polymeric films exhibit low roughness, with an

Rqg < 2nm. (b) KPFM surface potential maps and histograms (c) reveal a narrow distribution of
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potential on all surfaceand a small, but significant offset in PTB7. (d) Energy level diagram of the
ITO/semiconducting polymer junction for the three different polymers. The levels are determined
from the KPFM data, the photocurrent spectra and literature values on HOMO eseefgered to

the Vacuuntevel. The diagram does not account for band bending and polaron binding energies.

As surface morphology and energy levels do not provide significant differences between the three
polymer photoelectrodes, we continue our inquiywvestigations of the thin film microstructures

with 2D GIWAXS. Figure 4 shows the 2D intensity maps and corresponding intensity profiles for
the inplane and oubf-plane directions to extract information about the degree of order and the
polymer chan orientation with respect to electrochemical interface. The distinguished patterns show
that P3HT is the material with the higher degree of crystallinity, followed by PTB7 and HBDB

The peaks at lower ¢, between 3 and 12nare attributed to the intlrain ordering reflection and

its harmonics. Structures present at q higherthan 15dril YHD E WWHD ENLQJ LQ WKH VH
polymers. Importantly, the comparison between the GIWAXPlame and oubf-plane profiles
provides informationonthe pfi | HUHQW LD O R U-yt@ig BsWlsR&@edRgwekdel E
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Figure 4. Microstructural investigation of polymer thin films in photoelectrodes @hGIWAXS

(a) and corresponding #plane (IP) and oubf-plane (OOP) linecuts (b). The data stwthat P3HT

has a higher degree of order, and some oriented crystallites are visible, PTB7 has a mostly an
amorphous behavior and a sheenge order, and PBDH even more. Faeen and edgen
orientations of the polymer chains and their relative GIWAXg&paare shown in (c). We attribute

the edgeon configuration to P3HT while PTB7 has a fameconfiguration.

,Q 3 +7 WKH LQWHUIHUHQ+H $0WWMAWHDQY DB HIQHG PRERHES UR Q |
direction whereas lower q interchain interactions appear stronger in toé@ane direction. This

finding points to an edgen configuration in the invagiated P3HT photoelectrodes and agrees with
typical structures observed in P3HT thin films. In contrast PTB7 shows the ofpelséeorof the

GIWAXs pattern even though peaks are less pronounced, and the material has an overall lower

crystallinity. Accodingly, we assign the fagen configuration to PTB7. Finally, in PBDB no clear
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assignment can be made and the pattern is almost symmetric pointing to a pronounced amorphous
structure with only small crystalline domains. We propose to relate the chistactiifferences in

chain orientation to the photoelectrochemigahavior In the edgen configuration, as present in
P3HT, electron transfer to acceptors beyond the interface must occur across a layer of aliphatic side
chains. Such chains have a lengttapproximately 8 and hence they constitute a transport barrier.

In contrast, in a face on configuration, crystallites expose #sygpem directly to the aqueous
interface and to oxygen acceptor states. Therefore, a faster electron transfer issipgubthéTB7.

We note that in addition to these kinetic arguments on electron transfer, differences in polymer
orientation impact also on theurface polarity dielectric induced stabilization of chargansfer

states!®® andthe stabilization of intermediate species in the eleb&mical reactions which could
further impact on overall efficiency.

In the final part of our work, we test if the findings on the photoelectrochemical properties of the
semiconducting polymers can be translated taitio experiments with cells. For ghpurpose, we
cultured Human Umbilical Vein Endothelial Cells (HUVEC) on photoelectrode surfaces while
subjecting them to an illumination protocol. To optimize-celture experiments, all samples were
sterilized with a 2h long thermal treatment at 12@f@ a layer of Fibronectin was deposited on the
surface to promote cell adhesion. P3HT and PTB7 photoelectrodes were illuminated at a power
density of 110mW/cifor 3 minutes with a 530nm and a 660nm LED. On PBDjhotoelectrodes,

the same illumination csed cell stress and cell detachment. Accordingly, we reduced the
illumination intensity to 2 mW/cikeeping 3 minutes of illumination duration with a 530nm LED

to maintain normal cellular behavior during illumination. The causes for this phenomenon are
unknown and need further investigation. With this illumination protocol we quantified cell viability
with the AlamarBlue assay at 24 (immediately after illumination protocol), 72 and 168h from the cell
deposition in both the illuminated polymer and contsalsiples. The AlamarBlue fluorescence signal

is an indicator of the metabolic activity inside the cells.Figure 5 a clear increase of the
fluorescence with time can be observed for all the samples regardless from the presence or absence
of the polymer ad of the illumination. This means that despite the presence of the polymer
photoelectrodes and their generation of ROS, the electrodes are biocompatible and ROS

concentrations remain within a néoxic range and do not affect cellular proliferation.
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Figure 5.AlamarBlue fluorescence intensity is proportional to the mitochondrial activity inside cells
and is representative of cells vitality and proliferation. Here we compare P3HT (a), ABBBand
PTB7 (c) data acquired after 24, 48 and 168 hours afteubation, over multiple sample areas and

on three experiment replicates each.

Next, the ROS production was determined with fluorescent microscopy usingtBEFDA

assay®®. As control samples we tested in parallel ITO samples without polgneeboth ITO and
ITO/polymer samples kept all the time in darkndsgure 6 shows the results from fluorescence
microscopy performed after the illumination protocol. Average fluorescence values were determined
on cell bodies as shown in Fig.6a for theecaf P3HT. The diagrams in Fig.6b report the averaged
fluorescence values normalized by the value measured on the ITO control kept in darkness.
Comparison of the photoelectrodes with the different control samples clearly demonstrates ROS
generation insideell bodies triggered by the illumination. Quantitative comparison indicates that the
increase in intracellular ROS concentration is similar for all the polymers. Nevertheless, it must be
recalled that PBDH is illuminated by 55 times lower power denditan the others. The improved
efficiency of PTB7 in oxygen reduction at OCP is thus not directly translated to 4h&oin
experiment. However, we note that such fluorescence assays have to be interpreted as a qualitative
test and hardly permit precisaiantitative analysis. In addition, the illumination experiment is
performed with floating photoelectrodes, hence the electronic potential is not under control in the

experiment, and this could impact on conversion efficiency.
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Figure 5. Mean DCF fluoresagce represents the fluorescence intensity of the-g&Sitive DCF
probe internalized within HUVECSs plated on ITO and ITO/P3HT, PBDBTB7 substrates, in light

and dark conditions. In the histograms are compared the intracellular ROS observed folatetls p
over P3HT (a), PBDH (b), and PTB7 (c). In (d) a representative fluorescence image of HUVECs
plated over PTB7 as they appear after the illumination protocol. Data were compared using the
Anova test 2vays, with Bonferroni correction (0.05 signifiaanlevel). * p < 0.05, ** p < 0.01, ***

p < 0.001.
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3.3.4 Conclusion

In this work we present a comprehensive characterization of tkggee semiconducting polymers,
namely P3HT, PTB7 and PBDB, as electrode materials for the photoelectrochemical produdtion o
reactive oxygen species (ROS). ROS generation impacts on cellular messaging péttaysl

hence organic semiconductor photoelectrodes enable a new transduction method to impact on cellular
phenotype with optical, wireless control. Our study aims to identify the relevant material properties
for such an applicatiohy comparing differentype semiconductors. We find that all three tested
materials exhibit photocathodic current generation due to oxygen reduction processes. Interestingly,
PTB7 outperformed the other polymers in different examined aspects. Its maximaoptical
absorbance and photoelectrochemical current generatioanigredin the optical transparency
window of biological tissue. In addition, under the employed conditions, PTB7 photocurrent and
H2>O2 generation yields are more than 5 times largantthose shown by the other materials. We
attribute a major contribution to this finding to the faseconfiguration of the porbital system of

the polymer backbone as investigated by GIWAXS. In contrast, P3HT and-FBDb8&~ more edge

on or amorphous anfigurations, respectively. These are associated with less efficient electron
transfer across the semiconductor/water interface due to barrier properties of aliphatic side chains.
The spectroscopic experiments combined with KeRiabe force microscopyllaw us to propose

the energy level diagrams for the ITO/semiconductor junction for the three materials and we discuss
its relevance for the oxygen reduction reaction. Overall, the three materials show comparable energy
levels confirming that the observddferences in photoreduction efficiency are related to proximity
effects and kinetic phenomena such as electron transport to acceptor sites. Finally, we demonstrate
that all three polymer photoelectrodes are biocompatible and induce significant ROStipnoduc
inside HUVEC cells in irvitro experiments within a range that is not toxic. To conclude, our results
provide comprehensive physicochemical guidelines for the development of organic photoelectrodes
with oxygen reduction properties and provide a usefuhdation for their implementation into new

photoactive biocompatible devices.

The studied polymers may not have outstanding photoconversion yields compared to other polymers
in the literature, but they have several characteristics that make them ftdoothe intended in
vivo application. While most literature results focus on th@ttjuantum yield at optimal electrical

potential, for wireless operativity the potential in electrically floating conditions is determined by
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materials and illuminatiomonditions. While polymers such as polyacetylene, polythiophene, and
triple-bonded carbowontaining chains have the right energy for oxygen reduction, their optical
bandgap does not allow for adequate light penetrdlfoSome alernatives, such as eumelanin
covered PET film&! or TMP?®?, have demonstrated a good current density, but they require a
sacrificial reagent, which is not suitable for the physiological environment. Althotrger studies
have examined polymers for ROS production targetidggeneration capability®, our goal is to
activate TRPVL1 channels directly through2B2, which can be generated either via direeléctron

reduction or from Jdelectron oxygemeduction to Q.

3.3.5 Methods

Materials and sample preparation

Photoelectrodes are made of a thin polymeric organic semiconductor deposited-txyasipigp on
Indium-Tin-Oxide (ITO) coated glass slide (Ossila). Theype semiconductors-P3HT (Ossila),
PTB7(Sigma Aldrich) and PBDH (Sigma Aldrich) were dissolved in Chlorobenzene at 80°C at a
concentration of 10mg/ml and spioated at 1000rpm for 60s. After deposition the samples were
annealed at 100°C for 10 minutes. Polymer film thickness of the pregargdes amounted to 50nm
as determined by AFM.

Photocurrent and photovoltage spectroscopy, electrochemical

impedance measurements

7KH SKRWRHOHFWURGHTVY DFWLYH VXUIDFH ZDV H[SRVHG WR
Ringer HEPES buffer (0.01Mhpsphate buffer, 0.137M NacCl, pH 7.2 at 25°C). By mounting the
photoelectrode in a dedicated cell only the semiconducting layer is exposed to the electrolyte, while
the buried ITO surface and the electrical contacts remain separated via a PIDMS The cell

allows the exposition to the illumination from either the ITO side or the solution side, the latter
through a quartz windown a threeelectrode setup the photoelectrode was operated as the working
electrode. An Ag|AgCI (3M KCI) reference electrodaswsed in combination with a Pt counter
electrode. In spectroscopic measurements the monochromatic illumination of the photoelectrode at a

defined wavelength was achieved with a Xenon lamp combined with a monochromator (Cornerstone
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260). The amplified cuent or photovoltage signal was filtered and digitized with a-loamplifier

(Zurich Instruments) connected to the monitoring output of the potentiostat (Metronm PGSTAT204).
The potentiostat was also used for impedance spectroscopy measurements.n§ient tra
measurements the monochromated Xenon lamp light was replaced with monochromatic LEDs
(Thorlabs M530L4) driven by a souroeeasure unit (Thorlabs DC2200).

Atomic Force Microscopy (AFM) and Kelvi®robe Force Microscopy
(KPFM)

Scanning Probe Microsgpies were carried out using a Park Instruments NX10 system using NSC36
Cr-Au coated probes (MikroMasch). For KPFM we use amplitude modulation mode at 17 kHz. In
order to carry out measurements in illuminated conditions a custom sample holder was éuilt. Th
illumination was provided by a monochromatic LEDs (Wurth Elektronik) placed beneath the glass

surface, driven by a sourceeasure unit (Keysight B2912A).

Absorption spectroscopy

Absorption spectra were recorded on a Shimadzu2850 spectrometer equippedth a film
adapter, 30B800nm spectral range, resolution 0.5nm, 10nm/s scan speed.

Grazing Incidence Wide Angle -Xay Spectroscopy (GIWAXS)

GrazingIncidence WideAngle X-ray Scattering experiments (GIWAXS) were performed at ALBA
synchrotron, BE11 (NCD-SWEET). The XUD\ EHDP ZDYHOHQJWK ZDV VHW DW

patterns were collected by a LX2585 2D (Rayonix) area detector, placed at 11 cm from the sample.

Hydrogen Peroxide determination

The HO- concentration was evaluated using Horseradish Riasg| < -Tetramethylbenzidine
(HRP-TMB) assay. Solution used for the assay was freshly prepared by mixing in the following
sequence: 10uL hydrochloric acid solution (HCI in water 1 M) to adjust the pH for the assay, 2uL
horseradish peroxidase soluR Q +53 LQ PLOOL4 ZDWHU —J-P/ D C
tetramethylbenzidine solution (TMB in THF, 10mg/mL) in 1978 uL sample aliquot.
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Cell culture maintenance

HUVECs were purchased from PromoCell and grown in endothelial cell basal medium (PromoCell),
supplemented witlEndothelial cell GM 2 supplement pack (PromoCell). Cells were keptid T
culture flasks coated with 0.2% gelatin and maintained in incubator at 37°C in a humidified
atmosphere with 5% CGOFor the experiments, only HUVECs at passage <eréwemployed. After
reaching 8680% of confluence, cells were detached by incubation with 0.5% tr@2% EDTA

(Sigma Aldrich) for 5 min and then plated for experiments. To promote cell adhesion, a layer of 1
mg/ml fibronectin (from bovine plasma, Sigmddrich) in phosphate buffer saline (PBS, Sigma
Aldrich) was deposited on the surface of the samples and incubated for 30 min. After aspirating the

fibronectin with PBS, cells were plated onto samples and cultured into 12well plates.

AlamarBlue cell viabiity assay

HUVECs were seeded on polymer and ITO samples in 12 well plates at about 20000 cells/well
density. Cell proliferation was evaluated after 24, 48, 168 h after plating in 2 biological replicates.

this aim, AlamarBlue cell reagent was added\atlame concentration of 1:10 to the cell culture.

In principle, the AlamarBlue molecule, resazurin, is a-floarescent molecule that is reduced to a
fluorescent compound (resorufin) by the mitochondrial respiratory chain in live cells. In this way,

theamount of resorufin produced is directly proportional to the quantity of living cells.

Three aliquots of culture media for each condition were placed in a blasklB&icroplate and the
fluorescence of the AlamarBlue compound was acquired by a plaer (d&CAN Spark 10M Plate
Reader) with an excitation/emission wavelength of 540/600 nm. The procedure was repeated at each
time point, rinsing, and replacing the AlamarBlue compound with fresh medium after each

measurement.

ROS determination in HUVEC cdll

2',7-dichlorodihydrofluorescein diacetate APICFDA, SigmaAldrich) was employed for
intracellular ROS detection. HUVECs were seeded on polymer and control substrates and treated
continuously for 3 min with Thorlabs LEDs (530nm @ 1a®/cn? for P3HT; 53Gim @2mW/cr

for PDBD-T; 660nm @10mW/chfor PTB7). Inmediately after the end of the illumination protocol,

cell cultures were incub WH G Z L WRCFDAIHKRH for 30min, at 37°C with 5% COAfter
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incubation, the fluorescence of the probe was recorfleditation/emission wavelengths,
490/520nm, integration time 400ms, 100MHz, binning 1) with a 20X objective on an upright
fluores@nce microscope (Olympus BX63).

Variation of fluorescence intensity was evaluated over regions of interest coveringcgihgieas,

and reported values represent the aveoage multiplecells and different samples
Image processing was carried outwimageJ and subsequently analyzed with Origin 2020.

Reported results have been mediated over 3 biological replicates, obtaining a set of at least 1200 cells

and 9 samples for each condition.

Data were compared using the Anova testads, with Bonferroncorrection (0.05 significance

level). * p < 0.05, * p < 0.01, *** p < 0.001. Error bars represent the standard error of the mean.
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3.4 Photovoltage Generation at plype Semiconducting
Polymer/Electrolyte Interfaces

Luca Bondi, Maria Rosa Antognazza, BezgrFraboni, Tobias Cramer

3.4.1 Abstract

P-type organic semiconductors are gaining interest both as phototransducer material for optically
controlled bioelectronics as well as photocathode material for oxygen reduction reactions.
Understanding the different cqeting optoelectronic phenomena arising from the direct interface
between the organic semiconductor and an aqueous electrolyte is of central importance in the
development of future devicddere we perform systematic transient and spectroscopic photaoltag
measurements on P3HT and PBDBhin films in contact with phosphate buffered saline electrolyte.

To identify the role of the electrolyte and the impact of electrochemical reactions, we compare the
measurements to intrinsic photovoltage generation asenadx$ in  capacitively coupled
photoelectrodes in the absence of electrolyte. To explain the large observed photovoltages in water
and their dependence on light intensity, we develop a simple analytical model based on photoactivated
forward and backward chge transfer across the organic semiconductor/water interface. The model
captures nicely the different experimental observations, and its fit pararagtemswith values
obtained by chronoamperometric measurementseégairochemicalmpedance spectroscpplhe

findings are of particular relevance to understand wireless, optically triggered bioelectronic
transduction as achieved withtype organic semiconductor in the form of transducer patches or

micro- and nanoparticles in contact with biological cells.

3.4.2 Introduction

Photoelectrochemical reactions at organic semiconductor (OS) interfaces are of interest for a range
of recent applications such as solar energy conversion with organic photoel&G8de¥% or
organic photocapacitd?® as well as organic optobioelectronic interfdéé$?°’ OS have
advantageous properties for such applications due to their facile processing, their tunability with
organic chemistry, biocompatibility and higiiosorption coefficients associated to the direct band
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gap?®® Numerous OS already exist with a wide raraf energy levels for valence and conduction

band and materials can further be optimized to align energetically with redox levels of #itdnest.
addition, several small molecule or polymeric semiconductors have been identified that match the
electrochemical window for stable operation in water as electrtf{tBhotoelectrochemical
investigations have demonstrated that OS often show photocathodic behavior in which photoactivated
electrons are transferred from the conduction bamckygen, protons or other acceptor st&té€sn

the presence of suitable donors also photoanodic reactions become observable with electron transport
into the valence band of the 38 The measurement of open circuit photovoltage generation at such
electrochemical interfaces during illumination provides laafsle characterization technique. It can
provide information on the energy differences between OS and redox states. In addition, transient
photovoltage measurements provide a means to assess recombination processes. However, the
guantitative analysis ohese measurements is often complicated and the theoretical descriptions
developed for solid state photovoltaics cannot be easily translated as photovoltage can be generated

at different interfaces relying on electronic and electrochemical procésées.

Beside these gendraconsiderations, photovoltage generation is of practical relevance for
photoelectrochemical applications operating in an electrically floating configuration. In such
situations, no wire is connected to set the potential with respect to the surrouncliredygéeand the

Fermi level in the OS is shifting with the photogeneration of charge in analogy to aciopen
configuration. Examples for floating photochemical systems are wamaicroparticles or implanted
thin-film photoelectrodes for biomedicapplications®’ Particularly the latter have gained recent
attention with demonstrations of optically triggered stimulation of retinal netitéhg-5359.211.21y
peripheral nervé$!™ as well as optically controlled tissue regeneration proce8sgdn these
photoativated biotransducers, the illuminated OS generates a phgfsgenical stimulus that
impacts on cellular messaging. Possible transduction pathways include the local increase in
temperature, the generation of a transient electric field due to photovgjageation or the
production of reactive oxygen species angDithat directly interact with cellular componefits.
KLFK RQH RI WKHVH SDWKzZD\V LV UHOHYDQW GHSHQGY RQ W
levels and lighintensity?’ In contrast to invasively wired microelectredased bioelectronic
interfaces, organic photoelectrodes offer the advantage to be operated purely optically when
responsive in the tissue transparency window. This wireless configuration reduces the invasiveness

of theinterface butputs the electrode in a floating configuration whiere photovoltage buildip
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impacts on the physiechemical transduction pathway. Understanding the generation kinetics of such
photovoltage under physiological conditions is relevant to optimize materials and device architecture
for future applications iwrganic optobioelectronic.

Polythiophenes are a class of semiconducting polymers that has been widely investigated for
photovoltaic applications and raised also interest for photoelectrochemical applications. The main
representative of this class of polgm is poly(3hexylthiophene,5-diyl) (P3HT) due to its
relatively easy synthesis, its good chemical stability in water and its strong absorption in the visible
spectrum. The density of states classifies P3HT atypegpsemiconductor andtgpe doping ocurs

under atmospheric conditions easily due to oxygen incorporation. P3HT based photoelectrodes as
well as P3HT based nanoparticles were recently demonstrated as effectiv@ioefgotronic
interfaces to restore retinal functionality or to control-cetjeneration processes! P3HT based
photoelectrodes show photocathodic behavior in water in which protons or ambient oglygsn a
electron acceptors. Accordingly, formation of a positive photovoltage is observed that depends on pH
and oxygen concentration. Recent work addresses photovoltage transients in P3HT/water interfaces
with a numerically solved drHtliffusion model andcconcludes from the modelling that important
contributions occur (i) inside the semiconductor due the fuldf a polarized space charge and (ii)

at the OS/water interface due to the electrochemical charge tréhSarface photovoltage
measurements on P3HT samples not in contact with electrolyte could further demonstrate that in
addition to photogenerated free carriers also polarized charge transfer states insi$e filne

contribute to the photovoltage sigriél.

Here our objective is to identify the main mechanism that leads to the generation of the large

photovoltages observed in-tgpe organic semiconductor/water interfaces under physiologic

conditions as relevant for biotransducers. To this end we perform transient and spectroscopic

photovoltage measurements ofype polymer samples deposited on ITO. We teR3T as well

as PBDBT as semiconductor materials. Both materials are biocompatible, stable in water and widely

employed in OPV. They distinguish however in their microstructure and density of states:TPBDB

has a higher glass transition, a more amorphous structure and featsnesller bandgap than

P3HT 184 With the results we identify an andbgl model based on forward and backward electron

transfer reactions across the OS/water interface to describe the transient phenomena as well as its

dependence on light intensity. We verify the model by comparing its fit parameters to values obtained

by independent chronoamperometric measurements and electrochemical impedance spectroscopy.
98



We conclude by discussing the implications of the findings for optobioelectronic transduction

pathways.

3.4.3 Results and discussion

Experimental characterization of phototade generation

In our research we measure the photovoltage transients generated Hypleesgmiconducting
polymer thin films of P3HT or PBDH deposited on ITO substrates. In order to be comparable to
the physiological conditions present in biologiegiplication scenarios, we use aerated phosphate
buffered saline solution (0.01M phosphate buffer, 0.137M NacCl, pH 7.4, 6.2dgdt @5°C) as
electrolyte and compare our results to photovoltage measurements obtained without electrolyte in air.
Both measuremnt configurations are shown in Figure 1a. In the presence of electrolyte, we use an
Ag|AgCI reference electrode. In absence of electrolyte, a capacitively coupled ITO covered glass
slide is used and the gap between the semiconducting layer and the etaatitede is controlled by

a porous spacer to create a 30um thick air gap. In both cases a high impedance differential amplifier
(>100Mllconditions the photovoltage signal prior to data acquisition. According to our sign
convention, a positive photovoffa is attributed to photocathodic behavior with positive charge

accumulating at the photoelectrode side.

99



—
(g]
—

(a) (b)

; 80 T T T
®—< éPara]lel Resistor —— PBDB-T in PEC 500 —l— Nitrogen Fluxed
704—0— P3HT in PEC | " - -LI- Airexposed
. S go|—=— PBDB-T in air al 400+ -
> 60 o | e - i~
£ 50 P3HT in air v 1 E ol e
‘Faraday cage | | g 7 - o 300 8| - A
>
[Glass \ £ 0 P g £
lroi i:l i g = 5
sample § 30 // g 200+ &2
Dielectric o / A s L
[ (counter)IT0] & 20 o {4 £ : 5 ] § 10
Glass | / o 1004 ! t(ms)
10 £ f :
‘Faraday cage | | ‘ 2‘2 -
—7L 04 mim-minw ol o999 0000 50000
4 2 0 2 4 & & 10
Time (ms)

\"

M_A;zi'::aﬁ l (@
, r-P3HT (55 }
epT

R=CgH,

Figure 1. Experimental measurement of photovoltage: (a) scheme showing photovoltage experiment
conducted in absence and presence of PBS electr@ht€omparison of transient photovoltage
measurements on P3HT and PBIDDBPhotoelectrodes. (c) Photovoltage transient of P3HT measured

in PBS electrolyte in presence and absence of oxygen. Inset: initial photovoltageigught)
chemical structures of ibphenebased, organic fdype semiconductive polymers investigated in this
paper: (sx) reP3HT, (dx) PBDBT.

Figure 1b and c compare the photovoltage transients of P3HT and-PBiaBed photoelectrodes
measured in presence and absence of PBS electrdlifese transients were generated by
illuminating for 10ms the photoelectrode with monochromatic light at 450nm with 110nmf\Wigtin
intensity. The photoelectrodes were illuminated through the electrolyte or through the air gap, thus
hitting the OSC first ashthe ITO after. In the presence of electrolyte, large positive photovoltages of
several hundred millivolts buidp in a slow process lasting several seconds (Figure 1c).
Photovoltages acquired in the absence of electrolyte show very different trangienssgnals
stabilize within a few milliseconds and reach values that aretders of magnitude lower. Both, in
electrolyte and in air the photoelectrodes accumulate positive charge assigned to photocathodic
behavior. The measurements presented inr€ija demonstrate further that the large photovoltage

in electrolyte only builds up when oxygen is present. This finding points to the important role of

redox zreactions with oxygen as electron acceptor in photovoltage-bpilé?hotoelectrochemical
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redudion of oxygen to reactive oxygen species and ultimate@tdre well characterized fortype
semiconducting polymers such as P3HT operated in ambient condfttéh%.:¥24In the absence of

oxygen smaller photovoltages are observed that still exceed the ones measured in air. The effect is
attributed to protons as acceptor states reacting with small probabilities to hydrogen as this reaction

is kinetically veryhindered.

To further inquire on the energetic states involved in photovoltage generation we performed
spectroscopic measurements. The findings are shown in Figure 2 where the two photovoltage spectra
(with and without electrolyte) are compared to theteb@hemical photocurrent spectra and to the
absorption spectra. For both materials we find that the onsets of photovoltage and photocurrent
generation match the shape of the absorption spectra. This finding demonstrates that optical
excitations exceedinghé optical bandgap lead to photovoltage generation. Deviations from the
absorption spectra at higher energies are attributed to the impact of the wavelength on the generation
profile in the semiconductor. The glad®-OSwater layered structure gives rise internal
reflections and interference effects that lead to aexgonential distribution of excitons inside the
semiconducting layer. Depending on the generation profile at a particular wavelength/energy, this
effect can increase or decrease the foioneof free charges at the OS/electrolyte interface. This in

turn drives more photoelectrochemical reactions shifting the maximum of photovoltage or
photocurrent in energy with respect to the absorption spectra. Furthermore, P3HT shows an additional
wavekngth dependency due to its frelgarge generation mechanisfa.

(a) P3HT (b) PBDB-T
10 Abs 1.0 — Abs
PC PC
------ PV cap PV cap
0,84----- PV pec o 0.84 ! . ee- PV pec
— 06 0.6
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Figure 2. Comparison of absorption, photocurrent and photovoltage spectroscopy for P3HT (a) and
PBDB-T (b) photoelectrodes.
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Analytical model for photovoltage gendran at the semiconductor/

electrolyte interface

From these findings we can derive a first, simplified interpretation of the photovoltage generation in
p-type semiconductor photoelectrodes. Independent of the presence of electrolyte, photogenerated
excitors are rapidly formed during illumination but dissociate only at very low quantum yields into
free carriers. The low quantum vyield is caused by the low dielectric constant of organic
semiconductors and by the absence of internal electric fields and re@tddoending. The ITO
substrate has its Fermi level positioned in the bandgap of the semiconductor and acts as acceptor for
electrons as well as for hole charfesn addition, the aliphatic sidghains of the semiconductor
generate external interfaces that have only a minor defect concentration and are free of dangling bonds
or trapped surface charges. Accordingly, only a low photovoltage (< 2 mV) is observed in the absence
of electrolyte. As the effective origin of this small signal, different effects are discussed in the
literature. Contributions could come from small electricdfsiehevertheless present at the external

thin film interfaces or at internal interfaces between crystallites and amorphous fédgionsever,

in our opinion the important cambution comes from the differences in mobility of positive and
negative carriers as shown by dditfusion simulationg® Oxygen related traps cause immediate
trappingof negative carriers in thiophene based polymers and hence the distribution of negative
charge is fixed to the optical absorption profile in the thin flimtead positive hole carriers remain

mobile and diffuse through the film towards the ITO elearadhen illumination arrives from the
external surface as in our experiments. Consequently, a small positive polarization occurs at the ITO
side of the photoelectrode as measured in our experiments. The timescale of this photovoltage build

up and its recombation is fast in thin films as only electronic processes are involved.

The presence of the aqueous electrolyte changes completely the photovoltage response as now
photoelectrochemical processes play an important role. Figure 4 shows a basic scherhe with t
relevant energy levels for the materials and electrochemical reactions present at the
photoelectrode/electrolyte interface. The incisive process is the transfer of free electrons onto oxygen
acceptor states, present in the electrolyte. The edevgyfor the oneelectron transfer to oxygen
depends on the hydration of the molecule and the local concentration of the reduced form but can be
taken to be > 4.1 €V and hence electrons in thetype polymers conduction band have a strong

enough driving force for transfer. With the transfer of electiaress the interface, hole charges
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accumulate in the semiconducting thin film and negative ionic charges in the electrolyte. The
formation of this space charge layer during illumination irreversibly enhances the wettability of the
interfacet®?226:227 The shift in vacuum level causedy bthe charge accumulation at the
semiconductor/electrolyte interface progressively reduces the driving force for the aforementioned
electron transfer and increases the driving force for redox reactions in the opposite direction. At a
certain photovoltagdprward and backward electron transfer counterbalance and the photoelectrode
reaches a stable photovoltaygo as indicated in Figure 4b. Here wmte that the dynamic
equilibrium at photovoltage saturation can still require mass transport to the iaterfan@intain a
constant concentration of participating redox states. Accordingly, in case of mass transport
limitations, variations in photovoltage saturation level can still occur on longer time scales and depend

on the photoelectrode and measurememntgesimetry.

(a) (b)
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Figure 3. Energy diagrams explaining initial photovoltage generation and saturation: (a) Upon
illumination electrons are transferred from the HOMO level onto oxygen acceptor state in the
electrolyte. Therefore, an interfacial double laymsilds up. The acceptor level rises in energy,
further transfer of excited electrons becomes unlikely. Instead, electron transfer in the opposite

direction has increased driving force.
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Based on this interpretation we derive in the following an analytesdription of the photovoltage
generation in OS/electrolyte interfaces as determined by the electrochemical processes. First, we note
that the photovoltag¥®, is directly related to the chargehat accumulates across the OS/electrolyte
interface. The cagritance %=q/V, storing the charge depends on the localization of the charge in

the OS and on the capacitance of the ionic Détglenholtz layer. Accordingly, assuming a constant

capacity, we can define the rate of photovoltage builcs:

xTg , x:a:goys . A:g
YL ¢, 27 L ¢
X ¢ X ¢ Ya

[1]

where + ;P is the net photocurrent passing through the interface. As it is a faradic current, it is

expressed as the sum of several possible forward and backward electron transfer reactions:

x:a?

gé“ L JG,us FLG,iss F®  [2]

LR L L
Here the important forward reaction is the transfer of electrons onto oxygen acceptor states described
with rate constarker sand directly proportional to the amount of photogeteer&lectronic carriers

J In the opposite direction, transfer of electrons from donor sites onto the OS is relevant to fill hole
states with concentratioh Several processes can be considered for this directimxidation of
intermediate ROS spesidrom oxygen reduction reaction, oxidative processes against the polymer
side-chains or water oxidation. All contributions depend strongly on the voltage of the photoelectrode
that controls the energetic alignment between donors and acceptors stateserEtiefaradaic

current is then produced as the sum of all relepamtesses. To derive an analytic expression, we
assume for each process a Tafel equation that shows an exponential dependence on the voltage
difference between related energy levels.ddigon, we note that in the photovoltage experiments

only small amounts of faradic processes occur at the OS/electrolyte interface and hence we assume
that concentrations of participating electronic or chemical species remain constant. Considering only
one relevant forward and one relevant backward electron transfer process we obtain (for details see

appendix):

% L ta TS0k F 800F +yt S tF Uk F 8oogL t 4 < $Akg F 840A [3]
HereV: andV, are the energy levels associated to the electrochemical processes. We further simplify
without loss of genatity by setting the charge transfer coefficients for forward and backward

reaction equal:U, L U, L U The coefficient Uis of the form U L%gwhere Uis the barrier
|
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symmetry coefficient, n is the number of electrons involvedand¢action, F is the Faraday constant,
R is the ideal gas constant and T is the temperature.

We call the parameterlo the effective exchange current and its value L

8+t I 3 8U:8 F §; g The voltage/p,o now denotes theasuration photovoltage.

The combination of equations [J3] leads to a differential equation that can be solved analytically.
The boundary conditions are set by starting the photovoltage experiment at short circuit condition
(PL r\ & L r)and we obta:

8P L 8y Ff—[DBSTFtUL FE- [ @~ 80P [4]

The equation describes the transient of the photovoltage-tnuilds important fit parameters it
contains the effective exchange curretthe séuration photovoltag&/,,o, the capacitance of the
OS/electrolyte interface C and the charge transfer coefficient alpha. The dependence on light intensity
can be made explicit in equation [4] by considering param¥teiand + 4 (see appendix anésults

below).

In the following we test the analytical model on photovoltage transient measurements performed on
short and longer timescales and with varying light intensity. Figure 5a showssec@@dong

photovoltage transient of a 40nm thick P3HImfunder blue illumination. Equation 4 provides an

excellent fit to the data obtaining parameté}sL 'syy Gra; 18 3% 84 L :wtrGs; 18 and

UJL :r&ytGrars; The model reproduces the transient over the whole illumination period and

as the inset reports also the excellent fit at shorter time scales.
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Figure 4. Photovoltage ransients recorded in the presence of aeriated PBS electrolyte and fit to
model (a) of a P3HT photoelectrode illuminated for 10 sec with 530nm 110rhgvean LED. (b)
P3HT photoelectrodes illuminated for 100ms at varying light intensifiesn(2.41mW/cfto
120mW/crf) and following photovoltage dregown.

Photovoltage transients with shorter illumination time (100ms) are reported in Figure 4b. In the shown
experiments, the light intensity was varied from 2.41mW/em120mW/cm and this caused a
significant change in the amount of photovoltage bujdand also in the shape of the transient. The
figure reports also the slow recombination of the photovoltage after illumination. According to our
model the initial slope of the photovoltage transient is deet on two important contributions:

First, the faradic current; 4 passing through the OS/water interface at the start of the illumination.
At this initial condition,photovoltage is distant from saturation and only the forward transfer of
electrons from the conduction band to oxygen acceptor states is relévaiurrent can be directly
measured by performing a chronoamperometric measurement with the voltage Twedaatwith

a potentiostat and the same illumination conditions:

x1o abyag 0@ A 41V 6; Ay
ARGl O NFR M

Second, the capacitan@g in thedenominator limits the slope of photovoltage beiig.

The parameters and % in equation [5] can be determined directly with experimental methods and
thus provide a method to ¥igrour assumptions. Figure 5a shows the impedance spectra of the P3HT

electrode atVocgdak under the same illumination conditions as in the transients (530nm,
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ssr ...» 79 and the relative fit to the equivalent circuit model depicted in Figure 6b. The
experimental spectra demonstrate the capacitive behavior of the photoelectrode at high frequencies
while at low frequencies the faradaic behavior dominates. In order to fit the wider phase peak at ca.
100Hz and the second peak at higher frequencies giado a shoulder at ca. 10kHz we have to
include two different capacitances. The smaller capacitance corresponds to the ITO/semiconductor
interface. From the model fit we obtain a valu€ef 246115 nF/cnf. The second capacitanc;,

regards the chaegl double layer forming at the OS/electrolyte interface and a valDe ©548r26

nF/cnt is obtained. The two different interfaces distinguish strongly in their charge injection
resistances in parallel to the capacitdrs; Y DRG NY thR &lectrolyte resistance

we find Rel Y 7KH LQWHUQDO UHVLVWDQFH RI WKH 3 +7 VHPL
measured for a 50 nm thick film. With the same illumination conditions, we measure the faradaic
photocurrents; 4 as shown in Fgure 6¢. After a small initial transient, the current stabilizes at a value

of +4=-0.825r0.002 pA. The two values yield a slope o¥/tiit)ca= 1.51r0.08 V/s which compares

very well to the experimentally obtained slope of the photovoltage tramgievp/dt =1.65r0.15 V/s

confirming our model.
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Figure 5. Understanding of transient photovoltage measurements: (a) impedance spectra of P3HT
photoelectrode under 530nm 110mWdittumination, (b) equivalent circuit of the photoelectrode,

(c) transien photocurrent generation.

Next, we test if our model is also in agreement with the effect of light intensity on photovoltage

transients. The relevant parameter that changes with light intensity is the concentration of free
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electronsn introduced in equain [2]. The hole concentratiomis considered to be constant, as its
value is given by the amount of doping in thgype material and the small variations due to exciton
separation are not expected to have a significant impact. Following a spontaretmumsseparation
mechanism with monomolecular or trap assisted recombination we can assums ghaportional

to light intensityP. Accordingly we expect with a linear increase of the initial photovoltage generation
rate as%'g NA—; 3 J 3 2 The data shown in Figure 6a confirms this assumption for light intensities

varying of 2 orders of magnitude

In addition to the initial photovoltage generation rate also the saturation photovoliaghaviges

with light intensity as demonstrated in the appendix:
gL HIL2  [6]

We note that such a logarithmic dependence of open circuit photovoltage is typically observed for
solar cells, inorganic photoelectrode€® or dyesensitized solacells 22°. Usually, the process is
explained by electronic recombination currents and related charge distribution efppening

across the p/n junction. In our case, the effect is completely based on photoelectrochemical reactions
and their back reactions. All properties of the charge generation in the semiconductor are included in
the proportionality constant b. An impant assumption of equation [6] is that the baldctron

transfer reaction that leads to charge recombination is not directly influenced by light intensity. We
probe this hypothesis by analyzing the photovoltage recombination rates obtained after sufitching

the illumination (data shown in Fig.4b). From the photovoltage decrease in darkness after illumination
we calculate the recombination current B ¢ a d- %\%224, o g/vheret:O here is considered the
ax0a

light switchroff moment. Its dependence on voltage is defined in analogy to equation [3] as
taoatk t haoas < B8J &G F 81506400 [7]
Where a Lpi—zl, We test this equation by plotting the measuregh against the valuef the

hyperbolic sine function as shown in figure 6b. Each data point was obtained for a different light
intensity varying almost two orders of magnitude. All data points fall on a straight line with intercept

zero confirming equatiory] and justifyingthe assumptions. From the slope we mbta

lo,dar= 36.9£1.0 .
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Figure 6. Analysis of photovoltage generation and recombination: (a) initial time derivative of
photovoltage at different light intensities, (b) recombination exchange current term meafared

switching off the illumination of varying intensities.

Relevance for organic optobioelectronic interfaces

Our findings on photovoltage generation allow us to discuss some relevant opportunities and
limitations for future optically controlled intextes with biological cells. In contrast to wired solar

cells and photoelectrodes employed in energy applications, photovoltage generation is crucial in these
biomedical applications as bioelectronic photoelectrodes are usually operated in an electrically
floating condition. To reduce invasiveness, no wire is attached to remove charges that duilithg
illumination or more precisely to set the working potential of the photoelectrode with respect to the
surrounding bath. In approaches that rely on sendigcting nanopatrticles, such a floating condition
cannot be avoided. Accordingly, these nanoparticles or floating photoelectrodes maddypéh p

polymers charge positively under illumination.

The charging mechanism provides a potential transduction pgthev optically impact on the
membrane potential of cells. However, with respect to biological systems, timescales attypieh p
polymer electrodes charge positively are slow. The reasons for the slow response are on the one hand
the small quanturefficiency of charge carrier generation and on the other hand the large interfacial
capacitance that needs to be charged. Both, charge generation as well as capacitance are proportiona

to the area of the semiconductor/electrolyte interface and hence charggngrsintroducing
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increased surface roughness with microstructures is expected to have only small effects on timescales.
Even though large photovoltages exceeding hundredsnitivolts are realistic for gype
semiconductors, its slow buigp makes theréansduction to biological cells difficult as ions screen

the emerging electric field attenuating its effect before it reaches a cellular membrane. Only direct
interaction between the hydrophobic cell membrane and-tiyeepphotoelectrode or particle wigh

large sealing resistance could inhibit jomgration and related screening of the electrostatic

interaction.

An alternative transduction pathway relies on the photogeneration of ROS;@actrhe ptype
semiconductor surface. Our model allows to quipititie faradaic current that gives rise to the reduced
oxygen species in floating nanoparticles or photoelectrodes. The photovoltage generation causes a
significant reduction in the formation rate and when a steady state with constant photovoltage is
reacled, the amount of generated reduced species is determined by the slowaleb@ohk transfer

IFdark Accordingly, in order to warrant efficient ROS generation in biological photoelectrodes
operated wirelessly, it is not sufficient to just consider ten¢um yield of exciton separation into

free carriers, but one also has to optimize the {edektron transfer reaction in order to avoid

excessive photovoltage builgp.

3.4.4 Conclusion

In this work we analyze how-fype organic photoelectrodes can genefatge opercircuit
photovoltages once they are in contact with electrolyte. For example, photoelectrodes made with thin
films of P3HT or PBDRT we find that oxygen becomes the crucial acceptor for the transfer of
photogenerated free electrons from the cmtion band. Remaining free hole carriers accumulate in

the organic semiconducting layer giving rise to the large positive voltages that are measured. In
contrast, photovoltage generated in the absence of electrolyte and electrochemical reactions is much
smaller and generates on a much faster timescale following a purely electronic mechanism. To
understand the photovoltage transients of the materials in contact with electrolyte we develop a
simplified analytical model, that includes forward and backwardtrele transfer reactions at the
semiconductor/electrolyte interface as well as an interfacial capacitance that gets charged by the
photogenerated carriers. The resulting function fits perfectly the photovoltage transients confirming
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the reliability of thanitial assumptions. Furthermore, the function correctly describes the dependence
on light intensity. The obtained parameters on photofaradaic current values and interfacial
capacitance are compared to direct measurements with chronoamperometric mesésuaathen

electrochemical impedance spectroscopy with excellent agreement.

We think that being able to ascribe the electrical properties of the device to the energetics of the
involved chemical substances is sfgnificant importancefor the development of uture
photoelectrochemical transductors. The development of an effective model has made it possible to
predict the behavior of the system in open circuit conditions. We have also seen how the photovoltage
generation is directly influenced by the alignméetween the polymer orbitals and the acceptor
molecules in water. This phenomenon can be exploited to gain higher photocurrents and to select a
particular target acceptor. Moreover, we extracted important parameters such as the photovoltage
dependence frotie illumination intensity, and the photoreducing and kbelektron transfer currents
dependence on the photoelectrode potential. These can be used to identify which material and which
illumination protocol best fit a specific purpose in floating condgioWe are currently employing

these results to develop floating photoelectrodes thin films and suitable organic nanoparticles capable
to trigger regenerative biological responses in human hearts. The results presented in this paper will
be guidelines tochieve the desired photofaradaic behavior and to achieve photovoltages that are

nonharmful for the cells.

3.4.5 Methods

Materials and sample preparation

Photoelectrodes are made of a thin polymeric organic semiconductor depositeddnasipigp on a

fully oxidized IndiumTin-Oxide (ITO) coated glass slide. Thaype semiconductors-#3HT and
PBDB-T, both thiophen&ing based polymers, are depicted in Figure 1. Materials were purchased
from Ossila and Sigma Aldrich. The polymers were dissolved in ChloroberateB0°C and spin
coated at 1000rpm for 60s. The solution concentration was varied to control the thickness. After
depositionthe samples were annealed at 100°C for 10 minutes in order to get rid of residual solvent

and to relax the internal strain.
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Phaocurrent and photovoltage spectroscopy, electrochemical

impedance measurements

Photoelectrochemical measurements were done in the setup schematized in Figure 1s. The
SKRWRHOHFWURGHYV DFWLYH VXUIDFH ZDV H[SRVHB7TWR 3%E¢€
NacCl, pH 7.4 at 25°C). By mounting the photoelectrode in a dedicated cell, only the semiconducting
layer is exposed to the electrolyte, while the buried ITO surface and the electrical contacts remain
separated via a PDMS-fing. The cell allows thexposition to the illumination from either the ITO

side or the solution side, the latter through a quartz windowa threeelectrode setup the
photoelectrode was operated as the working electrode. An Ag|AgCI (3M KCI) reference electrode
was used in combation with a Pt counter electrode. In spectroscopic measurements the
monochromatic illumination of the photoelectrode at a defined wavelength was achieved with a
Xenon lamp combined with a monochromator (Cornerstone 260). The amplified current or
photovotage signal was filtered and digitized with a leckamplifier (Stanford Instruments)
connected to the monitoring output of the potentiostat (Metronm PGSTAT204) for photocurrent
measurement or directly to the voltage amplifier (Femto DLPNJ&F-D) for photovoltage
measurements. The potentiostat was also used for impedance spectroscopy measurements. Fol
transient measurements the monochromated Xenon lamp light was replaced with monochromatic
LEDs (Wurth Elektronik) driven by a souroeeasure unit (Keysigiid2912A).

Capacitive coupling setup for photovoltage analysis in absence of

electrolyte

We introduce a novel simple setup built to measure photovoltage transients generated in absence of
electrolyte. The signal is collected through capacitive couplingdsstihe photoactive material and

an ITO counter electrode. The main structure is composed of a metallic faraday cage with a central
hole on two opposite sides to let the light pass though. In the path of light is placed a structure
composed of the polymdéhin film separated from an ITO counter electrode through a 30um thick
insulating film. This sandwich structure can be assimilated to a planar capacitor in series with a photo

actuated voltage generator.
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3.5 Supporting information
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Figure sl Experimentalsetup for the characterization of electrochemical processes at the
semiconductor liquid interface. (a) diagram of the illumination system, measurement cell and
electronic equipment allowing to measure photocurrent | as a function of wavel|jjjnd
photcelectrode potential v (b) photograph of the measurement ce&thich puts the organic
semiconductor interface in contact with the electrolyte while isolating the ITO back contact.
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Figure s2 Photoelectronic characterization of the photovoltage tramisie (a) maximum
photovoltage built up by PBDB photoelectrode under 100ms 530nm 110mAidomination, (b)
initial photovoltage slope at OCP dark, (c) recombination exchange current term calculated from a

simplified ButlerVolmer model.
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The deriation starts with the expression of the faradic current as a sum of different electrochemical

processes described by Tafel equations:
+ L tg 1 SFWkS F §0gF 14t Stk F 809 [SEL]

In which Vp is the photovoltage and Vb and Vf characterize the voltage levels of the individual

forward and backward electrochemical reactions.

By introducing tig 5 L tg T S k& 0and 4545 L 4y T 5 F Us8ywe obtain:

4 L tast SKFUS OF g5t 3 UG [SE2]

When open circuit photovoltage is reached we introduce the condjtion8; 4 and then the faradic

currentis 0:4 L r. In the following we derive the expression that determines Vp,0:

r L tgst SKF U84 0F g st S Us8iy; [SE3]
tast SKFUW8i40L tust 3! bBa; [SEA]
st SKFU840t Skih8i40L 4gs5t 3 kU840t S k840 [SE5]
tast SKF W84 EWSg0L tust 3klb8is E L840 [SES]
tasLl tustS @uakls E WoA [SE7]
g L—— H = p [SES)

Equation [6] allows to calculate the saturation photovoltgge We can introduce the light ensity

by introducing that the electronic carrier concentration is proportional to the light intensity:
tgs1J12

The backward reaction does not depend on light intensity as the hole concentration is large also in

darkness due to doping of theéype semiconductor. The small variation in p due to photogeneration
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does not have an effect. Accordingly we obtain a logarithmic dependence of photovoltage saturation

on light intensity.
The introduction of equatiorSE8] into equation $E2] allows further snplifications:
t L tast SKFUW840F SOF UK F 84 00F st S Us8ia:T50k:& F &40 [SE)

N i
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If we set }; L Usand we call itU:

L ¥ b stg kA’ KO7I9F £ KO7I0aM0 | t Yy oigse <o KG F 840A  [SEL2]

A

We performed an experiment where a 110mWd&B0nm LED illumination was shined for 60
minutes over an electrically floating PBBBthin-film in the PEC cell. An aliquot of the electrolyte

was then collected and its;® content was evaluated through HRRIB assay. Given the long
illumination interval and the photovoltage transient shown by the material, we sefaly
approximate the behavior as if it was at maximum photovoltage for all the illumination period.
Sinceat maximum photovoltage the net current is zero, the forward and back electron transfer should
be equal in modulus. At that potential we can infer that all the forward electron transfer comes from
LUMO, and the baclklectron transfer comes from HOM®rom the exchange current we can
calculate the LUMO current in floating conditions at long times (long enough to reach the stable
photovoltage: >1minute). By multiplying this current for thgdzlgeneration experiment duration,

we get toknow the total chargthat ha faradaicallyflowedthrough the electrode. By multiplying

this charge for the electretn-H>O. conversion efficiency we shoulik able tabtain the number of

H2>02 moles producedyhichdivided by the electrolyte volunwall give a good estimate fahe HO>
concentration in water:

a 6qglifad—@u?1 A i AP
O/RE |_ L__CEU _5A\ ¢ Ud-Mlg KA iy o

Gou  [SELJ

é
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Wheren is thenumber of molesy is the volume belectrolyte in the cellF- the Faraday constar,
the electron chargéess the electronto-H-O> conversion efficiencyloc the estimated open circuit
current lp the calculated exchange current of tleeombination currentt the duration of the
experment,R the ideal gas constarii,the temperature/, the maximum photovoltage afbc dark

theopen circuit voltage in dark.

The experimental ¥D> concentration produced by a floating PBDBelectrode in PBS after 60

minutes lays between the error bairshis value, thus validating the hypotheses made so far.
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3.6 Photoactive Polymeric Nanoparticles for inloco Hydrogen
Peroxide Photoproduction

Luca BondiGabriele Tullii Maria Rosa Antognhazz&amilla Marzuolj Tobias Cramer

3.6.1 Introduction

Recently, AntogD ]]DfV JURXS GHPRQVWUDWHG ILUVW HYLGHQFHV II
through a novel approach based on to the use of light responsive semiconducting poiyrhets:°

They observed the controlled growth of the tubular assembly in endothelial dotampg cells
(ECFCs), mediated by photoexcitation of the functional material regioregular f@y{@&hiophene)
(rr-P3HT) in form of thin films!1%11.28However, the use of-P3HTthin films, while fully compliant

with in vitro cell cultures, is limited fom vivoapplications, foa number of reasons: (iP3HTthin

film optical absorption is located in the green part of the spectral range and therefore misaligned with
the physiological spectral window; (ii) thin films, though greatly conformable, require surgical
implantation;(iii) they are only able to generate reactive oxygen species (ROS) and strong electric
field outside the cell membrane and rely on the diffusion of generated messengers through the cell

membrane.

Organic semiconducting nanoparticles (NPs) could represaitaanative to thin films. Prototypical
rr-P3HT nanoparticles have already been demonstrated to efficiently generate reactive oxygen species
(ROS) upon visible light excitation, without affecting cell viabifityinterestingly, ligt-activated

ROS generation deterministically triggers modulation of intracellular calcium ion flux, successfully
controlled at the single cell leve1.NPs with the correct size distribution are also able to penetrate

the cell membnae and accumulate in the cytosol allowingpatiallymore targeted approach.

Following our previous work on-fype polymeric thiffilms, we make a step forward towards all
these three targets by studying two alternative low {ggapd conjugated polymerspmmonly
employed in high performance organic solar c€fi€3? namely (Poly[(2,6-(4,8bis(5(2-
ethylhexyl)thiopher2-yl)-benzo[1,2b:4,5 E 1 @ G L W KaltRSHK HIQ-HfF2-thienyl- T -dis(2
HWK\OKH[\O EHRQ]RFTQG LIW-K&RABKH PBDB-T) and (Poly[[4,8bis[(2-
ethylhexyl)oxylbenzo[1,b:4,5b"dithiophene2,6-diyl][3 -fluoro-2-[(2-ethylhexyl)carbonyl]thieno
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[3,4-b]thiophenediyl]] PTB7). Both materials are clzaterized by a strong rdight absorption
falling in the physiological transparency window.

Nanoparticles are frequently defined as solid, colloidal particles in the rang@®Qmhm?33234
Several methods to prepare polymer NPs by dispersing preformed polymers have already been
developed and successfully utilized, namely: Solvent evaporation (microemulsion method),
nanoprecipitation, saltingut, dialysis, and supercritical fluid technolody.The physics behind

these processes has already been widely investitfatedhe case of the polymers of interest, the

first two methods offer a simple pathway to NPs preparation. Moreover, these methods work well
with the use of surfactant®’which are useful to stabilize them in the high ionic strength biological
mediums in which they are meant to be employed. In solvent evaporation, polymer solutions are
prepared in volatile solvents, and emulsions are formulated. The emulsion is converted into a
nanoparticle suspension on evaporation of the solvent for the polymer, which is allowed to diffuse
through the continuous phase of the emul$iirlash nanoprecipitation is based on thieifacial
deposition of a polymer after displacement of a semipolar solvent, miscible with water, from a
lipophilic solution. Rapid diffusion of the solvent into nealvent phase results in the decrease of
interfacial tension between the two phases, Whicreases the surface area and leads to the formation
of small droplets of organic solvefit.>*® We chose naoprecipitation because of its simplicity,
reproducibility®® and the fact that in contrast to microemulsion it is less likely the coalescence of
nanodroplets which may affect the final particle size and morphdfdd$fDepending on polymer
concentration and therganicto-surfactant ratio it is possible to tune the nanoparticle size and

covering®#*

In this work, we process the materials in the form of nanoparticles (NPs) exploring diverse
preparation conditions and how they impact on the optical, physical and photoelectrochemical
performances. We built an AFM stage for KPFM measurements under @tiomirto probe the
changes in surface voltage induced by light. Since NPs are a microscopic entity which behave as
electrically floating device, every macroscopic instrument used to probe them cannot be contacted in
a continuous way, otherwise their prapes could be perturbed in multiple ways: Fermi level
shifting, dipole formation, new contact capacities and so on. In order to get around these limitations,
we developed a novel experimental technique to spectroscopically probe the charge accumulation in
photoactive NPs following lighihduced photoelectrochemical processes, through their sub
millisecond electrical discharge. Furthermore, we demonstrate that there are no adverse responses to
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administration and internalization in Human umbilical vein enelah cells (HUVECS), widely

employed as a valuable model for the study of the endothelium fuittion.

3.6.2 Results

The polymer nanopatrticles (NPs) dispersions are prepared by the flash nanoprecipitation method as
shown inFigure 1. Since the NPs are designed to operate in the biological environment, they should
be able to withstanfligh ionic strength mediums. In order to enhance the stability of the colloid
within the ionic medium, an amphiphilic triblock copolymer surfactant, Pluronic F127, is added in
the process. Pluronic block copolymers have been widely used to enhance bidubiypaater-

solubility and stability of drug delivery systems, up conversion NPs and innovative
nanocarrier§!23>243|n particular, Pluronic F127 was successfully employed for the fabrication of

stable water dispersions of carbon nanomdseaiad conjugated polymer NPs, including PTB7 NPs.

o
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Figure 1. Flash nanoprecipitation method used to prepare the NPs. The polymeric semiconductor is
dissolved in Tetrahydrofuran (THF), eventually with Pluronic F127. Polymeric solution is injected
into waer, which is norsolvent for the polymer and soluble in THF, to form a nanoparticle colloid.
This colloid is put under slow stirring (~300rpm) at 40°C in order to let THF evaporate.

The flash nanoprecipitation method involves mixing the organic activeriaathich will form the
NPs in a suitable solvent at high temperature. In the same solution the nanepeotedting agent
can be added. This solution must then be rapidly injected in a liquid which issoivent for the
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polymers while showing gopo ROXELOLW\ ZLWK WKH SRd@veRtHnust §e Wided Y H Q \
strong stirring (>1000rpm) in order to create micromixing conditions. We have used ultrapure MilliQ
water as well as various Phosphate Buffered Saline (PBS) solution concentrationsalyeat. A

protocol optimized by our collaborators suggest keeping the same temperature in the solution and in
water in order to avoid thermal gradients and promote a smaller and more monodispersed size of the
NPs. After the solution injection and the §Névlloid formation, the latter is kept under slow stirring
conditions (<400rpm) at 40°C in order to let THF evaporate. The supernatant is separated via
centrifugation and removed, and the clean nanoparticle colloid is eventually dialyzed in order to get

rid of ions and part of the unreacted Pluronic F127.

The NPs were then analyzed structurally through-cantact Atomic Force Microscopy (#AFM)

DQG 7UDQVPLVVLRQ (OHFWURQ OLFURVFRS\ 7(0 SHUIRUPI
Sebastian, as shown Kigure 2 Both the techniques show approximately spherical NPs with no
particular features in the range of diameters of200nm. The comparison between NPs synthesized

in the absence~{gure 2a) and in the presencé&ifure 2b) of Pluronic F127 shows thaven after

multiple dialyses, performed before deposition on substrates as in the protocols for microscopy
imaging, residues remain when Pluronic F127 is used, as it can be seen by the filaments observable
between nanoparticles in Figures 2b. It can be #wrthis excess copolymer forms filaments and
networks when the suspending water evaporates during the deposition on the substrate for TEM or
AFM investigations. From careful observation we can also see that when the colloid with Pluronic is
deposited, lusters of NPs form, separated from each other and protected from the environment by
Pluronic F127. It must be stressed however that during the evaporation of water the concentration of

the sol increases progressively, thus promoting clustering and atjginega
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Figure 2. NPs norcontact AFM topology images (top) and TEM images (bottom) of NPs without (a)
and with (b) Pluronic F127 SHUIRUPHG E\ VFLHQWLVW DW 839 Ifb8hDW ' (
the images with Pluronic we can distinguish the exoé#isis material depositing over the substrate
forming networks between particles. In (c) we show the Dynamic Light Scattering (DLS) data
acquired from nanoparticles dispersions produced using PBS. From the gaussian fit we can extract

the average hydrodynaic diameter of the NPs and its relative standard deviation.

In Figure 2c we show the Dynamic Light Scattering (DLS) analysis of the dispersions. In semi
logarithmic scale, a Gaussian distribution perfectly fits the histogram. From the fit we extract the
K\GURG\QDPLF GLDPHWHU RI WKH 13V DQG WKH UHODWLYH G
deviation. These parameters are important to predict whether the material and the nanoprecipitation
protocol used are suitable for the production of NRB wismall enough size to enter the target cell.

In the case of our study, a soft limit is set at 400nm and depends on the chemical nature of the

polymeric material and the protective shell employed.
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By comparing diameters extracted from TEM with the hggramic diameters from DLS we
observe almost a twimld increase in the latter compared to the former. The hydrodynamic diameter,

or more precisely the Stokes diameter in our case, refers to the equivalent diameter of a hard sphere
that diffuses at the sarate as the observed particles. This means that either the Pluronic forms a
VKHOO ZLWK D WKLFNQHVY FRPSDUDEOH ZLWK WKH QDQRSDU
in such a way that the diffusion is slowed down significantly. The fase can be excluded due to

the Pluronic ratio used for the synthesis. The second case can be either caused by the interaction with
water or by the interaction of the Pluronic shell with other Pluronic molecules. These, in turn, can be
either those dissové LQ ZDWHU RU RWKHU QDQRSDUWLFOHVY VKHOO\

By comparing the NPs synthesized in MilliQ water with those synthesized in different PBS
concentrations, the size analysis highlights a neat increase in size by increasing the ionic strength of
the nonsolvent medim. Additional experiments were done using NaCl in place of PBS to assess if
the observed increase was in fact due to the ionic strength or to the presence of phosphate ions. These
experiments show accordance between the diameters of NPs obtained (BiagdBose obtained

with NaCl solution with the same NaCl concentrations, thus corroborating the initial argument.

In conclusion, apart from macroscopic aggregates, all the analyzed NPs distributions shown sizes

within the aforementioned upper limit foeltular uptake.

In order to assess the stability of the dispersions we observegdthtertial of the nanoparticles. The
z-potential is a measure of the electric potential measured at slipping plane of the NPs and is a good
estimator for the dispersiotadility toward aggregation. The higher is the modulus of this potential,

the higher is the repulsion between nanoparticles and hence the lower is the tendency to aggregate.

The measure of the NPs in PBS shown a very lgetential, which can be justifiday the shielding

effect due to the high ionic concentration in the solution. Independently of the Pluronic concentration,
the zpotential of the NPs in PBS was lower than 10mW, meaning very low stability toward
aggregation. This instability could also $®en in DLS through the progressive increase in the mean

value and standard deviation of the measured hydrodynamic radii.
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MilliQ water Phosphate Buffer Saline, Dialyzed

0:1 (no Pluronic| 1:9 Pluronic | 1:50 Pluronic | 1:18 Pluronic | 1:9 Pluronic

P3HT -41 mV -38,2 mV -23,6 mV -25,6 mV -29,9 mV
PTB7 -44 mV -36,4 mV -34,3 mV -36,8 mV -24,7 mV
PBDB-T -37 mV -33,2 mV -30,7 mV -20,3 mVvV -29,9 mV

Table 1.Z-Potential measured for different water salinities and different Pluronic content to assess
the stabiliy of the nanoparticles. In the Pluronic content field, the ratio is expressed in terms of
Pluronic: Polymer mass ratio. The PBS synthesized NPs were dialyzed 3 times for 2 days in order to

lower the ionic strength of the medium.

In Table 1are listed the-potentials for all the studied materials, synthesized both in MilliQ and in
PBS with different Polymer : Pluronic ratios. We can see that the materials in MilliQ water have the
highest moduli, all falling within the stability range (>|30|mW). We canabserve that the presence

of the Pluronic shell results in a lower potential. This can be explained by the fact that the presence
of Pluronic on the surface of the NP moves further away the slipping plane which results in a higher
shielding of the charge®n the other hand, there is no clear dependency ofpla¢ential from the
Pluronic content in NPs synthesized in PBS. All these NPs fall nevertheless in a range of acceptable
stability (20mV<Z|<30mV). The material which shown an overall higher poténtaPTB7,
suggesting it could be the most stable in the majority of cases.

Even though low Pluronic content shows a highg@otential, in the presence of this protecting
polymer the stability of the colloid is also given by the 1stioking character af. This results in a
nontdirect correlation between the potential and theemm stability. All the following studies are
then referred to NPs synthesized with a Plurdoipolymer ratio of 9:1 since it was the standard
optimized by the group for lorggrm stability.

In Figure 3a we show the comparison between the absorption spectra of the polymers
nanoprecipitated in MilliQ and in PBS. In P3HT three main vibronic peaks are visible in both cases

at approximately 610nm, 560nm and 510nm. The energy efptaks slightly redshifts with
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increasing ionic strength of the neonlvent aqueous medium. The intensity ratio of these peaks
changes considerably from one to the other conditions, with an overall absorption which results
redshifted for the PBS case. Wete that in P3HT the spectrum of NPs synthesized in MilliQ water

is comparable with the thifilm absorption spectrum, while the PBS one resembles the reflection
spectrum of the thiHfilms. PBDB-T shows approximately the same spectra in the two conditiibins

the absorption peak redshifted of 20nm. PT&HIQ shows an absorption peak at 610nm and a
shoulder at 665nm, while PTHTBS have one absorption peak at 700nm and a shoulder at 610nm.
This result suggests the coexistence of a vibronic band at 6df@hra different contribution to the

total absorption, while we cannot conclude anything about the feature at lower energies.
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Figure 3.In (a) we show the absorption spectra of NPs synthesized with the three studied materials
both in presence of PBS dnn pure MilliQ water. These spectra should be compared with the
Excitation (left axes) and Emission spectra (right axes) relative to the same nanoparticles shown

underneath in (b).
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Together with the fact that the normalized excitation and emissionramdd®3HT is the same in

both the conditions as shownhigure 3b, suggest that the energetics of the bands does not change
significantly. Excitation spectra of PBODB on the other hand replicate the same small shift observed

in absorption thus implyind Q HITHFWLYH VKLIW LQ WKH HQHUJHWLFV RI
the small difference in the shapes of photoluminescence curves of PTB7, the excitation peaks are
almost superimposable for the two NPs synthesis conditions whereas even thoagbkotipéion

peaks differ of just less than 100nm. Nevertheless, in FIMIBIQ excitation spectrum there are both

a peak at 700nm and a shoulder at 610nm which disappear inPEB.7These same features are
found in the absorption spectra, suggesting distence of the 700nm state in both the NPs despite

it is not distinguishable in PTBMIlliQ. In Figure 3b we observe a small stokes shift in P3HT
(100meV) and PBDH (70meV MilliQ, 40meV PBS) while in PTBY7 it is larger (230meV MilliQ,
210meV). Lastly, itcan be noted that there is a net increase in all the NPs absorption spectra at
energies both higher and lower than the absorption peaks when the employed aqusolienbis

PBS. This can be attributed to the higher Mie scattering as a result oiggeN&s average size and

distribution.

From % R V \papeff Wwe know that P3HT NPs induce ROS generation inside living cells. At first,
we assume the same optoelectrochemical behavior as observed in thin film allowing for thetpossibil

of some deviation. In order to evaluate the photoelectrochemical activity of the nanoparticles in
absence of an electrolyte we deposit them over an ITO film and measure the KPFM potential
difference between dark and illuminated conditions. The illutinas performed through a 530nm,
30mWcen?? LED placed underneath the ITO covered glass slide. The wavelength chosen is the best
tradeoff between the absorption of the materials, with an energy higher than all the energy gaps and
a good absorption coeffent. The illumination intensity is the maximum experimental value that
DOORZV D VWDEOH VFDQ ZLWKRXW H[FHVVLYH VXEVWUDWH W
properties, we investigated the NPs without Pluronic shielding. Since thersudatant protection,

the NPs used are nanoprecipitated only in MilliQ waégure 4a shows the morphology of the
selected NPs and the relative KPFM image in dark conditions. We observe that the potential
distribution is not uniform. This suggests sedapolarization possibly due to surface oxidation,
structural inhomogeneity, ions coordinated during the colloidal phase, static charge that is unable to

completely discharge because of low conductivity of the polymers or other spurious phenomena.
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Figure 4.(a) Nanoparticles KPFM imaging in dark conditions and relative AFM morphology. From
the left, the nanoparticles show an average KPFM signal of (40.0 + 17.3)mV , (50.8 £ 21.6)mV and
(95.2 + 65.1)mV. KPFM potential measured in dark conditions and @fteseconds of 30mwWem
530nm highlights are compared: PTB7 show no significant difference in the potential distribution
over the NP with P>0.05, whereas P3HT and PBDBndergo a significative potential change with
P<0.005).

In order to compare the KPFMbential of the nanoparticles before and after illumination, in the first

we set a threshold value to determine the boundary between ITO and the NP and we pixelate the

latter. Then we bin the potential scale, and we create histograms with the entri@stdgrams can

be fit with gaussian curves from which we can extract the means and the variafogstdrtb we

compare these histograms in dark and illuminated conditions for all the materials. P3HT shows
(40.0 £ 17.3)mV and (49.0 £ 31.3)mV, PTB7 show§50.8 + 21.6)m\and(23.9 + 26.4)mV, and

PTB7 shows (95.2 £ 65.1)mahd(91.1 + 52.0)mV. By requesting a 5% confidence for statistical

significance, these data lead to a KPFM potential difference of noéa(®&0 + 1.0)mV for P3HT,

-(27.0 £ 1.5)mV for PBDBI and-(4.0 £ 5.2)mV for PTB7. With these data we observe no

significative difference in the PTB7 distributions witkre>> 0.05, whereas the other materials show

significative difference with x1< 0.005 and Fspe-1 < 0.005.

Also, in the case of a significative difference, the photoinduced voltage difference observed is in line
with the data on films in absence of electrolyte and are orders of magnitude lower than those observed

on films in contacwith an electrolyte. Moreover, the sign of the KPFM difference is positive for
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P3HT and negative for PBDB. Provided that more studies need to be performed to establish the
nature of these signals, we discard the possibility that they influence in sayngevbehavior in

electrolyte and irvitro. We speculate that they are produced mainly from the discharge of static
charges during illumination given the photoconductivity of these materials and possibly from the

reduction of humidity present in water.

In this context we assume the same behavior forftims in electrically floating conditions and
nanoparticles when exposed to electrolyte. As discussed in the previous chapter, photon absorption
leads to the reduction of acceptor molecules in water, ynaxygen and secondarily hydroxonium

ion, and in floating device to the accumulation of positive charges in the polymer. In order to validate

this assumption, we performed the experiment showiguare 5.

The experiment consists in the measurement afuh@nt produced by the discharge of illuminated

NPs on an ITO surface placed in contact with the suspension. The setup of the experiment is
composed by a PDMS cell filled with the NPs dispersion with a Z.86@working electrode (WE)

on one side whichlases the circuit with an Ag|AgCl wire Reference/Counter electrode (RE/CE).
$OWKRXIJK WKH QDQRSDUWLFOHYVY GLVFKDUJH SUREDELOLW\
thermodynamics of the charge transfer from the polymer to the AgCI, in ordemiming the
possibility of electron transfer on exposed silver, precautions were taken: the chloride deposition was
performed electrochemically with a small current in order to have a more uniform coating and the
area of the counter electrode was minimiteed.5cn?. The wire resistance was still low enougit

WR GLVWXUE WKH GLVFKDUJH RI WKH QDQRSDUWLFOHV VLQF
expected current of the order of hundreds nA will result in a potential drop of the order of the mV.
This magnitude is not significative comparedte energy difference between the positive polaron

level in the semiconductor where the positive charges are accumulated and the Fermi level of the WE

where the charges will be transferred during the discharge event.

As described irfFigure 5athe light dsorption cause charge accumulation in the nanoparticle which
results in a shift of the vacuum level and hence of the energy levels. Keeping the illumination on,
eventually the reduction photocurrent from the NP is completely balanced from thelbetca

transfer and the photovoltage reach an equilibrium state. The NP is surrounded by negative ions in
order to reach charge neutrality, so the overalHdiflise double layer system is neutral. Being so,

the NPs move in the agueous phase following a Brawmiation. Because of the motion, some NPs

will eventually reach and impact on the ITO WE. During the impact, the distance between the
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QDQRSDUWLFOHTYV VXUIDFH DQG WKH ,72 VXUIDFH DUH FORVE
If the Fermi level othe WE is higher than the energy barrier for CT we expect it to happen. If the
HQHUJ\ GLIITHUHQFH LV HYHQ KLJKHU WKDQ WKH QDQRSDUWLF
it to potentially totally discharge if it spend enough time near the sli@ace. In our system is
contemplated the possibility to apply a bias between the WE and the RE in order to shift the Fermi
level of the former.
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Figure 5. In (a) we show the energetics of the complete charge/discharge cycle of an illuminated
nanopartcle dispersed in water. When the light is absorbed, electrons are promoted to excited states
and can reduce acceptors in water, thus leaving a net positive charge in the nanopatrticle. By charging
electrically, the energy levels shift downwards and reacle@uilibrium potential if continuously
illuminated. Driven by Brownian motion the NP eventually reach the ITO electrode. If the energetics
is favorable, the electrode will reduce the nanoparticle thereby discharging it. Because of the time
constant of thamplifier-electrode system, the discharge events are integrated and can be measured
as a macroscopic current transient. Here is shown the current as a function of time (b) measured for
a P3HT dispersion illuminated byl80mWcn? 530nm LED source with rapplied bias.

The electric circuit model of our acquisition setup can be approximated to be composee iny C
series with Ryuid prase@nd Ree. If the time constant is significantly larger than the sum between the
discharge duration and the averageetibetween two discharges, the circuit behaves as a current

integrator. We therefore expect to lose the single peaks resolution and to see a growing current with
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a @ F A” Mehavior as a first order approximation. Deviations from this behaviexpezted when

long enough acquisition durations are employed due to multiple factors such as: depletion of oxygen
dissolved in water, Ctoncentration variations caused by Ag|AgCl operation, convection motions in
water and nofuniformity of charge densitin the proximity of the electrode given by the charge
discharge dynamics.

We tested this hypothesis by illuminating with a 530r88mW/cn? LED source the cell containing

the NPs dispersion and acquiring the current as a function of time. We then sditha&iank signal
consisting of the same experiment performed with only water. The experiment confirmed our initial
guess as shown fRigure 5b. The sign of the current is consistent with a reducing current flowing

from the WE to the suspension.

We exploted this to explore the spectral response of the NPs photovoltage generation. To do so we
illuminated the setup using a chopped and monochromated light from a Xenon lamp and acquiring

the signal through a loek amplifier.

The amplitude of the current é®rrelated to different properties of the solution and the NPs such as
the numberof NPs in solution, the quantum efficiency of the photoelectrochemical process and the
charge storage capacity of the NPs. In addition also the ratio between the RC titaatauinthe

circuit and the chopping frequency will determine the maximum measured current. Since we are
interested in the normalized spectra, the absolute value of the current is not relevant. The chopping
frequency has hence been optimized matchingavedt noise (the higher the frequency, the better)

with the highest current modulus (the lower the frequency, the better).
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Figure 6. Comparison between NPs absorption spectra and their photoelectrochemical current
spectra. The photocurrent is genergtiarough the discharge of photocharged NPs over an ITO

electrode.

Figure 6 shows the photoelectrochemical current spectra for P3HT, PBBIEBd PTB7 NPs, at 1:9
Pluronic:Polymerelative mass concentration. The photocurrent spectra are very similaopitad
absorption spectra, indicating a symbditie behavior. Similar spectra are also observed in
photoelectrochemical current spectra of tfilims made of these materials. Accordingly absorbed
photons contribute equally to the photocurrent generati@mlependent on their energy. We hence
exclude a significant contribution of defect states or interfacial energy levels to the process. Instead,
the photoelectrochemical activity relies on bulk optical bandgap absorption leading to exciton
formation, themalization and subsequent dissociation into free charge carriers in the NPs. Free
electronic carriers participate in the electrochemical reduction of oxygen in the solution leading to
ROS formation.

The findings are in line with previous results obtaineith P3HT NPs, and demonstrate the
occurrence of photelectrochemical reactions at the polymer/buffer interface of NPs, mostly leading
to oxygen reduction processes and to the formation of ROS species, all virtually ending up in
hydrogen peroxide formain at timescales > 1 s.

In biological tissue, intracellular and extracellulaxdA concentration represent a powerful signaling
event for the modulation of angiogenic processes. The possibility to modulate it on demand and over
different orders of magnitwg through touchless optical excitation of smart nanomaterials, may open
WKH SDWK WR LQWHUHVWLQJ WKHUDSHXWLF DSSORNBWLRQV

investigated the interactions between polymer NPs and endothelial cells.
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Figure 7.Representative confocal images depicting HUVEC cells loaded with P3HT (a),-PBDB

(b) and PTB7 (c) NPs acquired at a z plane correspondent to the cell inner part. Cells are stained
with Cell mask green (membrane, green) and Hoechst 33342 (nucle), NBs fluorescence
emission is in red. Scale bars, 5 um. Viability of HUVECs (d), incubated with the different NPs,
evaluated as the fluorescence of the reduced form of the AlamarBlue cell viability reagent. Data were
compared using the nonparametric Mawhitney Utest (0.05 significance level). *p < 0.05, ***p

< 0.001. Error bars represent the standard error of the me@&p(5s SHUIRUPHG E\ $QWR
group at IIT-CNST)

Human Umbilical Vein Endothelial Cells (HUVECS) were selected as a blaluaodel, largely
accepted in literature for the study of the main biological pathways involved in endothelium function,
including normal and neoplastic proliferatiomigration, and angiogenesis, as well as for the

development of therapies against caraset cardiovascular diseases.

The viability and proliferation of HUVECSs treated with NPs is assessed by using the AlamarBlue
assay at three different time pointBigure 7d). By adopting a conservative approach, the
concentration is fixed at 20 ug mMLData show that the cell metabolic activity is preserved in the
presence of all considered NPs, up to 120 hours after plating. Interestingly, one should notice a higher
proliferation increase, in percentage, between 24 and 120 hours after plating in thfeHidS&Cs

treated with NPs (+226% for P3HT, +187% for PBIDBnd +384% for PTB7) in comparison to the
untreated ones (CTRL, +169%).
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Figure 8. Confocal optical sections depicting HUVEC cells treated with P3HT, RBRBd PTB7

NPs. Cells are stained witCell mask green (membrane, green) and Hoechst 33342 (nuclei, blue),
NPs emission is depicted in red. Focal planes are acquired from the top interface with the
extracellular bath (upper left) to the bottom of the cells (lower right). Scale bars are 5an a
UHIHQFH SHUIRUPHG E\ $QGNETY)QD]]DYV JURXS DW ,,7

Moreover, our partners at HCNST investigated the capability of NPs to internalize within the
intracellular environment, by means of confocal microscdpigure 7ac). The most critical
parametes governing the capability of NPs to cross the plasma membrane and to internalize within
the cell cytosol are the shape, #iee,and the zotential. TEM, DLS and-potential measurements
(Figure 2, Table ) demonstrated that there are no appreciabiierdhces among the three

considered NPs. Based on these data, no sizable difference in internalization process is expected.
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3.6.3 Conclusions

In this work we present a comprehensive characterizatiortygggosemiconducting polymeric NPs

as nanophototransduserfor future invivo reactive oxygen species (ROS) production. ROS
generation impacts on cellular messaging pathways and hence organic semiconductive NPs enable a
new transduction method to impact on cellular phenotype with optical, wireless controlpdYe re

the study on flash nanoprecipitated NPs made of the three photoactive polymers P3HIT BBDB

PTB7. Studies were performed to explore the influence on the energetics of the NPs and the stability
of the colloid when different aqueous antisolvent g¢osiirength is employed. Moreover, different
polymerto-surfactant mass ratios were screenekKU VW XG\ DLPV WR FKDUDFWHUL

morphology, energetics, stability and photogeneration capability.

We find that all three tested materials exhjidibtocathodic current generation due to reduction of
acceptor molecules in water and charge positively when illuminated. All NPs fall within the
dimensional limits for cell internalization and with confocal imaging it was verified for HUVECs

used for invitro experiments.

Nanoparticles flash nanoprecipitated in PBS show a larger radius than the same material ones
precipitated in MilliQ thanks to a kinetic and structural effect of NaCl on the NPs formation process.

In the presence of Pluronic F127 as alfdiFWD QW WKH QDQRSDUWLFOHVY UDC
TEM differs significantly from the one measured through DLS, thus suggesting that the mobility and
the perceived environment viscosity are considerably influenced. On the other hand, its presence
erhances the stability and does not affect the internalization capabilities while lowering the z
potential. This is likely due to a distancing of the slipping plane from the polymer surface

accommodating more countiems within the hydrodynamic radius.

We found significative differences in the absorption spectra of the NPs precipitated in MilliQ water
and those precipitated in PBS which are not reflected in an appreciable change in excitation and
emission spectra, whereas no new peaks appear. This subgestis first are either due to a change

in reflectivity or in the different contribution of nenadiative states. A new experiment was developed

to study the photovoltage builgh of the NPs when dispersed in an aqueous medium. After proving
the efficacyof the method with a single wavelength, the same experiment was repeated by scanning
the light source through the visible spectrum to evaluate the relation between photoelectrochemical
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capabilities and incident wavelength. By comparing the spectra obtaitiethis method using NPs
without surfactant with the relative absorption spectra we highlight the perfect superimposability of
the peaks and a good superimposability of the remainder. We conclude that absorbed photons

contribute equally to the photocant generation, independent on their energy.

Finally, it has been demonstrated that all three polymer photoelectrodes are internalized inside the
cell membrane but remain outside the nucleus. In addition, all the materials are biocompatible and
induce HUVEC cells proliferation in irvitro experiments. Interestingly, PTB7 outperformed the
other polymers in different examined aspects. Its excitation spectrum extends in the optical
transparency window of biological tissue, itpatential is overall the moreegative and the average

NPs size is the smallest. To conclude, our results provide comprehensive physicochemical
characterization of two new material alternative to P3HT for phototransducting nanoparticles, namely
PBDB-T and PTB7, both nanoprecipitatedaitow and in a high ionic strength agueous medium and

explore the use of Pluronic F127 as an antiaggregant and its effects on the performances of these NPs.

3.6.4 Methods

Materials

Regioregular P3HT (Sigmaldrich) with a molecular weight (M) of 115135 kDa wa purchased
from SigmaAldrich. PTB7 was purchased from Ossila, batch M216=F8 kDa. PBDBT was
purchased from Ossila, batch M1002,#0 kDa, and from SigmAldrich, batch 901099, M=70
kDa. Pluronic F127 was purchased from Sigidrich (powder, BioRegent). Phosphate Buffered

Saline (PBS) and Resazurine (AlamarBlue assay) were purchased from/Aldyiola.

Flash Nanoprecipitation

The nanoparticles of conjugated polymers were prepared by flash nanoprecipitation, summarized in
Figure 1 Firstly, the conjgated polymer and, if needed, Pluronic F127 are dissolved together in
tetrahydrofuran (THF) at a concentration of 1 mg-mWe initially considered four mass relative
composition between Pluronic and the conjugated polymer (0:1 i.e. no Pluronic, 150y 1:9).

The solutions are kept stirring at 60°C until completely dissolved (approximately 1 hour). Then, 1

mL of the organic solution is injected into 10 mL of MilliQ water or PBS solution (1x) under intense
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stirring (>1200 rpm). Since the nanopreapibn is almost immediately achieved, after 10 seconds

the dispersion is placed into a beaker and kept stirring at 40°C until complete evaporation of the THF.
Finally, the dispersion is centrifuged at 500 rpm for 5 minutes to separate the remaining bhctio
aggregates. For samples prepared using PBS, dialysis procedure was carried out by using Visking
membranes (Visking DTV by Medicell Int Ltd. Gaff range 1214 kg-mof* with diameters of 25.5

mm) to lower the ionic strength of the medium and enhamestability of the colloid. The dialysis

tubing was kept in stirring ultrapure MilliQ water at room temperature for three days, changing the

water periodically. The dispersion is finally stored at 4°C in dark conditions to avoid aggregation.

In the casefouse for invitro experiment, the dispersions are lyophilized using a frdeger (Telstar

®) at-83°C and a pressure of 0.2 mbar during 48 hours for two reasons: to minimize the presence of
pathogenic agents and todisperse the nanoparticles at ag@oconcentration of polymer mass in
water. Then, the NPs are dispersed in Endothelial cell medium, enriched with 100" peniwillin

and 100 mg mt streptomycin,DW D FRQF H QW U BiwsteRI® cdhditions] TRis dispersion

is finally diluted in the cell culture wells employed for the experiments at the chosen final

concentration.

AFM and KPFM

Scanning Probe Microscopies were carried out using a Parlarirestits NX10 system using NSC36
Cr-Au coated probes (MikroMasch). For KPFM we use amplitude modulation mode at 17 kHz. In
order to carry out measurements in illuminated conditions a custom sample holder was built. The
illumination was provided by a monodmatic LEDs (Wurth Elektronik) placed beneath the glass
surface, driven by a sourteeasure unit (Keysight B2912A).

TEM

TEM measurements were performed on a TECNAI G2 20 TWIN operated at 200 kV and equipped
with LaB6 filament. Samples were prepared byiogst droplet of the dispersion onto a TEM cooper
grid (300 Mesh) covered by a pure carbon film and dried at ambient temperature. The grid was glow

discharged before putting the drop of suspension.
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DLS and zPotential

DLS and zpotential measurements vegoerformed with a Malvern Zetasizer Nan® 90 (Malvern,
UK) equipped with a H&e laser ( nm) under scattering angle of 173amples were
prepared by pouring the dispersion into disposable folded cuvettes in the case of DLS and into

DTS1070 cells in the case ofptential measurements.

Spectrofluorimetry

Absorption, Excitation and Eission spectra were measured on a Lambda 950 UV/Vis/NIR
spectrometer (PerkiBlmer)using 4ml disposable plastic cuvettes. The scanning speed was adjusted
case by case in order to obtain a clean signal. When measuring the absorption spectra, solution have
been diluted at needs in order to keep the absorbance lower than the value of 1.5A to get a linear

response over the whole spectral band.

Photoelectrochemical Cell

We introduce a novel simple setup built to measure the current generated by the distharge o
photocharged NPs over a fixed area. The main structure is composed of a metallic faraday cage with
a central hole on two opposite sides to let the light pass though. In the path of light is placed a structure
composed of a PDMS cell filled with the NAsgkrsion with a 2.8cfiTO working electrode (WE)

on one side, a glass slide on the other side, and an AgCl covered Ag wire as Reference/Counter
electrode (RE/CE) to close the circuit. The cell allows the exposition to the illumination from either
the ITOside or the solution side, the latter through a glass window. In spectroscopic measurements
the monochromatic illumination of the photoelectrode at a defined wavelength was achieved with a
Xenon lamp combined with a monochromator (Cornerstone 260). Tpifiathcurrent signal was

filtered and digitized with a lockn amplifier (Zurich Instruments). For transient measurements the
monochromated Xenon lamp light was replaced with monochromatic LEDs (Thorlabs M530L4)

driven by a sourceneasure unit (Thorlad3C2200).

Cell culture of Human Umbilical Vein Endothelial cells (HUVECS)

HUVECS cell lines were purchased from PromoCell. The cells were grown on culture flasks coated
with 0.2% gelatin in Endothelial cell medium (Endothelial cell basal medium 2, Proly@@ekched
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with Endothelial cell GM 2 supplement pack (PromoCell), and maintained at 37°C, 2% @Ghe
experiments, only HUVECs at passage < 7 were employed.

For all experiments, HUVECs were plated on glass slides af ¢&ll§/cnt density and afte3h from
SODWLQJ WKH FHOOV ZHUH L QFXE D WddBcehtratidg fov ROH. The NP U H Q V
treated samples were rinsed with KRH to remove-internalized NPs at the beginning of each

measurement. HUVECSs plated on glass slides withoutidPs used as control condition (CTRL).

AlamarBlue viability assay

HUVECs were plated in 12 wells plates by employing cell growth medium without phenol red. Cell
proliferation was evaluated 24, 48, and 120 h after incubation. Prior to measurementstiateeach
point, the growing medium was replaced with fresh medium containing 100 figofrAlamarBlue
(ThermaFisher). The AlamarBlue reagent is based on the Resazurin, -peoskkable non
fluorescent compound that upon entering living cells is reduced to the highly fluorescent Resorufin.
The fluorescence of the latter is thus an indicatothe viability and proliferation of cells. The
samples were incubated for 3h at 37 °C, 5%,0®the dark. Then, three aliquots of culture media

/ ZHUH S ODFH Gwdl @nideopl@xdsNand their fluorescence was acquired using a
TECAN Spark nicroplate reader (excitation wavelength: 530 nm, emission acquired at 590 nm).

Confocal imaging

Cell membrane and nuclei are stained, respectively, by Cell Mask Green (Thistneg exc/em
wavelength, 522/535 nm) and HOECHST (Thermo Fisher, exc/em4@b0m). Zstacks were
acquired with an upright microscope (Olympus BX63), equipped with a 60X water immersion
objective, a spinning disk confocal module-i)ht V2 spinning disk module from Crest Optics),

and a sCMOS Camera (Prime BSI, Teledyne Photarseffucson, Arizona, USA). The system,
comprising LED and laser light sources (Spectra lll and Celesta, from Lumencor) was assembled by
Crisel Instruments. Excitation/emission wavelengths were 530/660 nm for P3HT NPs and 660/750
nm for PTB7 and PBDHE NPs The experiments were carried out at room temperature and by
HPSOR\LQJ D .UHEV 5LQJHUfV .5+ H[WUDFHOOXODU2,MROXW L
MgClz, 5 HEPES, 10 Glucose, pH adjusted to 7.4 with NaOH. Images were processed with ImageJ.
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3.7 Porous rra-P3HT Thin-film Photoelectrochemical Response
Characterization

3.7.1 Introduction

Recently it has been demonstrated &wana single layer of ftype polymer such as P3HT can build

up photovoltage due to photoelectrochemical reacti®tS A relevant pathway to stimulate cells
relies on semiconductor pto-electrochemistry. Here excited charge carriers transfer through the
semiconductor/water interface and cause oxidation or reduction reactions in the biological system.
Such photofaradaic processes have to be tuned to generate electrochemical meskamges that

impact on cellular process&SWe note that an organic semiconductor device in direct contact with
the aqueous electrolyte can follow both stimulation mechanisms, photocapacitive as well as
photofaradic’ Which one of the two prevails depends on the semiconductor energy levels and their
alignment with redox species as well as kinetic barriers for electron transfer. Both processes start
under illumination by the generation of Idizad excitons and their subsequent dissociation into free
carriers occurring at interfacial electric fields or spontanedfsly.

In the case of yype polymers such as A3 or PEDOT the typical acceptor molecule taking free
electrons is oxygen as it is always present in biological conditfdfi$15%13rhe oxygen reduion

reaction (ORR) generates;® on organic semiconductor surfaces and other intermediate ROS
specied?® mportantly, the ORR products are known to act as messenger substances with impact
on cell homeostasis, cell metabolism and regenerative processes. The photofaradaic generation of
ROS species has been employed through theouseganic semiconductor thin films as well as
injectable nanoparticles and was demonstrated to be effective in stimulating cardiac cell
regeneratiod®>"99%1%5The detailed mechanism of the photofaradaic transduction chain depends on
the physicechemical interactions occurring at the interface with the cellular mé@ftiand between

the ROS and the particular cell i Steady state physiological flux oG to specific protein
targets leads to reversible oxidation, altering protein activity, localization and interaéfidinés
contibutes to adaptation of various processes in cells and organs, including cell proliferation,
differentiation, migration and angiogené&# % Overall, physiological targets of ROS serve as

redox switches in signal transduction acting in response to stressors orledeuraations’’.
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Most of the studies were conducted on sifgdéymer photoelectrodes and relied on the o$
regioregular poly8-Hexylthiophene (HP3HT), asemicrystalline polymer with a low glass transition
temperature (8§ Zmy and a noticeable chain mobifify. This material has recently been under the
spotlight as an effecter photocathode for triggering cell differentiation pathways through the

production of Reactive Oxygen Species (REPSY.

The aim of the study is to develop a new generation of porous thin films for bellagiglications
to enhance the surface area exposed to the electrolyte. This will result in a higher interfacial
capacitance, more acceptor molecules in contact with the semiconductor and a higher contact area for

the cells to adhere with, favoring theliqio-stimulation for the next in vitro and in vivo studies.

For such purpose, the large bayap regiorandom polg-hexyltiophene rrdP3HT was selected as
conjugated polymer and polylactic acid (PLA) as a hydrolysable polyester approved by the Food and
Drug Administration (FDA). In a first step, graft copolymers of P3HT and PLA, PGRTA, were
synthesized by chemical oxidative polymerization of KH[\OW LR S K HEDAGT-FDA G
macromonomer. Several graft copolymers with different PLA percentages weressyath by
modulating the ratio between both monomers in the polymerization reaction. Thgmnoos thin

films were fabricated by spin coating of those P3HFPLA copolymers over IT&@lass substrates.
Subsequently, porous thin films were obtained byhyrolysis of PLA in presence of a sodium
hydroxide (NaOH) solution. Thin films with different pore sizes were obtained depending on the PLA
proportion on the graft copolymers, P3giPLA.

We performed photocurrent studies to identify the materials hétlighest PEC efficiency, leading

to nontoxic production of Reactive Oxygen Species (ROS), in a biolegi@mknvironment. Based

on in depth characterization of the optical, microscopy, electrical and electrochemical properties of
the abovementioned raterials in form of thin films exposed to an electrolyte, we investigated the
phototransduction performances in ligitttivated redox processes occurring at the polymer surface.
This same surface will be the one in close proximity to the living cell merabima invitro
experiments and #aivo conditions. Cell viability was then evaluated in HUVECSs both in dark an in
illuminated conditions, and the efficacy in ROS production was considered for both porous-and non
porous materials. Taking into account theg photeelectrochemical processes highly influence the
angiogenesis activity in endothelial cells and modulate the intracellular Ca2+ concentration in cardiac

and endothelial cell modé&l5%1°%5! the ability of those porous P3HJased films to generate Reactive
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Oxygen Species (ROS) upon illumination in exgllularlike conditions will be evaluated and

primarily considered as a key parameter to guide the selection of the most promising pore size film.

3.7.2 Results

This study deals with the optimization of thin films devices for the enhancement of the
phototrarsduction processes occurring at the interface between the light sensitive organic
semiconductor and the living cell. These processes may be categorized in three types, i.e.,
photothermal (PT), photoelectrical (PE) and photoelectrochemical (PEC) transdutfie
demonstrated that the PEC processes represent the most effective mechanism to modulate the activity
of endothelial and cardiac cells, cellular models of interest in our studies. In particular, we found that
PEC reactions highly influence the angioggis activity in endothelial cells and modulate the
intracellular C&" concentration in cardiac and endothelial cell models. In light of this, we developed
porous thin films, in order to enhance the surface area in contact with cells and hence theoéfficacy
PEC processes induced by phstonulation. The material synthesis for this new generation of
devices, based on graft copolymers of regiorandom-pdigxyltiophene (rrd3HT) and polylactic

acid (PLA),P3HT-g-PLA, is discussed in the Methods section.

Firstly, nonporous thin films were prepared by spin coating of the previously synthesized graft
copolymers P3H3g-PLA, dissolved in chlorobenzene, over FHilass substrates. As control, EDOT

PLA macromonomer and P3HT homopolymer, dissolved in chlorobenzeere also deposited on
ITO-glass substrates. The surface morphology of these films was analyzed by Atomic Force
Microscopy (AFM) Figure 13).
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Figure 1. AFM images of: (a) noforous films prepared by spin coating of a chlorobenzene solution
of EDOT-PLA macromonomer, P3HT homopolymer, and graft copolymers B@BPIIA, and (b)
porous films obtained after PLA hydrolysis in contact with NaOH. Arrows show the pores formed.

The P3HT films shows a homogenous morphology with a low average surface rau@net0.4

nm. Similar morphologies are observed in the case of graft copolymers-g2BHA 32:68 and
P3HT-g-PLA_1:99. The graft copolymer with the lowest PLA percentage, PGRTA_ 64:36,
exhibits a different morphology with the formation of spherslifrobably due to the different
packaging of the P3HT chains during the film formation. In a second step porous thin films were
obtained by hydrolysis of PLA in presence of a NaOH solufiagufe 1b). In that case, EDOPLA

film is totally degradedand te characteristic morphology of ITO is observed, whereas in the case
of P3HT films the morphology remains unaltered showing the samasRxpected because P3HT

is not degraded in presence of NaOH. Thus, in the case of-B3HRA films a different morphalgy

is detected in comparison with the homologous PSHALA films shown in Figure 3A. The surface
roughness is increases and pores with different sizes are observed as consequence of the hydrolysis
of PLA present in those films. The thickness of thesadias also measured by AFM through the

scratching of the films.
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Figure 2. (a) Thickness of the films before and after hydrolysis determined by AFM. (b) comparison
between the normalized UXs absorption spectra of pure P3HT tHilm, the three compdsons of
porous P3HTg-PLA and EDOTPLA only. A small blue shift (13nm) can be appreciated from P3HT
to porous P3HT.

The nonporous films show a thickness between 170 and 210~iguare 2a). After PLA hydrolysis,

as expected P3HT films thickness doesdwairease in the case of P3HT films, whereas PLA films
are totally degraded. Regarding P3GPLA films, there is a direct proportionality between the
thickness and the PLA content of the graft copolymiéigufe 2a).

The optical absorption of the films wdetermined by UWis spectrophotometry{gure 2b). P3HT
VSHFWUXP VKRZV D VLQJOH DEVRUSWLRHOBAWNRQLF WQ B GvX
chains in a flexible randowoil conformation. In the case of films prepared with the graft copolmer
P3HT-g-PLA, the absorption maxima are slightly bistifted towards 473 nm, which is indicative

of a less strong aggregation between polymeric backbones, probably due to increased torsional
twisting. The optical absorption region shown is in the samgerghan the fP3HT, therefore the

films reported here can be excited using the 530 nm LED source used for previous thin films.
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Figure 3. (a) Scheme of the photoelectrochemical cell. (b) Capacity at the PESITinterface
extracted from the electrocheral circle fit of theelectrochemicalmpedancespectra. Increasing

the thickness of thin film does not affect the capacity value in nonporotfgrttsrwhile it increases

it in porous materials(c) Photocurrent curves of ngrorous P3HT films with diéfrent thickness and
porous films made of P3HF-PLA_1:99 (blue dots), P3Hg-PLA 32:68 (green dots), and P3HT
g-PLA_64:36 (red dots) when irradiated with a LED at 110 mW and 530 nm. (d) Photocurrent values

after I-second laser irradiation: full bars reféo nonporous and striped bars to porous tHilms.

The Photoelectrochemical Cell (PEC) setup used to perform the measurements is introduced in
Figure 3a The active area of the photoelectrode in contact with electrolyte (@B3mM NaCl,
3mM KCI, 10mM Phosphate buffer, pH 7.4) is confined by a PDM&MQ and the same area is
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illuminated from the electrolyte side. The photoelectrode is connected as the working electrode to a
potentiostat and a ®tire and an Ag|AgCI|KCI (3M) electrode are used as coumte reference
electrode, respectivelfzigure 3b shows photocurrent transients obtained with both porous and non
porous P3HT photoelectrodes by irradiating the films with a 530nm 110mANGED. Upon
illumination a cathodic current is observed that staitis a peak and then settles within a few tenth

of a second to a relatively constant level.

To compare the data with the nparous reference material (pure P3HT), variation in layer thickness
have to be considered. We observe that the copolymers witierhPLA content result in thinner

layers after hydrolysis. Accordingly, we prepared reference photoelectrodes with pure P3HT of
comparable thickness (20 nm, 80 nm, and 200nm). The photocurrent of pure P3HT films decreases
from 1.3 pA to 0.6 pA as the filthickness increases from 80 nm to 200 ingre 3d).

Interestingly, in the case of porous films, fabricated starting from copolymers with 36 and 68 % of
PLA (P3HT-g-PLA_64:36 and P3H-[-PLA 32:68) an enhancement of the photocurrent intensity

of about 2 ad 4 times is achieved, respectively, as compared to the values obtained ugpogausn

P3HT films of the same thicknesBigure 3d). This achievement could be attributed to the higher
surface area exposed to the electrolyte. On the other hand, thelfmsnpgmnce associated to the
devices obtained using the higher percentage of PLA (99%, #3PIA 1:99) may be due to the
limited quantity of P3HT semiconductor present in the structure after PLA hydrolysis. In this case
the pores are so wide that jusittd fraction of P3HT forms the film whereas the remaining area of

the photoelectrode is composed by ITO in direct contact with water. As a consequence, also the
guantity of absorbed light is very small compared to the other sample, and the amount of

phobgenerated excitons and free charges available for photoreduction is smaller.

To get insight on the capacitive behavior of the photoelectrode, under the same illumination
conditions as in the photocurresperimentwe performelectrochemicaimpedance sgctroscopy.

From the electrochemical circle fit of the Bode diagram of the impedances we can extract the capacity
associated to the lofvequency side of the spectrum. From previous works, we can confidently assign

it to the capacitance of the interfaceviaeen the semiconductor and the electrolyte.

Figure 3b shows the comparison between the capacities of all the P3Hfilthgnat the open circuit
potential. Predictably, since all the nparous thin film have the same surface area in contact with

water, he capacity is the same within the range of experimental uncertainties. On the other hand, the
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capacity in porous thifilms grows with growing thickness suggesting a higher total surface area.
The noncoincidence between the highest surface electrodéharfdghest performing electrode can
be attributed to the fact that despite the higher contact with the electrolyte, the contribution of the

light excitation decays with penetration giving an overall lower photocurrent.

Figure 4. Viability of HUVECs (a) incubated with the different samples, evaluated as the
fluorescence of the reduced form of the AlamarBlue cell viability reagent. Error bars represent the
standard error of the mearé{ 4 ¢)4 (b) Mean DCF fluorescenceepresentative of ROS intracellular
presencewithin HUVECSs plated on pristine P3HT, P3KTPLAblock copolymer, and porous P3HT
substrates, in light and dark conditiof¥ata were compared using the nonparamd#tann-Whitney

U-test (0.05 significance level). *p < 0.05, **p < 0.00l1SHUIRUPHG E\ $QWRJQ@D]]DYV
CNST)

In the final part of our work, we test the impact of these materials on the cell viability of Human
Umbilical Vein Endothelial Cells (HUEC) cultured on photoelectrode surfaces. We investigated
them both in full dark conditions and while subjecting them to an illumination protocol. Since very
low photoelectrochemical activity was registered in P3i-HLA 1:99, it was not interesting for
further studied and it was nevaluatecn invitro conditions. To optimize celiulture experiments,

all samples were sterilized with a 2h long thermal treatment at 120°C and a layer of Fibronectin was

deposited on the surface to promote cell adhesion.oBleatrodes were illuminated at a power
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density of 110mW/crhfor 3 minutes with a 530nm LED after 3h cell incubation. With this
illumination protocol we quantified cell viability with the AlamarBlue assay at 24, 72 and 168h from
the cell deposition in bothhe illuminated polymer and controls samples. The AlamarBlue
fluorescence signal is an indicator of the metabolic activity inside the cell8gume 4a a clear

increase of the fluorescence with time can be observed for all the samples regardles® from th
presence or absence of the polymer and of the illumination. This means that despite the presence of
the polymer photoelectrodes and their generation of ROS, the electrodes are biocompatible and ROS

concentrations remain within a ntoxic range and do naffect cellular proliferation.

Next, the ROS production was determined with fluorescent microscopy usingtBEFDA
assay®. As control samples we tested in parallel P3HT samples and the highest photocurrent
performing P3HTg-PLA 32:68 copolyers both hydrolyzed and ndwydrolyzed, both kept all the

time in darkness and illuminated with the same protocol as in viability as3gyse 4b shows the
results from fluorescence microscopy performed after the illumination protocol. Average
fluoresceice values were determined on cell bodies. The diagrams report the averaged fluorescence
values normalized by the value measured on thepooous P3HT control kept in darkness.
Comparison of the photoelectrodes with the different control samples cleamlgndtrates ROS
generation inside cell bodies triggered by the illumination in P3HT and porous P3HT, while non
significative intracellular ROS production was measured in the block copolymer sample. Quantitative
comparison indicates that the increase iraitgllular ROS concentration can be found in the porous
samples. The improved efficiency of porous polymers in oxygen reduction at OCP is thus directly
translated to the imitro experiment. Is worth of mention that the illumination experiment is
performedwith floating photoelectrodes, hence the electronic potential is not under control in the

experiment, and this could impact on conversion efficiency

3.7.3 Conclusions

In this work, we have reported the synthesis of a new generation of semiconducting payenidsn

with enhanced photoelectrochemical properties to be employed in the context of ROS production for
cell stimulation. Three different graft copolymers made o8& T and PLA, P3HT-PLA 1:99,
P3HT-g-PLA_32:68, and P3HD-PLA_64:36, have been symihized by chemical oxidative
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polymerization, tuning the ratio between 3HT monomer and ElPOA macromonomer in the feed.
Then, the graft copolymers were employed for the fabrication of porous thin films by sieps
process. In the first step, thin filmgere obtained by spin coating over Iiglass substrates. Then,

the porosity was induced by PLA hydrolysis in presence of NaOH leading to porous thin films as
confirmed by AFM. The films fabricated with the graft copolymers, P@FHLA, exhibited similar
optical absorption spectra but enhanced absorption coefficients as compar&Bkbrrfilms. In
addition, porous materials showed an increased capacitance as comparegdoonsrthinfiims,

thanks to the higher surface area exposed to the electrolyig.cduld be exploited for the
optimization of illumination patterns when using floating devices. Porous R8sl showeda
fourfold increase in photocurrent, which likewise results from the increased surface area. These
results, when translated to in videvices, allow for the need of a lower illumination intensity which
can be beneficial for the overall device architecture and will lower the invasiveness. The effect is
expected to improve the performances in optical modulation of intracellular RO Srareddnevides

a promising improvement in device architecture for in vitro and in vivo models. Finally, we
demonstrated that the devices do negatively alterthe cell viability and neither it does their
exposition to a strong light source, even though st occurrence induce a higher intracellular ROS

production when compared to flatPBHT thin films.

3.7.4 Methods

Synthesis of the P3H§-PLA copolymer

,Q D ILUVW-BED@TPEA Ma&dinanomer was synthesized by fopening polymerization
(ROP) using 3,4thylenedioxythiophene(EDOAhethanol (EDOTmethanol) as chain initiator of
L-lactide polymerizationKigure 58). The ROP was carried out in bulking an organocatalyst
formed by a mixture of methanesulfonic acid (MSA) andimethylaminopyridine (DMAP) in a
ratio 1:1.29, and a 90% conversion was reached after 2 hours reaction at 130°C. Theg;FRZHT
copolymers were synthesized by chemical oxigatiopolymerization of-Bexylthiophene and the
SUHYLRXVO\ VEOQOMRUA Yhaghddronomer using Fes oxidant agent{gure 5b).

P3HT-g-PLA copolymers with different PLA percentages, 11%, 36%, 68%, and 99%, were
synthesized by varying the 3HT:PLAtio in the reactiofieed andhamed as P3H§-PLA_89:11,
147



P3HT-g-PLA_64:36, P3HTg-PLA_32:68, and P3HG-PLA 1:99 respectively. Yields higher than
45% were obtained in all cases.

Figure 5. Chemical routes employed to synthesize: (A) EEFQA macromonomdsy ROP and (B)

P3HT-g-PLA copolymers by chemical oxidative polymerization.

Thin-film preparation and hydrolysis

These P3HIg-PLA copolymers were used to manufacture porous thin films in sstems process
(Figure 6): (i) preparation of noiporous filmsby spin coating different solutions of P3HT, EDOT
PLA, P3HT-g-PLA 1:99, P3HTg-PLA 32:68, and P3HD-PLA_64:36 in chlorobenzene over ITO
glass substratesj) hydrolysis of PLA by immersing the films in NaOH 1M for 4 hours.

Figure 6. Schematic represntation of the twsteps process followed to obtain porous thin films by
spincoating of the copolymers P3HJFPLA dissolved in chlorobenzene, and subsequent PLA
hydrolysis in contact with NaOH.
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Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM3tudies were performed on a Nanoscope IV of Digital Instrument.

Experiments were operated under fwamtact topology mode in air at ambient conditions.

Absorption spectroscopy

Absorption spectra were recorded on a Shimadzu2850 spectrometer equipped hvia film
adapter, 30B800nm spectral range, resolution 0.5nm, 10nm/s scan speed.

Photocurrent transients and Electrochemical impedance measurements

7KH SKRWRHOHFWURGHYfV DFWLYH VXUIDFH ZDV H[SRVHG WR
in a dedcated cell only the semiconducting layer is exposed to the electrolyte, while the buried ITO
surface and the electrical contacts remain separated via a PDNI®).O'he cell allows the
exposition to the illumination from either the ITO side or the soludida, the latter through a quartz
window. In a threeelectrode setup the photoelectrode was operated as the working electrode. An
Ag|AgCI (3M KCI) reference electrode was used in combination with a Pt counter electrode. For
transient measurements the mammmatic LEDs (Thorlabs M530L4) was driven by a source
measure unit (Thorlabs DC2200).The amplified current or photovoltage signal was filtered and
digitized with a lockin amplifier (Zurich Instruments) connected to the monitoring output of the
potentiosat (Metrohm PGSTAT204). The potentiostat was also used for impedance spectroscopy

measurements.

Cell culture maintenance

HUVECs were purchased from PromoCell and grown in endothelial cell basal medium (PromoCell),
supplemented witlendothelial cell GM2 supplement pack (PromoCell). Cells were kept iR5T
culture flasks coated with 0.2% gelatin and maintained in inculfaféC, humidified atmosphere

5% CQ). For the experiments, only HUVECSs at passage < 7 were employed. After reacl9iog80
confluene, cells were detached with 0.5% tryp8i2% EDTA (Sigma Aldrich) for 5 min and plated

for experiments. To promote adhesion, a 1 mg/ml fibrondatiar (from bovine plasma, Sigma
Aldrich) in PBS(Sigma Aldrich) was deposited on the surface of the samapiésncubated for 30

min. After aspirating fibronectiandPBS, cells were plated and cultured into 12well plates.
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AlamarBlue cell viability assay

HUVECs were seeded on polymer and ITO samples in 12 well plates at about 20000 cells/well
density. Cell prbferation was evaluated after 24, 48, 168 h after plating in 2 biological replicates.
this aim, AlamarBlue cell reagent was added at a volume concentration of 1:10 to the cell culture.

In principle, the AlamarBlue molecule, resazurin, is a-floares@nt molecule that is reduced to a
fluorescent compound (resorufin) by the mitochondrial respiratory chain in live cells. In this way,

the amount of resorufin produced is directly proportional to the quantity of living cells.

Three aliquots of culture meadfor each condition were placed in a blackv@8l microplate and the
fluorescence of the AlamarBlue compound was acquired by a plate reader (TECAN Spark 10M Plate
Reader) with an excitation/emission wavelength of 540/600 nm. The procedure was repsathd at
time point, rinsing, and replacing the AlamarBlue compound with fresh medium after each

measurement.

ROS determination in HUVEC cells

2',7-dichlorodihydrofluorescein diacetate ABPICFDA, SigmaAldrich) was employed for
intracellular ROS detection. WWECs were seeded on polymer and control substrates and treated
continuously for 3 min with Thorlabs LEDs (530 nnrl@® mW/cm for P3HT; 530nm @mW/cn?

for PDBD-T; 660nm @ OmW/cnt for PTB7). Immediately after the end of the illumination protocol,
cellcutXUHV ZHUH L QF XE DMRDBA hIK®RHKfor 30 tin; at 37°C with 5% COAfter
incubation, the fluorescence of the probe was recorded (excitation/emission wavelengths,
490/520nm; integration time 400ms, 100MHz, binning 1) with a 20X objective onpeght

microscope (Olympus equipped with a Teledyne Photometrics Camera).

Variation of fluorescence intensity was evaluated over regions of interest coveringcgihgieas,
and reported values represent the aveoage multiplecells and different saples.

Image processing was carried out with ImageJ and subsequently analyzed with Origin 2020.

Reported results have been mediated over 3 biological replicates, obtaining a set of at least 1200 cells

and 9 samples for each condition.

Data were comparedsing the Anova test-®ays, with Bonferroni correction (0.05 significance

level). * p < 0.05, * p < 0.01, *** p < 0.001. Error bars represent the standard error of the mean.
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4 Conclusions

In this thesis, an extensive characterization of organic photatzghas bioelectronic
phototransducers is presented, with the focus on wireless phototransducers. In the bioelectronic
context the primary means of communication are chemical signaling and, in the case of excitable
cells, action potentials. Therefore, degeryg on the application, both the photofaradaic and the
photocapacitive mechanism are of interest. The first is referred to thenéylted oxidoreduction

of donor or acceptor molecules present in water and could be used to generate chemical species able
to trigger a biological pathway in the targeted cells. The second is referred tondlgbed
displacement currents that through capacitive coupling to excitable cell can depolarize or
hyperpolarize them and trigger an action potential. By being aptedtlict how a material or a device

will behave during optical excitation is fundamental for the comprehension and the future
development of next generation biocompatible photoelectrochemical transducers. The study was
conducted on organic molecular heteargjtion thinfilm structures as well as on-tgpe
homopolymers, the latter being either in the form of-fiims or of nanoparticles. The aim is to
understand which are the energetic, structural, and kinetic factors that affect the response to light,
how they can be optimized for the desired purpose, and how they can be combined in a model able
to explain and predict the behavior when these materials are used in an electrically floating device.

To achieve this, we started our study by investigating #ire/RTCDI organic heterojunction, which

has already been proposed as a retina prothesis. | proposed this system as the starting point for this
dissertation because the region of charge generation at the planar p/n junction is clearly separated
from the orgait semiconductor/water interface, where photoelectrochemical processes occur. Being
so, the charge photogeneration problem can be isolated both analytically and experimentally.
Throughout this study, electrochemical impedance spectroscopy, KPFM and ypteitbc
spectroscopy are used to determine basic properties of the heterojunction/electrolyte interface such
as photovoltage, capacitive couplings and charge transfer resistance. These findings are combined to
develop an equivalent circuit model which agregiantitatively with the photocurrent transients.
Importantly, the modetorrectly describeghe transition from faradaic photocurrents observed at
negative photoelectrode potentials towards a capacitive behavior at positive potentials. The model
canexppLQ WKH HIITHFW E\ WKH UHVXOWLQJ HQHUJ\ VKLIW RI W
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charge transfer of the photoexcited electron to acceptor statesagubeuslectrolyte increasingly
unfavorable. Accordingly, the electronic carriers accumuthetiead in the conduction band of the n

type semiconductor and interact only electrostatically with the electrolyte generating an ionic
displacement current. The value of the model is demonstrated, by using it to simulate the response of
p/njunction phobelectrodes operated in floating conditions, as occurs in artificial retina applications.
By starting from a negative potential, the simulation shows that since a cathodic current is developed
during illumination, the photoelectrode charge positively dnifiissto the photocapacitive regime by

itself. The energetic alignment between the semiconductor and the donor and acceptor molecules in
the electrolyte drives the photoelectrochemical behavior of the device, and with the developed model
we show which paraeters and properties needs to be tuned to achieve a specific behavior and

optimize the performances.

In the next work | carried out a comprehensive characterization of thingee psemiconducting
polymers, namely fP3HT, PTB7 and PBDH, as thinfilm photoelectrode materials. Here | was
interested in the factors affecting the photofaradaic yield of reactive oxygen species (ROS)
photoproduction in electrically floating conditions for-vivo applications. | found that the
photocathodic current generaticmmainly driven by oxygen reduction processes in all the tested
materials. For all the materials, absorption and photocurrent spectra are superimposable, suggesting
that the photocurrent follows the bulk exciton formation. PTB7 immediately demonstraied ve
appealing characteristics. First, its maximum optical absorbance and thus photoelectrochemical
current generation are centered in the optical transparency window of biological tissue. Under the
employed conditions, PTB7 photocurrent angDigenerationyields are more than 5 times larger

than those shown by the other materials. GIWAXS investigation suggestedanfacafiguation

R 1 W-&rbitalSystem of this polymer backbone, while in contrast P3HT and PBBi®w more

edgeon or amorphous configurations, respectively. These last configurations are associated with a
longer distance between the conduction band electroiitglansl the electrolyte due to hydrophobic
properties of the aliphatic side chains. A longer distance then results in a less efficient electron transfer
across this interface, and this impacts significantly in the photofaradaic yield. The spectroscopic
experiments combined with KPFM are combined to develop the energy level diagrams for the
ITO/SC junction for these materials. Overall, the three materials show comparable energy levels
confirming that the observed differences in photoreduction efficiencybearlated to proximity

effects and kinetic phenomena such as electron transport to acceptor sites, charge generation
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mechanisms, and oxygen photoreduction efficiency. The biocompatibility of all these polymers is
attested through AlamarBlue assay bothdark and after illumination protocols. Finally, ROS
production inside HUVEC cells plated over electrically floating4iim photoelectrodes is proved

to be effective and within a range that is not toxic.

Aiming at single polymer wireless photocathodesd &nowing the influence of the energetic
alignment between the device and the surrounding aqueous environment, the next question addressec
in this thesis is how the photovoltage evolves in time, given a specific set of material and device
properties. Totsidy this question, | measured iftype organic semiconductor photoelectrodes the
transients of photovoltage generation under varying conditions: (i) in the presence/absence of an
electrolyte (ii) in the presence/absence of oxygen and (iii) in differgrggorganic semiconductors.

To do so, | developed a capacitively coupled setup with a sensitivity in the scale of pV and able to
operate with bandwidth up to 100kHz, in order to perform photovoltage analysis in absence of water.
Interestingly the photovtage spectra with and without electrolyte are superimposable both, with the
photocurrent as well as absorption spectra. This clearly indicates that the main photogeneration
processes is the same in all conditions, but differing in intensity. Followingnérgetic data from

the previously reported research, | developed a simple analytical model for the system which is able
to explain the large observed photovoltages (exceeding in some case 500mV) in the presence of an
electrolyte and oxygen. The modelieslon forward and backward electron transfer reactions through
the organic semiconductor/electrolyte interface to charge the interfacial capacitor building up
photovoltage. The resulting equation fits perfectly the photovoltage transient measuremsnts, thu
confirming the validity of the initial assumptions. By combining data from the electrochemical
impedance spectroscopy and from photovoltage transients, | was able to identify the double layer
capacitance as the location for charge accumulation in ekttriloating conditions. Next, | tested
photovoltage generation at different light intensities and | observed a linear increase of the initial
photovoltage slope with light intensity. This, together with the observation that the recombination
current depnds on the voltage but does not depend on the illumination intensity, confirms the validity
of the proposed mechanism. The model is applied with success in a parallel work to predict the
hydrogen peroxide photogeneration from floating photocathodes. &\@mently employing these
results to develop floating photoelectrodes thin films and suitable organic nanoparticles capable to

trigger regenerative biological responses in human hearts.
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In the realm of floating photoelectrodes for thevimo photogeneitzon of ROS, nanopatrticles are a
promising candidate thanks to the lower invasiveness required for their implantation and the higher
spatial resolution achievable. Moreover, whereas-fims can only generate ROS in the
extracellular environment, nanogiales can be internalized thus opening a new scenario by affecting
the cellular homeostasis with additional cellular messaging pathways able to impact on the cellular
phenotype. Following the LIOMIEARTED project, | have focused my attention on flash
nan@recipitated NPs made of the three photoactive polymers already studied in the form of thin
films: rr-P3HT, PBDBT and PTB7. First, | explored the influence on the energetics of the NPs and
the stability of the colloid caused by using different aqueousawent ionic strength during
nanoprecipitation. Additionally, different polym#s-surfactant mass ratios were screened. The study
DLPHG WR FKDUDFWHUL]H WKH QDQRSDUWLFOHVY PRUSKRO
capability. By means of a stombuilt experiment, we find that all three tested materials exhibit
photocathodic current generation and consequent positive charge accumulation due to reduction of
acceptor molecules in water. The precipitation conditions in the nanoparticle syndaesito
nanoparticles with size distributions that fit the limits for cell internalization as demonstrated by
confocal imaging of the internalization in HUVEC cell line. When PBS is used as antisolvent during
precipitation, a larger average radius is meadwas compared with those produced in MilliQ. The
effect is caused by the NaCl acting on kinetic and structural effects of the nanoparticle formation
process. In the presence of Pluronic F127 as a surfactant, the radii evaluated from AFM and TEM
differ significantly from those measured via DLS, suggesting that NPs mobility in the colloid is
significantly influenced. Despite thepotential is lowered, likely because of a slipping plane
distancing from the polymer surface with the possibility to accommadate countefons within

the hydrodynamic radius, its presence enhances the stability and does not affect the internalization
capabilities. The absorption spectra of the NPs precipitated in MilliQ and in PBS show clear
differences, which are not reflected an appreciable change in excitation and emission spectra. |
concluded that these changes are either caused by a change in the reflectivity or in the different
contribution of norradiative states. Finally, to demonstrate photochemical functionalityeof
prepared nanoparticles we developed a chronoamperometric measurement scheme done with NP
dispersions in PBS. All samples show a photocathodic response in agreement with the thin films.
Spectroscopic measurements of the NP photoelectrochemical cugreetwaell with absorption

spectra and demonstrate that absorbed photons contribute equally to the photocurrent generation.
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Furthermore, irvitro experiments demonstrate that all the materials have a good biocompatibility
both in dark and illuminated coratins. Interestingly, also in nanoparticles PTB7 outperformed the
other polymers in different examined aspects: the NP spectrum extends more in the optical
transparency window of biological tissue; itpatential is overall the more negative and the ayera

NPs size is the smallest. We thus provided a comprehensive physicochemical characterization of two
new material alternative to P3HT for phototransducting nanopatrticles, namely-P2D8 PTB7,

and explore the use of Pluronic F127 as an antiaggregaitsaftbcts on the performances of these
NPs.

The last part of my thesis results describes the characterization of porous P3HT thin films as prepared
by our project partners in POLYMAT. Three different graft copolymers made-&f3l and PLA,
P3HT-g-PLA_1:99, P3HTg-PLA_32:68, and P3HD-PLA 64:36, have been synthesized by
chemical oxidative polymerization, tuning the ratio between 3HT monomer and H£DAT
macromonomer. After spiooating the porosity was induced by PLA hydrolysis in presence of
NaOH, anl it was confirmed through 8SFM measurements. They exhibit similar optical absorption
spectra, but higher absorption coefficients as comparedR8HIT films. Increased capacitance is
measured for these porous films as compared to thpormus ones nake of either one of the studied
polymers. This is easily justifiable by the higher surface area exposed to the electrolyte, which could
be also responsible for the fivefold increase in photocurrent measured in flat films with the same
thickness and made dhe same material. Aiming to in vivo devices, this would allow lower
illumination intensities requirements. Finally, also these devices demonstrated no negative effects on
cell viability both in dark and illuminated conditions, even though this last mswe induce a higher

intracellular ROS production when compared to fl&@3HT thin films.

The aim of these studies is to overcome the limitations of materials useavfeo istimulation of
biological pathways. In the first chaptare demonstrated tha planar heterojunction exhibits both
photocapacitive and photofaradaic behavWosimple models proposedo explain the relationship
between material properties and specific behavior, and developed a model to simulate photocurrent
and photovoltage sponse under electrically floating conditions. To achieve predominant
photofaradaic behavior targeting ORR over HER, we investigated conjugated donor polymers. Since
these materials must be biocompatible and operate wirelesslywivo conditions low band-gap
materials with high absorption coefficierstge chosenwithout theneed for sacrificial molecules or
backelectrodes, andwith a preferetial photofaradaic pathway towardsydrogen peroxide
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generation through oxygeanotoreduction. These conditionarrowed down the available choices to

a small number of conjugated polymers. We then developed a technique to predict voltage based on
illumination conditions for thiffilm electrodes, which can be applied to other wireless devices, such

as micre and naoparticles. We also proposed a method to analyze the photocharging behavior of
microparticles made with the same polymers used in thefitima. Finally, we proposed a new
synthetic pathway to enhance the photocurrent and capacitance of polymeifirtsiiy controlling

their porosiy.

In conclusion, being able to explain the photoelectrochemical properties of the device with their
materials structure and energetics, is of great importance for the development of future wireless
phototransductors. Thewdopment of an effective model has made it possible to predict the behavior
of the system in open circuit conditions. It was demonstrated the correlation between the photovoltage
JHQHUDWLRQ G\QDPLFV DQG WKH HQHUJH Wd dccEpirideete W R |
in water both for heterojunctions and for organityjpe photocathodes. Important correlations were
extracted such as how the photocurrent is influenced by the charge accumulation, how photovoltage
depends on the illumination intetsithe structural influence on photovoltage generation and the
voltage dependence of the baalkectron transfer. All this knowledge can now be transferred to the
design and the optimization of novel devices able to target specific acceptors, to beeselecti
photocapacitive or photofaradaic operation modes and to improve the previously achieved
performances. Furthermore, better illumination protocols can be employed which improve the

required performance and waste less energy to reach the target.
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