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Abstract

In the context of D? 4 HEALTH Foundation research on digital health technologies,
this work contributes to the development of innovative tools for biomedical applica-
tions, with potential impact on diagnosis, monitoring and treatment. The aim of this
thesis is to optimize a multi-layer microfluidic platform for cell culture and analysis,
with the integration of Organic Electrochemical Transistors (OECTSs) for real-time
monitoring of cellular responses. Starting from a previously developed microfluidic
device, the design was modified to enable the culture of a human skin cell model
and the incorporation of OECT sensors. The methodology involved the CAD design
of the microfluidic platform composed of three different layers: two for cell culture
and microfluidic connections, with a central chamber aimed at hosting the barrier
model on a porous membrane, and the third one for bottom sealing of the chamber
and OECTSs integration. Two versions of the device were developed to embed two
different membranes to be evaluated, a (38 £ 3) pum thick Polycarbonate (PC) one
by Oxyphen and a (210 £ 10) pm thick silk one produced by KLISBio. The man-
ufacturing process involved soft lithography, with the 3D-printing of master molds
for the different layers and then the replica molding in PDMS. The final assembly
of the multi-layer platform was performed through two techniques to be compared:
adhesive bonding with a thin film of PDMS and plasma bonding. The OECTSs were
fabricated in clean room environment and then completed with the inkjet deposi-
tion of PEDOT:PSS, which constitutes the channel material. The OECT chips were
complemented by gold gates produced in clean room, which are biocompatible and
can be functionalized to enable biosensing.

The developed Lab-on-a-Chip (LOC) devices were subjected to microfluidic leak-
age tests, achieving successful results with the commercial membrane and plasma
bonding technique. The silk membrane version requires further optimization to
improve the flow and avoid the bending of the membrane to allow hosting the
skin model. The integration of OECTSs in the multi-layer platform was success-
fully achieved, with the devices demonstrating stable electrical characteristics and
sensitivity to ionic solutions. The future work will involve the seeding of human skin
cells on the membranes, the functionalization of OECT gates for specific biomarker
detection and the real-time monitoring of cellular responses under various condi-
tions.
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Introduction

With the continuous evolution of engineering and digital technologies, the healthcare
sector is one of the most important fields that can benefit from the progress made
in these areas. The Digital Driven Diagnostics, Prognostics and Therapeutics for
Sustainable Health Care (D’4HEALTH) Foundation?® promotes the development of
innovative solutions that integrate engineering methods with clinical needs, aiming
at improving diagnosis, monitoring and treatment of diseases. Politecnico di Torino
is a partner in the D34HEALTH project, as part of the research activities funded
by the Italian National Recovery and Resilience Plan (PNRR) in the context of
Complementary National Plan (PNC) for Health2%:21),

Among the areas addressed by these initiatives, skin research stands out for its
complexity and relevance in healthcare. Skin, the largest organ of the human body,
plays a key role as a barrier, as it is in direct contact with the external environment,
thus interacting with a variety of chemical, physical and biological agents. Having
a skin model to study can be crucial for different purposes, from testing products
to understanding the behaviour of the cells under specific conditions. A typical
application regards the analysis of the permeation of drugs and cosmetics to assess
their effectiveness and safety[??l. Moreover, the problem of antibiotic resistance
is becoming more and more relevant nowadays, thus having tools to study drug
effectiveness on specific bacteria is fundamental to develop appropriate therapies!??.
These kinds of experiments prior to human trials were historically performed on
animal models, with sources dated back to Ancient Greece and Rome®?. In more
recent times, animal testing has been restricted not only due to ethical concerns,
but also because of limitations in predicting human responses. The first alternative
approach was represented by 2D cell cultures, which however cannot replicate the
complex architecture of human tissues. Therefore, the development of 3D in wvitro
skin models has gained significant attention in the last century, as they can better
mimic the physiological and structural characteristics of human skin, providing more
reliable results for testing and research purposes. 22231

In this framework, the development of technologies for in wvitro models can con-
tribute to the advancement of biomedical research from a close perspective, providing
the platforms and tools necessary to study biological processes and test new thera-
pies. Some of these technologies are generally referred to as Lab-on-a-chip (LOC)
devices, platforms which integrate multiple laboratory functions on a single portable
chip. The fabrication of these structures enables Point-of-Care (PoC) applications,
allowing rapid and on-site analysis, with a small amount of reagents and samples.
Microfluidics is the fundamental requirement for LOCs for handling small volumes
of fluids. Working with microscopic distances has some advantageous consequences
such as the rapid manipulation of the samples and therefore fast, high-throughput
response, but also simply the achieved compactness of these devices, which makes
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them portable and implies high parallelization, with the integration of multiple func-
tions on a centimeter-sized apparatus. Microfluidics allows to precisely control the
microenvironment inside the chip, making it suitable for cell culture applications.
On this note, Organ-on-Chips (OoC) has arisen as a subcategory of LOCs, aiming
to replicate the human physiology within the introduced microfluidic structures. 241

Imran et al.[?? investigated and recapitulated the current state of the art of 3D
in vitro skin models and some technologies used to develop them, such as organoids,
microfluidics and OoC devices. Some OoC platforms for skin models are referenced
in their work, in particular some microfluidic structures including one that allowed
the culture of a two-layer tissue in an upper chamber, with nutrients supplied from
a lower chamber. Licciardello et al.[*) developed a multi-layer microfluidic plat-
form for the culture of a 3D model of alveolar tissue to study the alveolar-capillary
barrier, enabling the co-culture of epithelial and endothelial cells. The proposed ex-
amples validate the microfluidic devices as promising tools to create an environment
suitable for cell culture. A new frontier of these research include the integration of
biosensors into the LOC apparatus, enabling the possibility of real-time monitoring
of the cells conditions. Organic Electrochemical Transistors (OECTS) are emerging
as effective biosensors for in witro applications, due to their biocompatibility and
stability in culture medium®%. Lin et al.l?% collected various examples of OECTs
used as biosensors for the detection of biomolecules, such as glucose, DNA and an-
tibodies/antigens. The possibility to functionalize the gate electrode with specific
receptors allows to target different analytes, making OECTSs versatile devices for
biosensing applications.

The motivation behind this work lies in the will to contribute to the engineering
progress of innovative tools for biomedical research, addressing the growing need
of reliable and ethically sustainable models that can replicate the complexity of
human tissues. In this context, the main focus of this thesis is the development of a
Lab-on-a-chip (LOC) platform for monitoring a skin barrier model. The platform is
designed to host a 3D skin model, allowing the monitoring of its status through the
electrical sensors with functionalized gold gates. Specific goals include the design
and fabrication of a multi-layer PDMS (polydimethylsiloxane) microfluidic structure,
the integration and characterization of OECT sensors, followed by the preliminary
validation of the platform for cell culture applications, through microfluidic leakage
tests and initial biosensing trials through gates functionalization.

The developed platform is intended to host a 3D in vitro skin model that closely
mimics the architecture and function of human skin for testing therapeutic interven-
tions. The 3D in vitro skin model to be used in the future perspective of this work is
the one designed by Villata et al.[?¥ to replicate the structural and functional proper-
ties of human skin, providing a physiologically relevant platform for therapy testing.
The model consists of two main compartments: a dermal layer composed of human
fibroblasts embedded in a gelatin methacryloyl (GelMA) hydrogel and an epidermal
layer formed by human keratinocytes cultured on top. 3 To introduce vascular com-
ponents into the 3D skin model, endothelial cells together with supportive stromal
cells would be included to form a pre-vascularized layer. In the original Transwell-
based setup!?¥, these cells were placed on the lower surface of the membrane to
promote interaction with the developing dermal compartment. For the microfluidic
platform fabricated in this work, this strategy would be adapted by delivering and
seeding the same cell populations through the chip channels, allowing them to at-
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tach, organize and form vascular structures under dynamic flow conditions. The
perfusion of culture medium through the channels would support cell viability and
maturation until the dermal layer is added. In order to monitor the conditions of
the skin model, OECT gates will be functionalized with specific receptors to detect
relevant biomarkers, which selection can depend on factors such as specificity, sen-
sitivity, cost feasibility, stability, rapid detection and reproducibility. Biomarkers
are molecular indicators of biological processes, their detection can provide valu-
able information about the state of the skin model, such as inflammation or barrier
integrity. The functionalization process involves modifying the surface of the gate
electrodes with specific molecules that can selectively bind to the target biomarkers,
enabling real-time monitoring of the skin model. Specific biomarkers can be used to
monitor healthy skin by tracking epidermal differentiation markers (keratins 1/10,
involucrin, loricrin, filaggrin), assessing lipid composition in the stratum corneum
for barrier integrity and analyzing dermal proteins (collagens I/II1/V, decorin) to
ensure the extracellular matrix stability ?”). By selecting disease-related biomarkers,
including inflammatory cytokines (IL-17, TNF-«), oxidative stress markers and ge-
netic or molecular signatures associated with conditions such as psoriasis or atopic
dermatitis, the platform could enable precise disease modeling and support person-
alized therapeutic strategies!®.

After this brief introduction, Chapter 1 provides an overlook of the theoretical
background needed to understand the project, from the concept of LOC and OoC
devices, to the working principles of OECTs and their applications as biosensors.
Chapter 2 then explains the materials used in the work and the methods for the
fabrication of platform and sensors, as well as for the successive tests. The obtained
results regarding the fabrication, test and characterization of the platform and the
OECTs are presented and discussed in Chapter 3. Finally, Chapter 4 summarizes
the main findings of the thesis and suggests possible future developments.



Chapter 1

Theoretical Background

1.1 Lab-on-a-Chip

Lab-on-a-Chip (LOC) technology consists in the integration of different laboratory
functions on a single chip of size from a few millimeters to a few square centime-
ters. As the name suggests, the basic idea behind these devices is to be able to
perform laboratory analyses in a miniaturized format, making them portable, acces-
sible and cost-effective. LOCs have a wide range of applications, including medical
diagnostics, environmental monitoring, food safety, drug testing and development.
The main advantages of such technology include the reduction of the volumes of
reagents, going down to less than picoliters, the reduction of response times, the
possibility of parallelization and automation of processes, and the portability of the
devices, which allows for point-of-care (PoC) testing outside of traditional labora-
tory settings. A typical LOC device can be described as a microfluidic platform
with the additional integration of biosensors, electronics and other components nec-
essary for sample handling, analysis and detection, making this an interdisciplinary
field of interest. Microfluidic elements are used to manipulate small volumes of
fluids, allowing for precise control over the movement and mixing of samples and
reagents. Biosensors integrated into the chip can detect specific biological or chem-
ical analytes, providing real-time data on the sample being analyzed 4. One of the
principal sectors benefitting of LOC technology is biomedicine, since these devices
can support mixing, analysis and detection of biological samples, even integrating
electrical or optical measurements 2.

Different materials can be used for the construction of LOCs, including polymers
(like PDMS, PMMA), glass and silicon, each offering specific advantages depending
on the application requirements. Silicon can be considered one of the best known
materials for microfabrication, allowing to achieve high resolution features and easy
integration with electronic components. However, its high cost and fragility limit
its use in disposable LOC devices. Glass is another popular material, with well es-
tablished manufacturing technologies, which offers excellent optical properties, bio-
compatibility and chemical resistance, but it is also relatively expensive and fragile.
Polymers, such as PDMS, are widely used due to their low cost, ease of fabrication
and biocompatibility, making them ideal for biological applications. Their usual
flexibility and transparency also make them suitable for optical detection methods
commonly used in LOC applications. Polymeric chips can be manufactured using
replication techniques, such as soft lithography, involving the creation of a master
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used to mould the polymer into the desired structures.

1.1.1 Organ-on-Chip

Organ-on-Chip (OoC) technology represents an advanced subset of Lab-on-Chip
(LOC) systems, specifically designed to replicate key physiological functions of the
human body within a microfluidic platform. These devices typically consist of inter-
connected microchannels lined with living cells, organized to mimic the architecture
and functionality of specific organs. By integrating mechanical forces, controlled
fluid flow and biochemical gradients, OoC systems recreate dynamic physiological
conditions, enabling the study of organ-level responses to drugs, toxins and patho-
logical stimuli in a highly controlled environment. !

A distinctive feature of OoC platforms is their ability to incorporate real-time
monitoring and imaging capabilities, allowing direct observation of cellular behavior,
tissue responses and molecular interactions. This enables continuous observation
and quantitative assessment of biological processes over time without interfering
with the system integrity. Furthermore, OoC devices can be engineered in various
configurations, ranging from single-organ models, ideal for focused investigations, to
multi-organ systems that simulate inter-organ communication and systemic effects,
thus offering a more complete representation of human physiology. 1%

The potential applications of OoC technology are many, meeting different do-
mains and contributing to a new approach for studying and understanding bio-
logical systems as well as developing new therapeutic strategies. These platforms
enable drug response studies, providing insights into pharmacokinetics and pharma-
codynamics under physiologically relevant conditions. They support personalized
medicine by allowing patient-specific cells to be integrated into the chip, customiz-
ing therapeutic strategies to individual genetic profiles. Additionally, OoC systems
can constitute an important tool for the inspection of disease mechanisms, allow-
ing to model complex pathologies such as cancer, neurodegenerative disorders and
inflammatory diseases. Finally, they serve as powerful tools for drug screening and
toxicity testing, reducing reliance on animal models and accelerating the drug dis-
covery pipeline3532 The different opportunities linked to OoC technology are
summarized in Figure 1.1.
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Figure 1.1: Ilustration highlighting the diverse applications of OoC technology, in-
cluding drug response studies, personalized medicine, disease mechanism exploration
and drug screening. Adapted from Srivastava et al.[!l.
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1.1.2 Microfluidics for cell culture

The foundation of OoC technology lies in microfluidics, which allows for the precise
manipulation of small volumes of fluids within microchannels. When scaling down
to the microscale, fluid dynamics are dominated by laminar flow, characterized by
smooth and ordered fluid motion with minimal mixing between adjacent layers. This
behavior is governed by the low Reynolds number typical of microfluidic systems,
where viscous forces dominate over inertial forces. Equation 1.1 defines the Reynolds
number (Re), where p is the fluid density, v is the characteristic velocity, L is the
characteristic length (such as channel width) and p is the viscosity of the fluid.

_ pvl
L

Re (1.1)

Laminar flow occurs when Re < 2000133 and it allows for precise control over the
movement of fluids, enabling the creation of well-defined gradients of nutrients, oxy-
gen and signaling molecules within the microchannels. This is particularly important
for cell culture applications, as it allows for the establishment of microenvironments
that can influence cell differentiation, proliferation and function.

OoC systems typically combine cell culture chambers and microfluidic channels
in order to recreate the complex microenvironments found in living tissues. Culture
chambers are designed to host cells or organoids, providing a three-dimensional envi-
ronment that allows growth and interaction. In order to achieve compartmentaliza-
tion of the chambers, one of the possibilities is the use of porous membranes, which
allow selective exchange of molecules between adjacent channels while maintain-
ing physical separation. Alternatively, membrane-free approaches can be employed
using extracellular matrix gels or micropillar arrays, which provide structural sup-
port and promote cell-cell communication without the need for a physical barrier.
These structures are connected through microfluidic networks composed of channels,
valves and pumps that facilitate the controlled flow of culture medium and other
fluids throughout the system, simulating for example blood circulation.

Microchannels can be designed with various geometries and dimensions to ac-
commodate different cell types and experimental requirements, for instance including
pillars or trenches to promote cell adhesion. In general, they can be manufactured
in glass, silicon or polymers, depending on the desired properties and application.
Different fabrication techniques include bulk or surface micromachining, especially
for silicon and glass, and soft lithography for polymers like PDMS. Bulk microma-
chining involves the removal of material from a substrate to create three-dimensional
structures, while surface micromachining builds up structures layer by layer on the
substrate surface. Soft lithography, on the other hand, uses a master mold to repli-
cate microchannel patterns in a polymer material, enabling fast and cost-effective
prototyping. For what concerns cell culture applications, PDMS is widely used due
to its biocompatibility, optical transparency and ease of fabrication. Nevertheless,
glass can be used as a base material for stable channel fabrication.

Advanced configurations of microfluidic platforms may include pneumatic or
mechanical actuators for dynamic perfusion, ensuring controlled shear stress and
nutrient delivery. In addition, many platforms embed sensing elements such as
microelectrodes, cantilevers or optical sensors to monitor parameters like pressure,
oxygen concentration, and electrical activity in real time. These features allow
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continuous observation of cellular responses without disrupting the experimental
setup. 31

1.1.3 In-liquid biosensing

In-liquid biosensing refers to the detection and analysis of biological molecules or
cells directly within a liquid environment, such as bodily fluids (blood, saliva, urine)
or culture media. This approach is particularly advantageous for real-time mon-
itoring of biological processes, as it allows for continuous observation of dynamic
changes in the sample without the need for extensive sample preparation or extrac-
tion. In-liquid biosensors can be integrated into microfluidic platforms, enabling
precise control over fluid flow and sample handling, which is essential for maintain-
ing the integrity of biological samples and ensuring accurate measurements.

A biosensor is a analytical device that combines a biological recognition element
with a transducer to convert a biological response into a measurable signal. The
biological recognition element can be an enzyme, antibody, nucleic acid or cell re-
ceptor, which specifically interacts with the target analyte. The transducer then
converts this interaction into an electrical, optical or mechanical signal that can
be quantified. In-liquid biosensors can utilize various transduction mechanisms, in-
cluding electrochemical, optical and piezoelectric methods.!? Figure 1.2 illustrates
a schematic representation of a biosensor, highlighting its main components.
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Figure 1.2: Schematic representation of a biosensor. Reproduced from Song et al.!?,
licensed under CC BY.
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1.2 Organic Electrochemical Transistors

Organic Electrochemical Transistors (OECTSs) are a class of transistors that uti-
lize organic semiconducting materials and operate based on the modulation of their
conductivity through ionic interactions with an electrolyte. They have gained signif-
icant attention in recent years due to their unique properties, such as low operating
voltages, biocompatibility, and the ability to interface with biological systems 4.

OECTsS can be considered ad a subset of Organic Thin-Film Transistors (OTFT),
which are transistors that use organic semiconducting materials in their active layer,
category which comprehends also Organic Field-Effect Transistors (OFET)?0, A
different classification of OECTs is based on the type of insulating layer used in the
device structure. In OECTSs, the insulating layer is replaced by an electrolyte, which
allows for the modulation of the channel conductivity through ionic interactions.
With this idea in mind, OECTs can be classified as a type of Electrolyte-Gated
Organic Transistors (EGOTSs), as an alternative to Electrolyte-Gated Organic Field
Effect Transistors (EGOFETs) .

1.2.1 From MOSFETSs to OECTs

In order to understand the working principle of OECTs, it is useful to first review
the operation of traditional Metal Oxide Semiconductor Field Effect Transistors
(MOSFETSs). A field-effect transistor (FET) is a type of transistor that controls the
flow of current between two terminals (source and drain) by applying a voltage to a
third terminal (gate). In the case of MOSFETS, the gate terminal is separated from
the channel, where carriers flow generating the current, by a thin insulating layer,
typically constituted by silicon dioxide. MOSFETSs are planar devices fabricated on
a silicon substrate, depending on the type of doping of source and drain, they can
be classified as n-channel or p-channel MOSFETSs. To form an n-channel MOSFET,
the source and drain regions are heavily doped with n-type impurities (which pro-
vide extra electrons), while the substrate is typically slightly p-type (which has an
abundance of holes). Conversely, for a p-channel MOSFET, the source and drain are
doped with p-type impurities and the substrate is n-type. The classification of the
channel as n- or p-type depends on the type of charge carriers that primarily con-
duct current through the channel: electrons for n-channel and holes for p-channel
MOSFETs. The channel carriers correspond to majority carriers for source and
drain regions, while they are minority carriers in the substrate.

MOSFETSs are threshold devices, since conduction between source and drain
occurs only when the gate-source voltage V¢ satisfies a certain threshold voltage V.
The operation of these devices can be described by distinguishing three conditions
based on the applied gate voltage:

e accumulation, when the gate voltage is such that majority carriers are at-
tracted to the semiconductor-insulator interface, increasing the channel con-
ductivity;

e depletion, when the gate voltage repels majority carriers from the interface
between semiconductor and insulator, reducing the channel conductivity;

e inversion, when the gate voltage is sufficiently strong to attract minority car-
riers to the semiconductor-insulator interface, forming a conductive channel
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that allows current flow between source and drain.

These three conditions depend on the type of MOSFET (n- or p-channel) and the
polarity of the applied gate voltage. The threshold voltage V;; is the gate volt-
age at which the transition from depletion to inversion occurs, it is positive for
n-MOSFETSs and negative for p-MOSFETSs. The voltage value that separates accu-
mulation and depletion is named flat-band voltage Vg, which is typically negative
for n-MOSFETSs and positive for p-MOSFETs.

In this context, the operation of p-MOSFET is presented, since the OECT's used
in this work are p-type devices. Depending on the applied voltages, the p-MOSFET
can operate in different regimes®® keeping in mind that in this case Vj;, < 0 V and

Veg >0 V:

o (Cut-off region: when V;;, < Vgs < Vg, the channel is depleted and there is
no conduction between source and drain (Ip = 0).

e Triode mode: when Vgs < Vi, a conductive channel forms, allowing current to
flow between source and drain. The drain current Ip increases linearly with
Vps according to the Equation 1.2, where p, is the carriers (holes) mobility,
C,: is the capacitance per unit area of the gate oxide, W and L are the width
and length of the channel, respectively, and A is the channel-length modulation
parameter.

W Vo
"I

Ip = —p,C, (Vas — Vin)Vps — % [1 — AVps] (1.2)

e Saturation region: when Vigs < Vi, and |Vps| > [Vpssat|, the channel near
the drain becomes pinched off, leading to a saturation of the drain current
Ip, which becomes relatively constant with increasing Vpg, as expressed by
Equation 1.3, where Vpgsat = Vs — Vi is the drain-source voltage at the
onset of saturation.

1

[D = __,upcox

5 K(VGS — Vin)?[1 = AVps] (1.3)

L

The typical electrical characteristics of a p-MOSFET are shown in Figure 1.3: the
transfer characteristics represents the behavior of the drain current I, with respect
to the gate-source voltage Vg at a constant drain-source voltage Vpg, while the
output characteristics is the plot of the drain current Ip vs drain-source voltage
Vps, computed for different gate-source voltages Vizg. Note that the z-axis of the
transfer characteristics is inverted, since it is a p-type device. The transition from
the linear (triode) region to the saturation region is indicated. In any case, the gate
current I in MOSFETs is ideally zero, since the gate is insulated from the channel
by the oxide layer.

The MOSFET technology is nowadays well established and widely used in elec-
tronics, being the fundamental building block of modern integrated circuits, due
to its high performance, low power consumption, scalability and integration possi-
bilities. However, MOSFETSs are rigid devices fabricated on inorganic semiconduc-
tor substrates, which limits their application in flexible and wearable electronics.
This limitation has driven the development of alternative transistor technologies,
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Figure 1.3: Typical transfer and output characteristics of a p-MOSFET, showing
the drain current I as a function of the drain-source voltage Vpg for different gate-
source voltages Vg, Reproduced from [l licensed under CC BY-SA 4.0.

such as OECTs, which utilize organic semiconducting materials and offer advan-
tages in terms of flexibility, biocompatibility, low-voltage operation, cost and ease
of fabrication, making them suitable for biomedical applications. OECTSs share a
similar three-terminal structure with MOSFETS, consisting of source, drain and
gate electrodes. However, in OECTSs, the insulating layer between gate and chan-
nel is replaced by an electrolyte, which allows for ionic conduction and interac-
tion with the organic semiconductor channel. The channel material in OECTs is
typically an organic mixed ionic-electronic conductor (OMIEC), such as poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). Figure 1.4 schemat-
ically illustrates the differences between a MOSFET and a OECT.

@ Dielectric molecule MOSFET OECT
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Figure 1.4: Schematic comparison between MOSFET and OECT. In the MOSFET,
the gate electrode is separated from the channel by an insulating oxide layer, while
in the OECT, the gate electrode is in contact with an electrolyte that interfaces
with the organic semiconductor channel. The operation of both devices relies on
the modulation of channel conductivity through the application of a gate voltage,
but the mechanisms differ due to the presence of the electrolyte and the organic
semiconductor in OECTs. Reproduced from ¥, licensed under CC BY.

Different architectures can be employed for OECTs, depending on the configu-
ration of the electrodes and the electrolyte. Figure 1.5 shows four common OECT
architectures:

e bottom contact, where the source and drain electrodes are fabricated on the

10
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Figure 1.5: Different architectures of OECTs: i) bottom contact, ii) top contact, iii)
coplanar and iv) vertical. Adapted from Ohayon et al.?’l, licensed under CC BY.

substrate before depositing the organic semiconductor channel,

e top contact, where the source and drain electrodes are deposited on top of the
organic semiconductor channel;

e coplanar, where the source, drain and gate electrodes are all fabricated on the
same plane;

e vertical, where the source and drain electrodes are stacked vertically and sep-
arated by an insulating layer.

The bottom contact is the most common and it presents a faster switching capability
with respect to the top contact case, which instead appears to be preferable for what
concerns reproducibility of the devices. In both cases the gate contact is dipped into
the electrolyte above the channel, in an out-of-plane configuration. On the other
hand, the coplanar gate configuration is more practical as there are no separate
components. The vertical case is the most recent, it allows a smaller footprint and
a reduced channel length, improving transconductance and switching speed of the
device. !

1.2.2 OECT working principle

OECTSs are transistors in which the channel is made of an organic semiconductor
and it is separated from the gate terminal by an electrolyte, as schematized in
Figure 1.4. The basic idea behind the operation of OECTSs is the penetration of
ions from the electrolyte solution into the organic semiconductor channel, changing
its doping state and thus modulating its conductivity. The gate voltage is therefore
responsible for the doping state of the channel, increasing or reducing the number of
charge carriers available for conduction. Figure 1.6 shows a schematic representation

11
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Figure 1.6: Schematic representation of an Organic Electrochemical Transistor
(OECT) structure. Reproduced from Segantini et al.% licensed under CC BY.

of an OECT structure, indicating the three terminals (source, drain and gate), the
organic semiconductor (OSC) channel and the electrolyte layer.

A typical material used for the channel in OECTs is PEDOT:PSS, which is a
p-type organic mixed ionic-electronic conductor (OMIEC). In this configuration, the
OECT operates as a depletion-mode device, meaning that it is normally on (con-
ductive) when no gate voltage is applied, and it can be turned off (non-conductive)
by applying a positive gate voltage. A positive gate bias drives cations from the
electrolyte into the PEDOT:PSS channel, compensating the negative charges on the
PSS chains and reducing the number of holes in the PEDOT chains. This process
is equivalent to compensation doping in silicon technology, it is known as dedoping
and it leads to a decrease in the channel conductivity, effectively turning off the
transistor. Conversely, when a negative gate voltage is applied, cations are repelled
from the channel, allowing it to remain in its doped state with a high concentration
of holes, resulting in high conductivity and turning on the transistor. These behav-
ior is schematized in Figure 1.7, where panel a) shows the OECT at zero gate bias,
with high channel conductivity due to the doped state of the organic semiconductor
and therefore the large presence of holes available for conduction, while panel b)
illustrates the OECT under positive gate bias, with reduced channel conductivity
due to dedoping caused by cation injection from the electrolyte into the channel. 347

The opposite behavior is observed in accumulation-mode OECTs, which are
made of organic semiconductors that present normally a small number of charge
carriers, being therefore non-conductive at zero gate bias. In this case, the appli-
cation of a negative gate voltage leads to the injection of anions into the channel,
causing accumulation of holes and increasing the channel conductivity, turning on
the transistor. Differently from MOSFETs, in OECTs the doping modification oc-
curs over the whole volume of the organic semiconductor channel, not only at the
interface with the electrolyte. This volumetric doping leads to a larger modulation
of the drain current achieved with low gate voltages, compared to traditional FETSs,
making OECTSs highly sensitive to changes in the electrolyte composition.

Bernards and Malliaras!” derived a model to describe the steady-state and tran-
sient characteristics of a depletion-mode OECT, which is considered as the union
of an electronic circuit and an ionic circuit. The electronic circuit describes the
holes transport in the organic semiconductor channel according to Ohm’s law, as
expressed in Equation 1.4, where J(z) is the current density at position x along the

12
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Figure 1.7: Schematic representation of depletion-mode OECT behavior with ap-
plied drain voltage. a) OECT at zero gate bias, with high channel conductivity due
to the doped state of the organic semiconductor. b) OECT under positive gate bias,
with reduced channel conductivity due to dedoping caused by cation injection from
the electrolyte into the channel. Adapted from Bernards and Malliaras.[”.

channel, ¢ is the elementary charge, j, is the hole mobility (assumed constant), p(z)
is the hole concentration at position = and V' (x) is the electric potential at position
x.

7(w) = () 2 (1.4
The effective dopant density p in the semiconductor material is computed as ex-
pressed in Equation 1.5, where py is the initial hole concentration in the channel
at zero gate bias, () is the total ionic charge injected into the channel from the
electrolyte and v is the volume of the channel.

P = o (1— El > (1.5)

qappv

The ionic circuit, on the other hand, represents the ionic charge motion in the
electrolyte as a series of a resistor and a capacitor. The resistor Rs accounts for the
ionic resistance of the electrolyte, while the capacitor Cy represents the capacitance
at the interface between OSC and electrolyte and between gate and electrolyte, due
to polarization. Considering a differential portion dz of the channel around position
x, when a gate voltage V; is applied, after a certain transit time the charge injected
into the channel can be expressed as in Equation 1.6, where ¢4 is the ionic circuit
capacitance per unit area, W is the channel width and V' (z) is the electric potential
at position x.

Qz) = cgWdz (Vg — V(x)) (1.6)

The OECT characteristics at steady-state can be described by Equation 1.7, where
V, = qpoT/cq is the pinch-off voltage (T is the OSC thickness).

(1.7)

J(x) = quppo {1 _ Yoo V("’)] dv (z)

Vp dz
In steady-state conditions, placing the source in z = 0 and the drain in z = L,

applying a gate voltage Viz > 0 the drain current I can be expressed as in Equation
1.8 depending on the applied drain-source voltage Vpg, with G representing the

13
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conductance of the OSC, defined as G = qu,po(TW/L), and Vpg sat = Ve — V), being
the drain-source voltage at the onset of saturation. Three regimes of operation of
the OECT can be identified, listed here in the same order as reported in Equation
1.8: uniform de-doping, partial de-doping (linear regime) and saturation. [

( Vg — 1/2V, :
G {1 _ GT/DS} Vbs if |Vps| < Vo and |Vpg| < |Vbssat|
p
V2 .
T={G|(Vps— -5 if Vo < |Vps| < |Vbs,sat| (1.8)
2,
GVig . :
\ % if [Vps| > Vs satl

In Figure 1.8, the typical curves and figures of merit of OECTSs are presented.
Figure 1.8A shows the output characteristics of an OECT, where the drain current
Ip is plotted as a function of the drain-source voltage Vpg for different gate-source
voltages Vizs. The pinch-off voltage V,, is indicated, which is the value that, together
with the applied gate voltage Vg, determines the transition from the linear to the
saturation region. Figure 1.8B displays the transfer characteristics of the OECT,
showing the drain current Ip as a function of the gate-source voltage Vs at a
constant drain-source voltage Vps. The ON/OFF ratio and threshold voltage Vi,
can be extracted from this plot as illustrated. Figure 1.8C illustrates the hysteresis
observed in the transfer characteristics of an OECT, which can be attributed to a
different ion penetration and extraction dynamics during the forward and reverse
gate voltage sweeps. Finally, Figure 1.8D presents a plot of the transconductance g,,
as a function of channel geometry and gate voltage, where the slope corresponds to
the product of mobility x4 and volumetric capacitance C*, which are key parameters
for evaluating OECT performance. !

1.2.3 Applications in biosensing

OECTsSs are well suited for biosensing applications because of their stability in aque-
ous environments, low operating voltages, high sensitivity and biocompatibility.
They have been employed as recording and stimulation devices, enabling the moni-
toring of electrophysiological signals from cells and tissues, such as action potentials
from neurons or cardiac cells. They can be used in complex environment allowing de-
tection of biomolecules in electrolytes or body fluids, demonstrating their potential
for early detection of diseases and real-time health monitoring. *7]

The principle behind biosensing with these devices lies in the modification of the
potential drop across the interface between the gate and the electrolyte or between
the electrolyte and the organic semiconductor channel, caused by the presence of
specific biological analytes. This potential change affects the doping state of the
channel, leading to a modulation of the drain current that can be correlated to the
concentration of the target analyte. The selectivity of the sensor is typically achieved
by functionalizing the gate electrode or the channel surface with specific recognition
elements, such as antibodies, aptamers or molecularly imprinted polymers, which
bind selectively to the target analyte. The binding of the analyte to the recognition
element causes changes in the local ionic environment, leading to a modulation of
the channel conductivity and thus the drain current. This change can be measured
and correlated to the analyte concentration. 2%
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Figure 1.8: Steady-state figures of merit for OECTs. (A) Output curves showing
Ip vs. Vp at different constant Vi; (B) Transfer curve with ON/OFF ratio and Vi,
computation; (C) Hysteresis in transfer characteristics; (D) Plot of g, vs. chan-
nel geometry, where the slope corresponds to the uC* product. Reproduced from
Ohayon et al.”! licensed under CC BY.

A typical use of OECTSs consist in enzymatic sensors, where enzymes immo-
bilized on the gate electrode catalyze the substrate into products that exchange
electrons with the electrode. This electron transfer generates an electrical signal
at the gate, which modulates the channel current. To maintain overall charge neu-
trality in both the ionic and electronic circuits, cations penetrate the conducting
polymer film, replacing PEDOT™ in compensating PSS™. This process shifts the
effective gate voltage, causing a decrease in channel current that is related to the
substrate concentration. The sensitivity of OECT devices depends on the intrinsic
amplification provided by optimized geometry and enzymatic functionalization. [®!
Another common application of OECTSs is in immunosensors, where antibodies or
antigens are immobilized on the gate electrode or channel surface to specifically
bind target biomolecules. The binding event induces changes in the local ionic en-
vironment, leading to a modulation of the channel conductivity and thus the drain
current. This change can be measured and correlated to the concentration of the
target analyte. Similarly, single stranded DNA probes can be immobilized on the
gate to specifically hybridize with complementary DNA sequences, enabling the de-
tection of specific genetic markers or pathogens. 37 A rather recent application of
OECTsS in biosensing is in cell-based sensors, where living cells are cultured directly
on the channel surface. The interaction between the cells and the organic semicon-
ductor can lead to changes in the channel conductivity, which can be monitored in
real-time. This approach allows for the study of cellular responses to various stimuli,
such as drugs or toxins, and has potential applications in drug screening and toxicity
testing. 1*%

15



1. Theoretical Background 1.2. Organic Electrochemical Transistors

Sensing redox current

— e —— — — — — — — — — —

4 Ho. NH,* \‘
I \\ HO

| Antibodies Electroactive |
| chemicals |
| e o, @ |
l e
\ ﬁucleotides Ezyms MIPs /)

Gate

Faradic current

Electrolyte

- N
@ - 1

lons (e.g. Ca?*) Cells l
| |
| !
| |
' |
N hewons__ _ __organs eg.brany_/

Sensing ion concentration

Figure 1.9: Schematic overview of biological applications with OECTs. Reproduced
from Bai et al.!®| licensed under CC BY.
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1.3 Organic semiconductors

Organic semiconductors (OSCs) are a class of materials that possess semiconducting
properties due to their molecular structure, which typically consists of conjugated
systems with alternating single and double bonds. These materials can be small
molecules, oligomers or polymers and are characterized by their ability to conduct
electricity through the movement of charge carriers (electrons and holes) along the
conjugated backbone. Figure 1.10 shows some examples of common organic semi-
conductors.
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poly(p-phynylene vinylene) Polyacetylyne Polyaniline

Figure 1.10: Examples of common organic semiconductors. Reproduced from K and
Rout ), licensed under CC BY.

OSCs have gained significant attention in recent years due to their potential
applications in flexible electronics, organic light-emitting diodes (OLEDs), organic
photovoltaics (OPVs) and organic transistors. Their advantages include mechanical
flexibility, low-cost fabrication processes (such as solution processing and printing
techniques), and tunable electronic properties through chemical synthesis. However,
OSCs typically exhibit lower charge carrier mobilities and stability compared to
inorganic semiconductors. One of the most interesting properties of OSC is the
tunable and temperature-dependent conductivity: the conductivity depends on the
temperature since the transport is assisted by phonons, but it can be modified
introducing doping to change the states available for conduction, which is obtained
through reversible oxidation or reduction reactions. !

1.3.1 Physics of conjugated polymers

Conjugated polymers (CPs) are a subset of OSCs that consist of long chains of
repeating monomer units with alternating single and double bonds, creating a con-
jugated system. This conjugation allows for the delocalization of m-electrons along
the polymer backbone, which is crucial for their semiconducting properties. Figure
1.11 shows a schematic representation of a conjugated polymer chain.

Organic polymers have carbon atoms as their main constituents, which have
four valence electrons. In conjugated polymers, three of these electrons form strong
o-bonds with neighboring atoms, creating the polymer backbone. The fourth elec-
tron occupies a p.-orbital that is perpendicular to the plane of the o-bonds. These
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Figure 1.11: Representation of a conjugated polymer (polyacetylene) chain with
alternating single and double bonds, illustrating the delocalized m-electron system
along the backbone. Reproduced from Le et al.% licensed under CC BY.

p.-orbitals lead to the formation of m-bonds through side-to-side overlap with ad-
jacent p.-orbitals along the polymer chain. Between these bonds, the low-energy
bonding states correspond to the inorganic semiconductors valence band, while the
high-energy antibonding states correspond to the conduction band. The highest en-
ergy state between the bonding states is the HOMO (Highest Occupied Molecular
Orbital), while the lowest energy state of the antibonding ones is the LUMO (Lowest
Unoccupied Molecular Orbital). The energy gap of OSC is defined as the energy
difference between LUMO and HOMO. When multiple p-orbitals overlap along the
polymer chain, they form a delocalized m-electron system, which is responsible for
the semiconducting properties of CPs. 3910

CP can be p- or n-type meaning that they can transport injected holes or elec-
trons, respectively. The concept of doping in OSCs is related to REDOX (reduction-
oxidation) reactions: reduction is the gain of electrons or a decrease in oxidation
state, while oxidation is the loss of electrons or an increase in oxidation state. In
this view, the n-doping for an OSC is called reduction doping and p-doping is oxida-
tion doping, which is more stable because of the oxidizing nature of the atmosphere
(containing oxygen). Doping can be interstitial, electrochemical, photochemical or
molecular. [**)

Polymer semiconductors do not present a crystal structure, but rather a semi-
crystalline or amorphous arrangement of polymer chains. A hole (or electron) trans-
porting material exhibits a set of hole (or electron) states corresponding to conju-
gation sites distributed in space and energy. This disordered condition prevents
charge carriers from moving freely as in crystalline inorganic semiconductors. In-
stead, charge transport in CPs occurs via a hopping mechanism, where charge car-
riers jump between localized states on different polymer chains or segments through
thermally-assisted quantum mechanical tunneling. This process is less efficient than
band transport in crystalline materials, leading to lower charge carrier mobilities in
CPs compared to inorganic semiconductors. The hopping rate depends on factors
such as the distance between localized states and their energies, parameters which
are represented through the density of states (DOS) of the material. Introducing
disorder in the system causes the localization of electronic states, which in crys-
tals are delocalized in bands. The DOS in disordered CPs is often modeled using
Gaussian or exponential distributions.

When an electric field is applied to the CP, the potential profile in the material
changes according to the Poole-Frenkel effect, which states the proportionality of
the barrier lowering to the electric field. The decrease of the energy barrier due
to the applied field improves the hopping probability of the carriers, increasing the
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mobility and thus the conductivity of the material. 4!

1.3.2 PEDOT:PSS

The most popular material for OECT channel fabrication is PEDOT:PSS, poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (Figure 1.12), a polymer blend con-
sisting of the conductive polymer PEDOT and the polyelectrolyte PSS. PEDOT:PSS
is widely used due to its high conductivity and ease of processing from aqueous dis-
persions, which are prepared by polymerizing the EDOT monomer in the presence
of PSS.34 Moreover, it exhibits good stability in ambient conditions and biocom-
patibility, making it suitable for bioelectronic applications[*%.

PEDOT:PSS is a p-type CP, meaning that it has a high concentration of holes
(positive charge carriers) states available for conduction, due to the compensating
effect of the sulfonate groups in PSS on the mobile holes in PEDOT B, The con-
ductivity of PEDOT:PSS can reach up to 4000 S/cm .

In the context of this work, PEDOT:PSS is used as the channel material in
organic electrochemical transistors (OECTSs) due to its mixed ionic-electronic con-
duction properties, which allow for efficient modulation of the channel conductivity
through ionic interactions with the electrolyte ).

Q O

=

N

SO,

Figure 1.12: PEDOT:PSS polymer structure.
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Chapter 2

Materials and Methods

All the fabrication steps, microfluidic tests and electrical characterizations were per-
formed in laboratories of DiSAT (“Dipartimento di Scienza Applicata e Tecnologia”)
department in Politecnico di Torino, located in INRiM (Istituto Nazionale di Ricerca
Metrologica) site (Strada delle Cacce 91, Turin, Italy), in particular:

e Microfluidics laboratory,

Electrical measurements laboratory,

Additive Manufacturing laboratory,

Synthesys and Additive Manufacturing laboratory,

PiQuET clean room facility, shared by INRiM, Politecnico di Torino and Uni-
versita degli Studi di Torino ™.

The colture of the cell barrier model is managed in the Interdepartmental Center
PolitoBIOMed Lab, the Biomedical Engineering laboratory at Politecnico di Torino
(Via Pier Carlo Boggio 59, Turin, Italy)*?. PolitoBIOMed Lab provided two mem-
branes to be used in the platform: a commercial one (Um’que-M@m® Track-Etched
Membranes, Oxyphen AG, Wetzikon, Switzerland) and one produced by KLISBio
S.r.l. (Bresso, Italy).

2.1 Design of the multi-layer microfluidic plat-
form

2.1.1 Version 0: initial stage of the project

The project was designed using CAD software Rhinoceros 83, Figure 2.1 shows
the initial design of the microfluidic platform, which is composed by two layers rep-
resented here with two different colors. The whole device has rectangular footprint
with sides of 22 mm and 60 mm (Figure 2.2a). As reported in Figure 2.2b, both
layers are 1.5 mm thick and incorporate a microfluidic channel measuring 0.7 mm
in width and 1 mm in height (Figure 2.2¢). Each channel extends from one edge of
the platform to the opposite one, passing through a central chamber that is 6.5 mm
wide and open on both sides. The chamber is octagon-like shaped, which allows an
easier flowing of the liquid in the desired direction, compared to a circular shape. A
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thin membrane is placed between the two layers in the central region to separate the
channels and act as support for cell culture. In order to avoid leakages, the central
hole is closed on both sides with a 3D-printed plug, built with a transparent material
to allow seeing the medium flow below it. The central plug was initially designed
with a thickness of 0.5 mm, but after some microfluidic leak tests (Section 3.2.1,
Figure 3.6b) it was modified to 0.7 mm in order to achieve better sealing thanks to a
more stable mechanical interlock. The inlet and outlet of each channel are obtained
by perforating the top layer using a biopsy punch with 1 mm diameter.

Figure 2.1: CAD design of the microfluidic platform at the initial stage of the
project.

(a) Top view. (b) Front view. (c) Right view.

Figure 2.2: Different views of the initial CAD design with dimensions (in mm).

The version 0 of the design is perfectly symmetrical and therefore easy to fab-
ricate; however, this configuration does not allow proper integration of the OECT
sensors and does not provide enough space for culturing a real barrier model. For
these reasons, the layout was modified to include a higher central chamber and
dedicated allocations for the OECTSs connected to the microfluidic channels.

2.1.2 Version 1: multi-layer platform for commercial mem-
brane

Version 1 of the platform, reported in Figure 2.3, has been drawn considering a very
thin commercial membrane to be placed between the top and bottom layers. The
chosen Unique-Mem® Track-Etched Membrane (Oxyphen AG, Wetzikon, Switzer-
land) is a PC (Polycarbonate) sheet with 0.4 pm cylindrical pores, it is chemically
resistant and biologically inert therefore it is suitable for cell culture applications™.
The technical specifications of the commercial membrane are reported in Table 2.1,
reproduced from the manufacturer official website!'”. In order to ensure uniform
closure of the device, the thickness of the membrane must be taken into account,
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therefore it was measured using a KLA P-17 profilometer. The obtained results
indicate that the commercial membrane has a thickness of approximately (38 £ 3)
pnm, which is consistent with the range indicated in Table 2.1 going from 8 pm to
50 pm. In this case the sheet is thin enough to be inserted directly between the two
layers of the microfluidic platform without requiring structural modifications.

Specification Value
Bandwidth (mm) 10, 13, 14.5, 20 and customized dimensions
Materials PET - slightly hydrophilic; PC — slightly hy-

drophobic

Pore size range

0.1 pm — 10 pm

Pore density

From 10° to 10° pores/cm?

Thickness

From 8 pm to 50 pm

Operating temperature

From -40°C to 160°C (up to 200°C for special
applications)

Air flow

Up to 800 1/(bar cm? min)

Hydrophilic treatments

Various treatments to enhance wettability
and water flow (e.g., PVP treatment)

Hydrophobic/oleophobic
treatments

Up to grade 7.5; according to AATCC
TM118

Salt spray resistance test

IEC60068-2-52, customer validation

Temperature resistance test

[SO16750-4 (ongoing)

Thermal shock test with ice
water

Climate resistance test
Chemical resistance test

IP protection

ISO16750-4 (ongoing)

[SO16750-4
LV124 / ISO16750-5
IP64/65/66/67/68 according to DIN40050

Table 2.1: Technical Specifications of Unique-Mem® Track-Etched Membranes, ta-
ble reproduced from Oxyphen official website ")

As highlighted in Figure 2.4b, the top layer has been heightened to 4 mm in
order to have space for an approximately 3 mm thick in wvitro biological model
to be cultured above the membrane in the central chamber. The bottom layer
thickness was not modified with respect to the initial stage, represented in Figure
2.2b, and neither was the channels height, but some little chambers were added in
correspondence of the OECTsSs to allow the connection with the microfluidic channels,
with total heights of 2.50 mm for the top layer and 1.50 mm for the bottom one,
as reported in Figure 2.4b. Moreover a filling channel has been designed to have a
direct access to the part of the central chamber which is underneath the membrane.
This additional channel needs to be sealed during culture, therefore a plug was
designed with a decreasing square section, that in the middle length presents a side
of 1 mm like the filling channel section, as indicated in Figure 2.4a. Lastly, a 1.5 mm
thick layer (“closing layer”) was added below the bottom layer to seal the bottom
part of the central chamber and host the OECTs and the electrodes in specific
compartments so that they are aligned with the holes in the bottom layer, allowing
for the culture medium to reach them. Figure 2.4a reports the sizes of the chips and
gates that are integrated in the closing layer. On the top layer the removable plug
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has been maintained since the barrier model requires air exposure after some days
of culture.

Figure 2.3: CAD design of the microfluidic platform at a second stage of the project.

(a) Top view. (b) Front view. (c) Right view.

Figure 2.4: Different views of the second stage CAD design with dimensions (in

2.1.3 Version 2: multi-layer platform for KLISBio Mem-
brane

The alternative membrane to be integrated is a silk fibroin one, produced by KLIS-
Bio S.r.l. (Bresso, Italy), composed by a textile side and an electruspun layer. Silk
possesses properties such as excellent biocompatibility, tunable biodegradability and
mechanical strength, which make it suitable for tissue engineering and biomedical
applications*¥. Since no datasheet is available for this innovative product yet, its
thickness was measured with a KLA P-17 profilometer. The KLISBio membrane
resulted to be about (210 £ 10) pm thick, therefore a re-design was needed due to
the higher thickness with respect to the PC one. Consequently, version 2 of plat-
form, intended to host the silk fibroin membrane, was designed with a 200 pm deep
excavation in the top layer to accommodate it. The depth of the excavation was
chosen to be slightly less than the membrane thickness in order to ensure a good seal
when the device is closed. An additional change was performed by prolonging the
channels to the edge beyond the chambers above the sensors, so that the exit of the
medium could be easier. In order to close those outlets two other plugs have been
designed, similar to the one closing the filling channel but with rectangular section.
The closing layer was extended beneath the integrated chips to provide mechanical
support, preventing the device from bending when electrical probes were placed in
contact with the pads. This modification was later integrated also in version 1 of
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(a) Assembled view of the platform. (b) Disassembled view of individual layers.

Figure 2.5: CAD design of the alternative version of the platform for KLISBio 200
pm thick membrane, with side outlets of the channels.

the device, for the commercial membrane. This version of the design is reported in
Figure 2.5.
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2.2 Microfluidic platform fabrication

The multi-layer microfluidic platform was fabricated through replica molding. The
masters were designed using CAD software Rhinoceros 8*3 and then 3D-printed
with a PolyJet 3D printer (Stratasys J35™ Prol*]). After cleaning and annealing
them, liquid PDMS was cast into the molds and then put in the oven to achieve
polymerization. T'wo bonding techniques were employed for assembling the different
PDMS layers, in order to compare their performance: plasma bonding and adhesive
bonding with a thin layer of uncured PDMS.

2.2.1 3D printing
Masters desing

The masters to be printed were designed as the complementary of the layers struc-
tures, with the same CAD software (Rhinoceros 843). All the molds have a 3 mm
thick base, above which the desired structure is built, with a frame which is as high
as the wanted layer thickness. Figure 2.6 shows the structures to be 3D-printed for
the fabrication of top (2.6a) and bottom (2.6b) layer of the platform that will be
assembled with the thin commercial membrane in the middle. Figure 2.7 reports the
corresponding designs for the alternative version of the platform, which will contain
the thicker membrane. As explained in Section 2.1, in this case a 200 pm deep
housing for the membrane was drawn in the top layers, which can be seen in Figure
2.7a, and the channels were extended to the lateral edges. In all the designs the
structures that will correspond to the central and the small channel chambers are 0.5
mm higher than the frame, in order to get holes in the whole layer where desired.
The closing layer in the end was chosen to be the same for both versions of the
device, the corresponding master is represented in Figure 2.8, with 0.5 mm raisings
to get the digs for the accommodation of the chips, which are usually fabricated on
a 0.5 mm thick wafer.

(a) Mold for top layer. (b) Mold for bottom layer.

Figure 2.6: CAD design of the masters to be 3D-printed to build the platform for
the commercial membrane.
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(a) Mold for top layer. (b) Mold for bottom layer.

Figure 2.7: CAD design of the masters to be 3D-printed to build the platform for
KLISBio membrane.

Figure 2.8: CAD design of the masters to be 3D-printed to build the closing layer
of the platform.

3D printer

The designed structures were fabricated using a PolyJet 3D printer (Stratasys J35™
Pro,*]). PolyJet printing technology is based on the layer-by-layer deposition of
photopolymeric materials, which are then cured with ultraviolet (UV) light to form
solid structures®®. The printing heads, highlighted in Figure 2.9, jet thousands
of photopolymer droplets which are cured by a UV lamp (Figure 2.9) during the
fabrication process, while the building platform is lowered as the layers are formed.
The printed sample is composed of the model material and it is delivered together
with a support structure, made of a different material. The support is required
during the printing process and is removed afterwards using water. [47:48]

The masters and the channel plugs (described in Section 2.1) were printed using
VeroUltraWhite material by Stratasys!*’!, an opaque photopolymer. Alternatively,
the central plug was fabricated using VeroUltraClear "% a transparent material that
mimics PMMA, allowing to see underneath when placed to seal the central chamber
of the device.
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Figure 2.9: Close-up view of Stratasys J35™ Pro Printer elements.

Final step of the masters fabrication process

Figure 2.10 shows the printed masters for the fabrication of the three PDMS layers of
the platform for KLISBio membrane. After extraction from the 3D printer and initial
removal of the support material through water cleaning, the printed components
were further cleaned using isopropyl alcohol (2-propanol) in a 10-minute ultrasonic
bath and then they were placed in an oven overnight at 110°C. This step was essential
to ensure proper PDMS casting and polymerization, since otherwise the PDMS
curing could be inhibited, causing the elastomer to adhere to the printed model
material and therefore get damaged during the replica molding process®’. The
final products for the three molds (version 2 of the platform) are shown in Figure
2.10, with the top layer mold in Figure 2.10a, the bottom layer mold in Figure 2.10b
and the closing layer mold in Figure 2.10c. Figure 2.11 shows instead the 3D-printed
plugs from top and frontal point of view: the central chamber tap in Figure 2.11a,
the filling channel plug in Figure 2.11b and the lateral outlets plug in Figure 2.11c.

(a) Top layer. (b) Bottom layer. (c) Closing layer.

Figure 2.10: 3D-printed master molds for PDMS fabrication through replica mold-
ing.

¢ N
(a) Central chamber tap. (b) Filling channel plug. (c) Lateral outlet plug.

Figure 2.11: 3D-printed plugs for sealing of the microfluidic platform.
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2.2.2 PDMS
Material

PDMS stands for Poly(dimethylsiloxane) and it is a silicone elastomer with many
applications in microfluidic devices. Chemically speaking, silicones are synthetic
polymers made up of repeating units of siloxane (-Si-O), whose bond strength leads
to chemical inertness and thermal stability 2. PDMS shows other interesting prop-
erties for microfluidic applications, such as optical transparency, presenting a trans-
mittance up to 90% for visible light wavelength, which allows the direct observation
of microflows and the integration of optical components®. This material is often
used in biomedical research and even considered for medical implants, as it is highly
biocompatible and resistant to biodegradation, other than exhibiting high flexibility
and elasticity, which is adjustable to specific needs by changing the mixing ratio
of elastomer base and curing agent!®®2. The expanding use of PDMS, especially
in manufacturing microfluidic devices, can be connected to the development of Soft
Lithography techniques, e.g. replica molding, which allow low-cost, easy fabrication

for rapid prototyping®4%3.

Process

The layers of the platform were fabricated in PDMS, by combining SYLGARD™
184 Silicone Elastomer ! base and curing agent in a ratio of 10:1 w/w. The action
of mixing the two components caused the formation of bubbles in the solution, which
was therefore degassed under vacuum before proceeding. This process is visualized
in Figure 2.12, with pictures of the initial stage after mixing (2.12a), of the degassing
under vacuum (2.12b) and of the result of the operation (2.12c). Once the liquid
elastomer was clear of bubbles, it was casted into the previously cleaned and treated
master molds, as shown in Figure 2.13. Once again this operation introduced bubbles
in the material, therefore the filled molds were put under vacuum to degas. This
phase was important to ensure flatness of the surfaces of the PDMS layers, otherwise
the bonding to assemble the multi-layer platform would be less effective and thus
some leakages at the interfaces could occur. After this final degassing step, the
molds with the liquid elastomer were put in the oven at 80°C for 2 hours to achieve
PDMS polymerization. The solid results were finally removed from the molds with
the help of a cutter, a toothpick and some drops of isopropyl alcohol.

(a) Un-degassed PDMS. (b) PDMS degassing. (c) PDMS after degassing.

Figure 2.12: Process of degassing PDMS under vacuum after mixing base and curing
agent.
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Figure 2.13: PDMS casting into 3D-printed master molds.

2.2.3 Stacking and bonding of PDMS Layers

The microfluidic platform is a multi-layer structure, composed by the three PDMS
layers obtained through soft lithography using the master molds in Figure 2.10.
These three PDMS sheets were bounded one to the other using two different tech-
niques, in order to compare the results and establish which one was the better
option. The fist and simpler bonding technique consisted in spreading a thin film of
uncured PDMS on one layer, place the one to be bonded above it and put it in the
oven at 80°C for 30 minutes. In this way the PDMS worked as a glue between the
layers, sticking them together. The alternative method involved the activation with
plasma of the surfaces to be bonded. The used machine was Plasma Asher E2000
manufactured by Bio-Rad, showed in Figure 2.14, the samples were put inside it
with the surfaces to be bonded together oriented upward, vacuum was created, then
with “GAS1” button a bit of air was let inside and with “RF” button plasma was
activated. The surfaces were exposed to plasma for 30 seconds with forward power
of 20 W, not too high in order to limit the reflected power. The plasma activation
of the surfaces creates dangling bonds that are highly reactive, thus as soon as the
layers were extracted from the Plasma Asher they were immediately stuck one over
the other, with the membrane in between, and then put on a hot plate at 80°C for
10 minutes to promote covalent bonding. The differences in the results between the
two methods are investigated in Section 3.2.1.

Figure 2.14: Plasma Asher E2000 manufactured by Bio-Rad.
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2.3 OECTSs fabrication

The OECT chips are schematized in Figure 2.15, showing the layout and the ex-
pected sizes of the different components. Each chip comprehends three OECT de-
vices, therefore three pairs of source and drain electrodes, connected to the gold
pads on the bottom of the chip.

OECTs

Figure 2.15: CAD representation of an OECT chip, with expected sizes.

The OECT devices used in this work were fabricated in clean room environment
through the process summarized in Figure 2.16. The steps can be divided in two
lift-off processes: the first one to pattern the gold electrodes (source, drain and gate),
the second one to define the passivation layer made of aluminium oxide (AlyO3).
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Figure 2.16: Schematic representation of the OECT fabrication steps, consisting in
two lift-off steps: a—e) first lift-off used to pattern the gold electrodes; f-i) second
lift-off used to define the passivation layer made of aluminium oxide (Al;O3). j)
Final chip. Reproduced from Segantini et al.[%, licensed under CC BY.

—_—

The first lift-off process to pattern the electrodes is represented in Figure 2.16a-¢)
and consists in the following steps:

e a) The starting point is a 4 inches p-type Silicon wafer covered by 1 pm of
thermally grown silicon dioxide (SiOs).

e b) A layer of AZ 5214E Image Reversal photoresist *® is spinned on the wafer
and soft baked at 110°C for 1 min.
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Figure 2.17: Photo of a fabricated OECT chip after the two lift-off processes and
dicing, before the PEDOT:PSS deposition.

e ¢) The photoresist is exposed to UV light and developed, obtaining the source
and drain electrodes pattern.

e d) A 100 nm thick layer of gold (Au) is deposited after the e-beam evaporation
of a 10 nm Ti adhesion layer.

e ¢) The first lift-off is performed by immersing the wafer in acetone, removing
the photoresist and the excess metal, leaving only the patterned electrodes on
the Si/SiO, substrate.

The second lift-off is aimed at creating an aluminium oxide passivation layer, it
is schematized in Figure 2.16f-i) and here described:

e f) A second layer of AZ 5214E Image Reversal photoresist °% is spinned on the
wafer.

e ¢) The photoresist is exposed to UV light through a mask defining the passi-
vation layer pattern, then reversal-baked and developed.

e h) A 150 nm thick Al,O3 passivation layer is e-beam evaporated on the wafer.

e i) The second lift-off is performed, removing the photoresist and the excess
Al O3 and leaving the passivation layer on the Si/SiO, substrate, exposing
only the channel area and the contact pads.

Lastly, a new layer of photoresist is spinned on the wafer to protect the devices
during dicing. Figure 2.16j) shows the final unit, which is obtained by dicing the
wafer into single chips. The resulting chip is shown in Figure 2.17, which is however
not the complete OECT device yet, as the PEDOT:PSS channel still needs to be
deposited. Before being used, the chips are cleaned with three washes of 30 seconds,
two in acetone and one in isopropyl alcohol (IPA), then dried with compressed air.
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2.3.1 PEDOT:PSS deposition

The channel of the OECT sensor is made of the conductive polymer PEDOT:PSS
(Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate), which is not deposited
during the clean room fabrication process. The starting point for this phase of the
work is the chip in Figure 2.17, cleaned in acetone and isopropyl alcohol (IPA) as
described above. From the mentioned picture, it is possible to notice two crosses
on the chip, which are alignment marks used during the PEDOT:PSS deposition
to correctly place the channel material over the source and drain electrodes of each
of the three devices. Before the deposition, the chip was subjected to surface acti-
vation by plasma treatment at 50 W forward power for 2 minutes (Plasma Asher
E2000 manufactured by Bio-Rad, showed in Figure 2.14), to improve the adhesion
of PEDOT:PSS on the substrate. After the deposition, the chips were annealed at
120°C for 45 minutes to improve their conductivity.

Deposition technologies

PEDOT:PSS is an Organic Mixed Ionic-Electronic Conductor (OMIEC) which is
available as aqueous dispersion, therefore it can be deposited with solution tech-
niques such as spin coating, inkjet printing or aerosol jet printing®7.

Spin coating is a widely used deposition method consisting in the deposition of
the solution on the center of the substrate, which is then rapidly spun to spread the
solution by centrifugal force and finally the solvent is evaporated, leaving only the
wanted material film. This process is schematically illustrated in Figure 2.18. The
thickness of the deposited layer can be controlled by adjusting parameters such as
spin speed, acceleration and solution viscosity. However, this technique has some
limitations such as a non-uniform distribution of the solution, with a higher thickness
in the center!®8,

\
Ll LB b

Figure 2.18: Illustration of spin coating deposition process. Image in the public
domain ™.

Inkjet and aerosol jet printing are two digital, non-contact deposition techniques
working by ejecting droplets of ink onto a substrate, creating a precise pattern. The
ink can be constituted either by a solution or a dispersion, depending on the nature
of the active material. In inkjet printing, ink drops are ejected from a nozzle of the
order of tens of micrometers to be deposited on the substrate. Inkjet printers can be
continuous inkjet or drop on demand systems, both schematized in Figure 2.19. In
the first case, the droplets formed by a charging electrode are continuously ejected
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with a certain frequency and directed by deflection plates towards the substrate or
the recycling system, where unused ink is collected and reused. In drop on demand
printers, the droplets are created only when needed, usually through the actuation
of a piezoelectric element (piezoelectric inkjet printing), but they can also be created
thermally, with a rapid heating of a resistor inside the inkjet cartridge which forms

a drive bubble (thermal inkjet printing).®%!
Continuous Inkjet system Drop-on-Demand Inkjet system
Ink reservoir
i Ink reservoir

w- §
<t Piezoelectric/Thermal
_<——Nozzle 1 Element
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Figure 2.19: Tllustration of inkjet printing. Continuous (a) and drop-on-demand (b)
inkjet systems. Reproduced from Khan et al.['? licensed under CC BY.

The working principle of aerosol jet printing is schematized in Figure 2.20 and
it consists in the transformation of the ink into an aerosol mist of microdroplets,
which is then driven towards the printing nozzle by a sheath gas. The atomizer
can be pneumatic or ultrasonic. In the first case the aerosol mist is generated by
introducing pressurized air or gas into a sealed chamber containing the ink, while
in the second case, the droplets form due to ultrasonic pressure waves. Aerosol jet
printing requires some attention in order not to clog the atomizer nozzle, such as a
small enough ink particle size. This technique allows high resolution patterns to be
printed, with a wide variety of materials. [P%12

In both the digital printing techniques, the drops are deposited on the substrate,
they spread and overlap to form a continuous film after solvent evaporation. The
final thickness of the layer depends on parameters such as drop size, drop spacing,
ink and substrate properties. !

o Teflon tubing for 5%%F 8
08%8e it delivery 'l.‘:’i'ﬁ

Nozle Head

(b)

Figure 2.20: Illustration of aerosol jet printing. Pneumatic (a) and ultrasonic (b)
aerosol jet printing. Reproduced from Khan et al.l'?| licensed under CC BY.
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In this work, inkjet printing was selected for the deposition of PEDOT:PSS on
the OECT chips, due to the availability of the equipment.

Inkjet printing of PEDOT:PSS

The ink to be printed was prepared starting from an aqueous dispersion of PE-
DOT:PSS, Clevios® PH1000 by Heraeus!®. To improve the conductivity of the
polymer, the dispersion was mixed with ethylene glycol. Dodecylbenzenesulfonic
acid (DBSA) was added as a surfactant to enhance the wetting properties of the
ink on the substrate. At this point, the mixture was put in ultrasonic bath for 15
minutes. Lastly, a small amount of (3-glycidoxypropyl)trimethoxysilane (GOPS)
was included as a cross-linking agent to improve the stability of the polymer film in
polar solvents®”. The final composition of the ink was the following:

e 76% v/v Clevios® PH1000 PEDOT:PSS dispersion,
e 19% v/v ethylene glycol,

e 4% DBSA,

e 1% GOPS.

The conductive polymer was deposited on the chip through inkjet printing, using
a Jetlab 4 DOD by MicroFab Technologies Inc® 3] shown in Figure 2.21. The
employed nozzle has a diameter of 80 pm and the printing process is based on
the piezoelectric drop on demand (DOD) technology. The formation of a drop is
illustrated in Figure 2.22, where the actuation of the piezoelectric element generates
a pressure wave which forces a small volume of ink to exit from the nozzle, forming
a droplet which is deposited on the substrate. One of the main challenges in inkjet
printing is nozzle clogging. To prevent this issue, the nozzle was cleaned before
and after the process by suctioning filtered deionized water through it, effectively
removing any residual particles.

The Jetlab 4 DOD setup for printing is
shown in Figure 2.23, with highlights on the
main elements, such as the ink reservoir, the
electrical connections for the piezoelectric el- :
ement, the printing head, the ink channel — Ink channel
and the back-pressure channel. This last :
component is connected to a pump which
controls the pressure to regulate the ink
flow towards the nozzle. A positive back-
pressure pushes the ink in a channel to-
wards the printing head, while a negative
back-pressure pulls the ink away from the
nozzle, preventing unwanted dripping. A
slightly negative back-pressure was set dur-

ing the printing of PEDOT:PSS to obtain Figulje 2'23:‘ Jetlab 4 DOD sgtup for
stable drop formation. printing, with labels indicating the

: Lo main components.
The main printing parameters used for M cOMpone ts

the deposition of PEDOT:PSS on the OECT

Pressure channel

Ink reservoir

Electrical connection
to piezoelectric
actuator

Print head
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Figure 2.22: Drop formation in inkjet printing. Extended figures in['?.

chips are summarized in Table 2.2. The drop spacing was varied to obtain different
channel thicknesses, while the other parameters were kept constant. The channel
length and width are defined by the geometry of the source and drain electrodes on
the chip, therefore they are not influenced by the printing parameters.

Parameter Value
Rise time 1 3 ps
Rise time 2 3 ps
Dwell time 40 ps
Fall time 6 ps
Echo time 40 ps
Dwell voltage -50 'V
Echo voltage 50 V
Frequency 1000 Hz
Spot margin 1 pm
Spot spacing | 80, 100 and 120 pm
Fly velocity 25 mm/s

Table 2.2: Main parameters used for the inkjet printing of PEDOT:PSS on the
OECT chips.
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2.4 Gate electrodes fabrication

In order to be able to use the OECT devices as transistors they need to be paired
with gate electrodes, which were fabricated in clean room environment. The scope
of this project is to use the OECTs as sensors for biological applications, there-
fore the gate material must be biocompatible and stable in aqueous solutions. For
this reason and with the perspective to functionalize the electrode surface, gold was
chosen as the gate electrode material due to its well-known biocompatibility and
chemical stability. The fabrication process of the gold gates was equal to the one
used for the OECT electrodes, in particular the first steps for the first lift-off (Figure
2.16a-d)), consisting in lithography with image reversal photoresist and deposition
of a thin Ti adhesion layer followed by 100 nm thick Au layer. An additional step
of deposition of photoresist was executed to protect the electrodes during dicing.
The gold gate resulting from the process after dicing the wafer is shown in Figure
2.24a, with dimensions of 7.8 mm x 11.8 mm. The chips were washed for 30 sec-
onds twice in acetone and once in isopropyl alcohol, before being integrated into
the platform. Figure 2.24 shows the gate before and after the cleaning step, with
noticeable differences in the appearance of the gold surface. The showed pattern
of the gates comprehends a smaller rectangle to be put in contact with the ionic
solution through the microfluidic channel, while the bigger rectangle on the edge of
the chip is used for electrical connection to the measuring unit.

In order to make a comparison with different gate materials (Section 3.3), silver
gates were obtained by sputtering Ag on top of the gold gates.

5 ‘gv 4
i e u
RN B2

(a) Gate electrode after fabrication process, (b) Gate electrode after cleaning in acetone
before cleaning. and isopropyl alcohol.

Figure 2.24: Gate electrode resulting from the fabrication process, of size 7.8 mm x
11.8 mm.

2.4.1 Gate functionalization

In order to detect specific analytes, the gate electrodes need to be functionalized
with a suitable receptor layer. A common method to functionalize gold surfaces is
through the formation of a self-assembled monolayer (SAM), which provides a stable
and organized platform for immobilizing biomolecules. The structure of a generic
SAM is schematically represented in Figure 2.25, composed of three main compo-
nents: a head group that binds to the surface, a tail group that extends away from
the surface, and a terminal functional group that can be used for further modifica-
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tion or interaction with target molecules. SAMs allow to immobilize biomolecules
with high stability, due to the covalent nature of the bonds. They can be formed
both with small molecules (such as thiols) and polymers. The SAM molecules must
contain functional groups that can link to the surface and be able to self-assemble
with high density and uniformity, creating a well-ordered, unidirectional monolayer.
The formation of a 2D ordered structure depends on different types of interactions,
including surface-adsorbate ones, intramolecular (torsion, bond stretches), electro-
static and van der Waals. [1%]

®© 000 0

Backbone

Headgroup

Substrate

Figure 2.25: Schematic representation of the structure of a generic self-assembled
monolayer (SAM). Adapted from 16,

Gold is a widely used substrate for SAM formation due to its properties such as
chemical inertness, biocompatibility and ease of functionalization. Its applications
cover various fields, including microfabrication, gas sensing and biosensing, which
is the focus of this work. The formation of a SAM on gold is typically achieved
using alkanethiols, which spontaneously assemble into an ordered structure due to
the strong affinity between the thiol group and the gold surface. The SAM pro-
vides a well-defined interface for further functionalization with biomolecules such as
antibodies, aptamers, or peptides. 'S

In this work, the SAM on the gold gate electrodes was obtained using the dip-
ping technique, which consists in the immersion of the substrate into a solution
containing the desired molecules. The process to form a SAM on the gold gate
electrodes started with a cleaning step in acetone bath for 10 minutes, then rinsed
with isopropyl alcohol and dried with nitrogen flow. Afterwards, the electrodes
were incubated for 1 hour in a thiol solution of 10 mM 3-mercaptopropionic acid
(3-MPA) dissolved in ethanol. 3-MPA is a commonly used alkanethiol for SAM
formation on gold surfaces, featuring a thiol group (-SH) that binds to the gold
surface and a carboxyl group (-COOH) that can be used for further functionaliza-
tion. After the incubation, the electrodes were washed twice in ethanol and once in
ultra pure water to remove unbound molecules and dried with nitrogen gas. After
forming the self-assembled monolayer of 3-MPA, the carboxyl groups on the elec-
trode surface need to be activated to enable covalent coupling with biomolecules
containing amine groups, such as antibodies. This activation was achieved through
carbodiimide chemistry. Initially, the electrodes were incubated for 15 minutes in
a 50 mM solution of 2-(N-morpholino)ethanesulfonic acid (MES) with 0.9% NaCl
(MES buffer), which provided the acidic conditions required for the reaction. Sub-
sequently, the samples were incubated for 15 minutes in MES buffer containing 4
mM EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) and 10 mM Sulfo-NHS
(N-hydroxysulfosuccinimide). In this step, EDC reacts with the carboxyl groups to
form an O-acylisourea intermediate, which is highly unstable. Sulfo-NHS stabilizes
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this intermediate by converting it into an NHS ester, a reactive species that can
efficiently bind to primary amines of proteins. After activation, the electrodes were
rinsed three times with PBS (Phosphate Buffered Saline), 5 minutes each on an
orbital shaker to remove excess reagents and then dried under a nitrogen stream.

Finally, the gold gates were functionalized by decorating the SAM with anti-
Ang2 antibodies, for the detection of Angiopoietin-2 (Ang2), a common choice as
cancer biomarke. Ang2 is a protein involved in angiogenesis, the formation of new
blood vessels, and its overexpression has been linked to tumor growth and metastasis
in various cancers. In the specific case of this project, the detection of Ang2 was
used as a proof-of-concept for the biosensing capabilities of the OECT platform,
since Ang2 is a well-studied biomarker with established detection methods. The
electrodes were incubated overnight at 4 °C in an 80 pm PBS solution with 5 pg/mL
of anti-Ang2 antibodies, then they were subjected to three washing steps in 0.05%
(v/v) Tween®20-supplemented PBS (PBS-tween) on an orbital shaker for 5 minutes
to remove unbound antibodies. Finally, the electrodes were dried with nitrogen gas
and integrated in the platform for sensing tests.

2.5 Microfluidic leakage tests

Microfluidic leakage tests were performed in order to verify the sealing of the chan-
nels in the fabricated multi-layer platform. A syringe pump (model 33 from Harvard
Apparatus'™) was used to inject a PBS solution in water into the microfluidic chan-
nels at a constant flow rate of 30 pL./min. The liquid was colored with a food dye
to allow visual inspection of any potential leakage points. The setup is shown in
Figure 2.26.

Figure 2.26: Syringe setup used for microfluidic leakage tests, with Syringe Pump
model 33 from Harvard Apparatus 7.
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2.6 Electrical Measurements

The OECT sensors were electrically characterized to evaluate their performance in
the developed multi-layer microfluidic platform. The measurements were performed
using a Keysight B2912A Precision Source/Measure Unit (SMU), shown in Figure
2.27, which was controlled through Quick IV Measurement Software. The chips with
the OECT devices and the gates were placed in the microfluidic platform, which was
filled with 1x PBS solution in water as the electrolyte between the gate electrode
and the OECT channel. The electrical characterization involved measuring both
the output and transfer characteristics of the OECTSs, presented in Section 3.3.

: v P
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N 2 o o B e o e e

Figure 2.27: Keysight B2912A Precision Source/Measure Unit (SMU)!8),

2.6.1 Measurement Setup

The setup for the electrical measurements included micromanipulators to accurately
contact the gold pads on the chips, as shown in Figure 2.28. These micromanip-
ulators were connected to the SMU to apply the necessary voltages to the source,
drain and gate electrode and measure the resulting currents in the OECT devices.
The different electrodes are indicated in Figure 2.28, source and drain are directly
connected to the channel of the OECT device while the gate acts on it through the
electrolyte solution. Since the OECTs are symmetric, source and drain can be inter-
changed without affecting the measurements. Channel 1 of the SMU is connected
to source and drain, applying a drain-source voltage (Vpg) and measuring the drain
current (Ip), while Channel 2 is connected to the gate electrode, applying a gate
voltage (Vi) and measuring the gate current (/).
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Figure 2.28: Setup for electrical measurement to characterize OECT devices, with
the use of micromanipulators for contacting the gold pads on the chips.

2.6.2 Settings

The electrical measurements were conducted using the Quick IV Measurement Soft-
ware, which allows for precise control of the voltage sweeps and current measure-
ments. For the output characteristics, the drain-source voltage (Vpg) was swept
from 0 V to -0.6 V in steps of -0.02 V, while the gate voltage (Vi) was held con-
stant at different values ranging from -0.2 V to 0.6 V in steps of 0.1 V, as shown
in Figure 2.29. For the transfer characteristics, Vs was swept from -0.2 V to 0.8 V
and backwards in steps of 0.025 V for five repetitions, while Vpg was held constant
at -0.4 V, as depicted in Figure 2.30.
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Function p ~ Preview Range: FULL v Offset: (Repeat) 1 (vAR2) 1 (vAR1) 1

— VSource — I Source V Measure + I Measure VI Measure Out of Period

Figure 2.29: Measurement settings on Quick IV Measurement Software for the out-
put characteristics of the devices.

Function Sweep ~ Preview Range: FULL ~ Offset: (Repeat) 1 (vAR2) 1 (VAR1) 1

— VSource — I Source V Measure « I Measure VI Measure Out of Period

Figure 2.30: Measurement settings on Quick IV Measurement Software for the trans-
fer characteristics of the devices.
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Chapter 3

Results

3.1 Device fabrication

In this section the results of the fabrication processes are presented, including the
multi-layer microfluidic platform and the PEDOT:PSS deposition on the OECT
chips. For what concerns the PDMS platform fabrication, all the different versions
(0, 1 and 2) of the device described in Section 2.1 are shown, highlighting the
reasons behind some design modifications. Regarding the PEDOT:PSS deposition,
microscope images of the deposited ink with different drop spacings are reported
and discussed.

3.1.1 Microfluidic platform

The assembled multi-layer microfluidic platforms with the two different membranes
are shown for all three device versions. Version 0 features a symmetric structure
for initial testing, while versions 1 and 2 include updated designs for the thin PC
membrane and the thicker silk membrane, integrating OECT chips and gold gates
as detailed in Section 2.1.

Version 0

First of all the two different membranes were integrated in the version 0 of the multi-
layer microfluidic platform, as shown in Figure 3.1, in order to test the fabrication
process and the bonding between the PDMS layers and the membranes. The device
structure is exactly the same in both cases, it is perfectly symmetric, composed by
two layers with microfluidic channels in PDMS, separated by the membrane in the
middle. As it can be noticed by comparing the two pictures, the thicker silk mem-
brane produced by KLISBio (Figure 3.1b) causes a non-uniform bonding between
the two PDMS layers, with a visible bubble around the membrane perimeter, due to
the difficulty of achieving a good contact between the two layers close to the thick
membrane edges. On the other hand, the thin PC membrane produced by Oxyphen
(Figure 3.1a) allows a uniform bonding between the two PDMS layers, without any
visible imperfections. This issue was one of the main reasons for redesigning the
microfluidic platform for the integration of KLISBio membrane, in order to avoid
having it sandwiched between two PDMS layers, as explained in Section 2.1, in-
troducing in particular an excavation in the top PDMS layer to accommodate the
thicker membrane in version 2 of the platform.
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(a) With Oxyphen thin PC membrane. (b) With KLISBio thick silk membrane.

Figure 3.1: Multi-layer microfluidic platform version 0, assembled with the two
different membranes through plasma bonding.

Version 1 and 2

The assembled multi-layer microfluidic platforms are shown in Figures 3.2 and 3.3.
Figure 3.2 shows the platform version 1, assembled with the Oxyphen thin PC
membrane, which is transparent and therefore it is not very visible in the pictures.
From Figure 3.2a it is possible to see the channels shape in the PDMS layers, with
inlets and outlets in the top layer and the filling channel on the side, closed with
a custom 3D-printed plug with decreasing cross section. Figure 3.2a allows to see
also the alignment of the two chips inside the platform and the shape of the little
chambers connecting OECTSs to the microfluidic channels, which are visible also
from the frontal point of view in Figure 3.2b, where their vertical extension is clearer.
The platform in Figure 3.2 is the final version for the commercial membrane, with
the PDMS closing layer extending below the chips, to provide better mechanical
support during measurements. Figure 3.3 shows the platform version 2, assembled
with the KLISBio thicker silk membrane. In this version, the channels are extended
to the lateral sides of the PDMS structure in order to have easier flow towards the
outlets, while the inlets remain on the top layer. The lateral holes for the outlets
require other two 3D-printed plugs, similar to the one used for the filling channel,
but with rectangular section. Figure 3.3a shows the platform without the extended
PDMS closing layer below the chips, while Figure 3.3b shows the version with the
support layer. The latter is the final version for the KLISBio membrane, as it
provides better mechanical stability during measurements. The reason why it was
necessary to extend the PDMS closing layer below the chips is represented in Figure
3.4, which shows the platform in the measurement setup with micromanipulators.
Figure 3.4a presents the device in the measurement setup before contact with the
micromanipulator probes, without the PDMS support layer below the chips. In
this condition, when the probes press on the electrodes surface (Figure 3.4b), the
chips bend downwards due to the lack of support, causing unreliable contact and
possible leakages or damage to the device, even tilting the whole platform if too
much pressure is applied, as in this case. Due to these issues, the extended PDMS
closing layer below the chips was added, as shown in Figure 3.4c, which provides a
stable support for the chips during measurements, avoiding bending and tilting of
the platform.
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(a) Perspective view. (b) Front view

Figure 3.2: Multi-layer microfluidic platform assembled with Oxyphen thin PC
membrane.
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(a) Initial version of closing layer. (b) With extended PDMS closing layer.

Figure 3.3: Multi-layer microfluidic platform assembled with KLISBio thick silk
membrane, with and without the extended closing layer below the chips.

(b) During contact, without support. (¢) During contact, with support.

Figure 3.4: Multi-layer microfluidic platform in measurement setup with microma-
nipulators, with and without the extended closing layer below the chips.
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3.1.2 OECT chip with deposited PEDOT:PSS

As explained in Section 2.3.1, different spacings between the ink drops were tested
during the inkjet deposition of PEDOT:PSS on the OECT chips. A Leika Microsys-
tems microscope was used to get images of the deposited PEDOT:PSS with different
spacings, shown in Figure 3.5. All three images show a uniform deposition of the
ink, with no visible gaps between the drops, demonstrating the effectiveness of the
inkjet deposition process for creating a continuous PEDOT:PSS layer on the OECT
chips. However, the spacing affects the thickness of the deposited layer, with smaller
spacings resulting in thicker layers, causing less defined edges of the printed pattern.
This effect is visible by comparing Figures 3.5a, 3.5b and 3.5c¢, where the edges of
the PEDOT:PSS layer become progressively sharper as the spacing increases from
80 pm to 120 pm, while the thickness decreased, which can be noticed by the color
difference of the deposited layer and the contrast with respect to the substrate.

In general, an higher thickness of the PEDOT:PSS layer can lead to better
electrical conductivity and improved performance of the OECTs, but it can also
cause issues such as smaller ON/OFF current ratio. Therefore, the choice of spacing
should be optimized based on the specific requirements of the application.

(a) Spacing: 80 pm (b) Spacing: 100 pm (c) Spacing: 120 pm

Figure 3.5: Inkjet deposited PEDOT:PSS on the OECTSs chips, with different spac-
ing between the deposited ink drops, highlighted by the blue arrows. Images taken
with Leica Microsystems microscope.

3.2 Microfluidic leakage tests

The microfluidic leakage tests were performed on the multi-layer platforms with both
Oxyphen and KLISBio membranes, assembled with different bonding techniques.
The aim of these tests was to evaluate the sealing quality of the microfluidic channels
and to identify any potential leakage points. The platforms were observed for any
signs of leakage at the interfaces between layers, at the taps, around the membrane
and through the membrane itself. The platforms used in this tests were the ones
fabricated before the implementation of the extension of the closing layer. This
extension was added later as mechanical support for the chips, but it did not affect
the sealing of the microfluidic channels, therefore the results of the leakage tests
performed on these platforms are still valid.
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3.2.1 Leakage tests with device version 1, Oxyphen mem-
brane

In this section the results of the leakage tests performed on version 1 of the multi-
layer microfluidic platforms, assembled with Oxyphen membrane, are explored. Two
different bonding techniques were used: adhesive bonding with PDMS and plasma
bonding.

Bonding with PDMS

A first device closed with PDMS adhesive bonding and with a top plug of thickness
0.5 mm showed leakage issues both at the front side and on the top and side of
the platform, as shown in Figure 3.6. The leakage at the front side (Figure 3.6a)
was due to an incomplete sealing between the bottom and closing layers, causing
the chip to be partly free to move and therefore not sealing the connection with
the microfluidic channel. The leakage on the opposite side (Figure 3.6b, circled)
came from a non-uniform bonding between the top and bottom layers, as the liquid
dripped at the interface between the two layers. On the other hand the leakage on
the top (Figure 3.6b) is simply due to a non-perfect sealing of the tap, which is the
reason why a thicker one of 0.7 mm was fabricated and used in the following tests.

A second device assembled with PDMS adhesive bonding and with a top plug
of thickness 0.7 mm showed no leakage issues, as shown in Figure 3.7. Both the
front side (Figure 3.7a) and the top view (Figure 3.7b) showed no signs of leakage,
demonstrating that the thicker tap improved the sealing of the platform and that
the PDMS adhesive bonding technique can be effective for assembling multi-layer
microfluidic platforms with Oxyphen membrane.

Plasma bonding

Figure 3.8 reports the results of the microfluidic tests performed on the multi-layer
membrane with PC commercial membrane, assembled through the plasma activa-
tion of the surfaces an then heating, with a top plug of thickness 0.7 mm. Both
the front side (Figure 3.8a) and the top view (Figure 3.8b) showed no signs of leak-
age, validating this bonding technique for the assembly of multi-layer microfluidic
platforms with the thin membrane. Despite the demonstration that both bonding
methods allow good sealing of the microfluidic channels, the plasma bonding was
preferred for the fabrication of the final devices due to its higher reproducibility and
the absence of any risk that the adhesive PDMS layer could enter the microfluidic
channels during assembly.

In order to demonstrate the effectiveness of the membrane in separating the two
microfluidic channels, a test was performed in which only one channel was filled with
the dyed PBS solution, while the other channel remained empty. Figure 3.9 shows
the top view of the platform after the test, proving that the dyed solution remained
confined to the filled channel, with no visible leakage or cross-contamination to
the adjacent empty channel. This result confirms the integrity and functionality
of the Oxyphen membrane in maintaining separation between the two microfluidic
channels, allowing co-culture applications.
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G o
(a) Leakage at the front side. (b) Leakage on the top and side.

Figure 3.6: Leakage tests on multi-layer microfluidic platform assembled with thin
PC membrane through adhesive bonding, with 0.5 mm tap.

(a) Front side view. (b) Top view.

Figure 3.7: Leakage tests on multi-layer microfluidic platform assembled with thin
PC membrane through adhesive bonding, with 0.7 mm tap.

(a) Front side view. (b) Top view.

Figure 3.8: Leakage tests on multi-layer microfluidic platform assembled with thin
PC membrane through plasma bonding, with 0.7 mm tap.
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Figure 3.9: Microfluidic test showing the separation of the two channels by the
Oxyphen membrane.

3.2.2 Leakage tests with device version 2, KLISBio mem-
brane

The tests on the microfluidic platform with the silk membrane (version 2) were
performed on devices closed with plasma bonding only, as it was judged more reliable
than the adhesive bonding with PDMS, based on the results obtained with the
Oxyphen membrane. The sealing of the channels was obtained to be good, as shown
in Figure 3.10a, where no leakage between layers or from the taps was observed.
Figure 3.10b shows the same device without the lateral plugs, to better visualize the
channels. The performed tests demonstrated the effectiveness of the plasma bonding
technique and of the design of the multi-layer platform for the thicker membrane and
the lateral plugs. In particular, the excavation in the top layer to accommodate the
thicker membrane proved to be functional in ensuring a uniform bonding between
the layers, contrarily to what happened with version 0 of the device in Figure 3.1b.

Limitations of the KLISBio membrane

Despite the good sealing performance of the microfluidic platform, the device in-
corporating the KLISBio membrane presented some issues directly related to the
membrane itself. As shown in Figure 3.11a, although there were no leakages from
the channels, the two sections of the central chamber, supposed to be separated
by the membrane, were not properly isolated. The arrows in the figure highlight
how the segment of the channel between the central chamber and the outlet was
being filled, even though the liquid entering from the inlet had not yet reached the
membrane. Meanwhile, the channel on the opposite layer was filled up to the cen-
tral chamber, but not beyond it toward the outlet. This behavior indicates that
the liquid passed through the membrane and reached the other side, demonstrating
that the two sections of the central chamber are not effectively separated. Such a
condition could interfere with the cell culture process. Another encountered issue
was the bending of the membrane, as shown in Figure 3.11b. This bending is likely
due to the absorption of liquid by the membrane, which causes it to deform and
potentially come into contact with the opposite layer. This deformation could lead
to not optimal support for the model and unintended interactions between the two
layers, further complicating the cell culture environment.

Addressing these limitations would be crucial for ensuring the functionality and
reliability of the microfluidic platform for biological applications. One potential
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(a) With lateral plugs. (b) Without lateral plugs.

Figure 3.10: Leakage tests on multi-layer microfluidic platform assembled with
KLISBio membrane through plasma bonding, with 0.7 mm top plug, with and with-
out lateral taps to better show the channels.

(a) Leakage through the membrane. (b) Bending of the membrane.

Figure 3.11: Observed problems with KLISBio membrane.

solution to mitigate the leakage through the membrane could involve applying a
coating to the membrane to enhance its barrier properties. However, preliminary
attempts using a gelatin coating did not resolve the issue. A more effective approach
might involve hydrophobizing the membrane to reduce its permeability to aqueous
solutions. Additionally, incorporating a central support pillar within the membrane
could help limit bending by providing structural reinforcement.
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3.3 OECTSs electrical characterization

As explained in Section 2.6, the OECT devices were electrically characterized with
an electrolyte solution of 1x PBS (in water). Measurements were performed on three
inkjet-printed chips, each produced with a different drop spacing as reported in Table
2.2 (80, 100, and 120 pm), resulting in variations in the deposited PEDOT:PSS. A
representative device from each chip was imaged under the microscope, as shown
earlier in Figure 3.5. The characterization involved measuring both the output
and transfer characteristics of the OECTSs, which are presented in the following.
The reported curves correspond to one of the devices on each chip, selected as
illustrative of the overall behavior observed across multiple devices, all the measured
characteristics are reported in Appendix 4.

3.3.1 Output characteristics

The output characteristics were obtained by sweeping the drain-source voltage (Vpg)
from 0 to -0.6 V in steps of 0.02 V, while keeping the gate-source voltage (Vgs)
constant at values ranging from -0.2 V to 0.6 V in steps of 0.1 V (Figure 2.29).
The output characteristics for the three different drop spacings are shown in Figure
3.12, with different colors for different Vg values. The plots are reported all in the
same axis range to facilitate comparison between the different devices. At a first
glance, it can be observed that the device with the smallest drop spacing (80 pm)
exhibits the highest drain current (Ipg) values, while the device with the largest
drop spacing (120 pm) shows the lowest Ipg values. This trend is consistent with
the expectation that a smaller drop spacing leads to a thicker PEDOT:PSS layer,
which in turn results in lower channel resistance and higher current flow. Table 3.1
reports the ON current values at Vpg = —0.6 V for the maximum and minimum
Vs applied for each device, confirming the trend of decreasing ON current with
increasing drop spacing.

Figure 3.13 compares the output characteristics of the OECT with 120 pm drop
spacing using gold and silver gate electrodes. The characteristics of the OECT with
the gold gate is the same as in Figure 3.12¢, but with a different range on the y-axis
to better visualize the differences between the two gate materials. It can be observed
that even if the ON current is lower with respect to Figure 3.13a, the device with
the silver gate exhibits overall a better performance (Figure 3.13b), with a clear
improvement in terms of the action of the gate on the channel current. The test
with the silver gate was performed in order to investigate the effect of different gate
materials on the OECT performance. However, for the purpose of this work, which
focuses on biosensing applications, gold gates will be primarily used due to their
biocompatibility and suitability for functionalization with biomolecules.

Drop Spacing (nm) | Ion at Vgg = —0.2 V (mA) | Ioy at Vgs = 0.6 V (mA)
80 -25.65 -14.50
100 -23.38 -12.10
120 -20.31 -8.58

Table 3.1: ON current values at Vpgs = —0.6 V for different drop spacings and gate
voltages.
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Figure 3.12: Output characteristics of OECTs with different drop spacings: 80 pm,

100 pm and 120 pm.

out_chip2_s120_dev3.csv
Output characteristics

out_chip2_s120 dev3_silvergate.csv

Output characteristics

0.0 0.0 —
-2.5 -25
-5.0 -5.0
-7.5 =75
~ — Vg=-02V —~ — Vg=-02V
<E( -10.0 — V6=-01V g -10.0 — V=-01V
S-125 — Ve=-00V = 125 — Ve=-00V
L — V=01V L~ — V=01V
-15.0 — V=02V -15.0 — V=02V
— V=03V — V=03V
-17.5 —— V=04V -17.5 — V=04V
— V=05V — V=05V
-20.0 -20.0
—— V=06V —— V=06V
-06 -05 -04 -03 -02 -01 0.0 -06 -05 -04 -03 -02 -0.1 0.0
Vps (V) Vps (V)

(a) With gold gate.

(b) With silver gate.

Figure 3.13: Comparison of output characteristics of OECT with 120 pm drop
spacing using gold and silver gate electrodes.
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3.3.2 Transfer characteristics

The transfer characteristics were obtained by sweeping the gate-source voltage (V)
from -0.2 V to 0.8 V in steps of 0.025 V, while keeping the drain-source voltage
(Vps) constant at -0.4 V (Figure 2.30). The transfer characteristics for the three
different drop spacings are shown in Figure 3.14, with different colors representing
the repetitions of the voltage sweep to assess reproducibility. The devices proved to
be quite stable for most of the cycles, with a noticeable hysteresis effect between the
forward and backward sweeps, which is typical for OECT's due to the ionic movement
within the PEDOT:PSS layer during operation®. The same observations made for
the output characteristics apply here as well, with the device having the smallest
drop spacing (80 pm) exhibiting the highest drain current (Ipg) values and the
device with the largest drop spacing (120 pm) showing the lowest Ipg values. This
is again consistent with the expectation that a smaller drop spacing leads to a thicker
PEDOT:PSS layer, resulting in lower channel resistance and higher current flow.

The comparison between gold and silver gate is reported in Figure 3.15, which
shows a more pronounced modulation of the drain current when using the silver
gate (Figure 3.15b) compared to the gold gate (Figure 3.15a). This indicates that
the choice of gate material can significantly influence the performance of the OECT,
particularly in terms of its ability to modulate the channel current in response
to changes in gate voltage. This is explained by the fact that the capacitance
(per unit area) of PEDOT:PSS is generally much higher than the gate onel™. As
explained earlier, in this work the silver gate cannot be considered for biosensing
applications due to biocompatibility issues, therefore this analysis is mainly for
understanding the device behavior rather than for practical applications. In order
to achieve better performance with gold gates, some optimization of the device
geometry and fabrication process may be necessary. For instance, increasing the
gate surface in contact with the electrolyte could enhance the effect of the gate
voltage on the channel current 4.
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Figure 3.14: Transfer characteristics of OECTs with different drop spacings: 80 pm,
100 pm and 120 pm.
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Figure 3.15: Comparison of transfer characteristics of OECT with 120 pm drop
spacing using gold and silver gate electrodes.
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Threshold Voltage Extraction

The threshold voltage V;;, was determined using the square-root method applied to
the drain current Ipg®. In the saturation regime, the current follows the quadratic
relation in Equation 3.1:

Ips o (Vas — Vin)® (3.1)

which implies the relationship in Equation 3.2.

AV4 |ID5’| X VG’S — ‘/th (32)

Therefore, by plotting \/|Ips| versus Vgg and performing a linear fit in the appro-
priate region, the threshold voltage is obtained as the intercept of the fitted line
with the voltage axis, according to Equation 3.3, where m is the slope and ¢ the
intercept of the linear regression.

q
= —— 3-3
Vin m (3.3)

The fitting was restricted to a gate voltage interval where the device operates in the
saturation regime and the square-root relationship holds. This region was chosen to
avoid the subthreshold zone and high-current deviations, typically corresponding to
low Vg values where the linear approximation is valid. The limits were set based
on preliminary inspection of the transfer curve to ensure a high goodness of fit.

The extracted threshold voltage values for the different drop spacings and gate
materials are summarized in Table 3.2. In the table both forward and backward
sweeps are reported, to assess the hysteresis effects. The reported values correspond
to the mean of all extracted parameters over multiple sweeps, while the associated
uncertainty is expressed as the standard deviation. The results indicate that the
threshold voltage decreases with increasing drop spacing, which can be attributed to
the reduced channel thickness. Additionally, the device with the silver gate exhibits
a significantly lower threshold voltage compared to the gold gate, confirming the
improvement in performance when using silver as gate material.

Drop Spacing (pnm) | Forward Vi, (V) | Backward V, (V)
80 (Au gate) 5.54 £ 0.07 3.50 £ 0.07
100 (Au gate) 49+0.7 3.00 = 0.08
120 (Au gate) 3.83 £0.17 2.61 £ 0.08
120 (Ag gate) 1.01 £0.09 0.67 £ 0.02

Table 3.2: Extracted threshold voltage values for different drop spacings and gate
material.

Transconductance extraction

The transconductance g,, was obtained as the derivative of the drain current with
respect to the gate voltage, as defined in Equation 3.4.

~ 0Olps
— OVgs

Im (3.4)
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3. Results 3.3. OECTs electrical characterization

This parameter was estimated numerically by computing the discrete differences
between consecutive points of Ipg and Vg within the transfer curves. The approx-
imation used is given by Equation 3.5.

NDS) (3.5)

m R ax
g (AVGS

The maximum value of g, was considered as the figure of merit for each sweep
direction (forward and backward). The results are summarized in Table 3.3 for
different spacings and gate materials. The reported values correspond to the mean of
the extracted parameters over multiple sweeps and the uncertainty was calculated as
the standard deviation of g,, across repeated measurements. The transconductance
is a measure of the sensitivity of the OECT to gate voltage changes, with higher
values indicating better performance in modulating the channel current. The data
prove that the devices with gold gate have quite similar transconductance, while the
one with silver gate exhibits significantly higher values.

Drop Spacing (pm) | Forward g, (mS) | Backward g,,, (mS)
80 (Au gate) 17.6 = 0.2 13.4+0.2
100 (Au gate) 181 12.6 £0.1
120 (Au gate) 14.6 + 0.2 12.440.1
120 (Ag gate) 22+1 22.2+0.7

Table 3.3: Extracted transconductance values for different drop spacings and gate
material.

ON/OFF current ratio

The ON/OFF current ratio Ipn/Iorr was calculated to evaluate the switching
capability of the device. For each sweep direction, the maximum and minimum
drain current values were extracted: Ipy corresponds to the highest current in the
conductive state and Iorpp to the lowest current in the OFF state. The ratio was
then computed using Equation 3.6.

[ON . max(\[DS])

- min(|/ps|)

3.6
Iorr (3:6)

The results are summarized in Table 3.4 for different drop spacings and gate ma-
terials. The reported values correspond to the mean over multiple sweeps and the
variability is expressed as the standard deviation. The Ioy/Iopr ratio is a key
figure of merit for transistor performance, as it indicates the ability of the device
to clearly distinguish between the ON and OFF states. A high ratio ensures low
leakage current in the OFF state and strong current modulation in the ON state,
which is essential for reliable switching and low-power operation. The devices with
gold gate exhibit quite low ON/OFF ratios, while the one with silver gate shows a
significant improvement, reaching values of order of hundreds.

The electrical measurements demonstrated that the fabricated OECTSs exhibit
typical transistor behavior, with the ability to modulate the drain current through
gate voltage variations. The device performance was found to depend on the drop
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Drop Spacing (pm) | Forward Ioy/Iorr | Backward Ion/Iorr
80 (Au gate) 2.26 £ 0.06 2.36 £ 0.05
100 (Au gate) 2.50 £ 0.05 2.67 £ 0.06
120 (Au gate) 3.3%+0.1 3.6 0.2
120 (Ag gate) 420 + 70 700 £ 100

Table 3.4: Extracted ON/OFF current ratio for different drop spacings and gate
material.

spacing used during inkjet printing, which impacts the PEDOT:PSS layer thickness
and consequently the channel conductivity. The choice of gate material also plays a
significant role, with silver gates providing enhanced general performances compared
to gold gates. However, for biosensing applications, gold gates remain the preferred
choice due to their biocompatibility and functionalization capabilities.
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3.4 OECTSs sensing measurements

The gates of the OECTs were functionalized with Ang-2 antibodies to enable spe-
cific binding of Ang-2 proteins as explained in Section 2.4.1, as a proof of concept
for biosensing applications. These trials were executed using a microfluidic platform
already validated by Segantini et al. [l in order to ensure reliability of the experimen-
tal setup. The sensing measurements were performed by exposing the functionalized
gates to PBS solutions with increasing concentrations of Ang-2 of 10, 50 and 100
pM.Figure 3.16 shows the variation of the drain current measured at fixed voltages
of Vps =-0.4 V and Vz; =-0.2 V, after the exposure to each concentration of Ang-2.
The percentage variation in current is referred to the initial current measured with
pure PBS solution (0 pM Ang-2) and it was obtained according to Equation 3.7.

Ip ang2 — Ip,PBS
AID: ,ANg )

x 100 (3.7)
Ip pBs

The results indicate a clear decrease in the drain current with increasing Ang-
2 concentration, demonstrating the sensor capability to detect the presence of the
target protein. This behavior is explained by the specific binding of Ang-2 to the
immobilized antibodies on the gate surface, which affects the gate potential and
therefore modulates the channel conductivity of the OECT 62,

10
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Figure 3.16: Drain current variation with Ang-2 increasing concentration.

The obtained results confirm the potential of OECTSs as sensitive biosensors for
the detection of specific proteins, with possible applications in medical diagnostics
and biological research. Further developments of this project could focus on the
choice of different biorecognition elements specific for the studied skin model and
the corresponding functionalization protocols.
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Chapter 4

Conclusions and Future
Developments

The presented work focused on the design and fabrication of a multi-layer microflu-
idic platform suitable for hosting a 3D in wvitro skin model with integrated vascular
components, including OECT sensors for real-time monitoring of the tissue envi-
ronment. The platform was developed to include a membrane supporting the skin
model, microfluidic channels for perfusion and embedded OECTSs for sensing. Two
different membranes were investigated, a commercial PC membrane and a silk fi-
broin membrane, which required different designs. The fabrication process for the
microfluidic platform consisted in replica molding of PDMS layers using 3D-printed
molds, followed by adhesive or plasma bonding to assemble the layers and integrate
the membrane. The sensors were fabricated separately on silicon substrates and
then integrated into the platform by aligning them with dedicated openings in the
PDMS layers. The electrodes of the devices were manufactured in clean room en-
vironment using standard photolithography and metal deposition techniques, then
the channel was obtained by inkjet printing PEDOT:PSS.

Microfluidic leakage tests were performed on the multi-layer platforms assembles
with both types of membranes and two different bonding methods (adhesive and
plasma). The results demonstrated that the platforms with PC membranes exhibited
good sealing and no leakage with both bonding techniques, however plasma bonding
was preferred for the better uniformity and reproducibility. The platforms with silk
fibroin membranes showed some limitations due to the hydrophilic nature of the
membrane, which caused bending and leakages through the membrane itself.

OECTs were successfully integrated into the microfluidic platform and character-
ized electrically in PBS solution. The devices showed typical OECT behavior with
good transconductance and stability over time, with slight variations with different
inkjet parameters used for channel deposition. A proof of concept experiment was
performed to demonstrate the sensing capabilities of the devices by detecting Ang2
protein through antigen-antibody binding events at the functionalized gate surface.

Future developments of this work could focus on several aspects. First, further
optimization of the platform version with the silk fibroin membrane needs to be pur-
sued to enable cell culture in this configuration. This could involve the hydrophobic
treatment of the membrane to prevent bending and leakages due to absorption of flu-
ids. The introduction of PDMS pillars in the lower part of the central chamber could
also help support the membrane in case of deflection, although it would reduce the



4. Conclusions and Future Developments

available volume. Additionally, the microfluidic platform could be tested with the
actual 3D in vitro skin model described by Villata et al.?®l including also vascular
components, to evaluate its performance in a biological context. The OECT sensors
will need to be further characterized and optimized for sensitivity and selectivity
towards specific biomarkers relevant to skin physiology and pathology. Finally, long-
term stability and biocompatibility studies of the entire platform would be essential
to validate its suitability for extended tissue culture and monitoring applications.
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Appendix 1

Supplementary data and figures

Here are reported the characteristics of all the fabricated OECTSs, not included in
Each figure shows the output and transfer characteristics of the
device. The extracted parameters for all the devices are summarized in Table 4.1.
Note that the device number 1 of the chip with 100 pm drop spacing presented a
much lower current compared to the other two devices on the same chip, probably
due to a fabrication defect; for this reason, its parameters are quite different from

the main text.

the others.
Vin (V) Gm (MS) Ion/Iorr
Devl Forward 51+0.2 13.0£0.3 | 2.18 =0.07
Backward | 3.19+0.07 | 9.1+0.3 | 2.3040.07
Spacing: 80 pm Dev? Forward | 5.54+0.07| 17.64+0.3 | 2.26 4+ 0.06
Au gate 2| Backward | 3.50+£0.07 | 134402 |2.36=+0.05
Devi Forward 7T+1 17+2 1.79 +0.02
Backward | 4.4+0.1 | 10.2940.03 | 1.87 +0.03
Devl Forward 21+0.2 | 4184+0.07 | 8140.7
Backward | 1.53 £ 0.06 | 3.99 &+ 0.01 8.9+0.8
Spacing: 100 pm Dev? Forward 4.9+0.7 18+1 2.50 £+ 0.05
Au gate Ve Backward | 3.0940.09 | 12.640.1 | 2.67 + 0.06
Devi Forward 54+0.3 16.7+0.7 | 2.24+0.01
Backward | 3.56 +0.05 | 11.67 £0.03 | 2.37 4+ 0.02
Devl Forward 4.1+0.2 143+ 0.6 | 3.05+£0.02
Backward | 2.58 +0.01 | 11.05 £+ 0.06 | 3.29 4+ 0.01
Spacing: 120 pm Dev2 Forward 4.2+0.3 16.6 0.9 | 2.914+0.01
Au gate Ve Backward | 2.68 4 0.02 | 12.76 4+ 0.07 | 3.11 + 0.02
Devi Forward 3.8+0.2 14.6 + 0.2 3.3+0.1
Backward | 2.61 +£0.08 | 12.454+0.06 | 3.6 0.2
Devl Forward | 0.85 4 0.05 20+ 1 780 + 70
Backward | 0.57 +0.01 | 19.8 £0.7 1160 4+ 80
Spacing: 120 pm Dev? Forward | 0.97+£0.07 | 23.3+£0.8 410 £ 70
Ag gate V| Backward | 0.6540.01 | 23.740.5 670 + 90
Devi Forward | 1.01 +0.09 22+1 420 £ 70
Backward | 0.67 +0.02 | 22.24+0.7 700 £ 100

Table 4.1: Extracted parameters (mean £ standard deviation) for forward and

backward sweeps of three devices.
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Figure 4.1: Output and transfer characteristics of OECTs with 80 pm inkjet drop

spacing and Au gate.
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Figure 4.2: Output and transfer characteristics of OECTs with 100 pm inkjet drop

spacing and Au gate.
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Figure 4.3: Output and transfer characteristics of OECTs with 120 pm inkjet drop

spacing and Au gate.



Appendix [

Supplementary data and figures

-10

=15

Ip (mA)

-20

-25

=15

Ip (MA)

-20

-25

-10

=15

Ip (mA)

-20

=25

out_chip2_s120_dev1l_silvergate.csv

Output characteristics

02V
0.1V
Ve =-00V
=01V
Ve=02V
Ve=03V
V=04V
Ve =05V
Ve=06V

&
[ (1}

&
[

o

-0.6 -0.5 -0.4 -0.3 1 0.0

Vps (V)

-0.2 —

(a) Output curve for Device 1.

out_chip2_s120_dev2_silvergate.csv

Output characteristics

Ve=-02V
=01V

Ve=01V
Ve=02V
Ve=03V
V=04V
Ve=05V
V=06V

EERRERN

-0.4 -0.3

Vps (V)

-0.2 —

o

1 0.0

(c) Output curve for Device 2.

out_chip2_s120_dev3_silvergate.csv
Output characteristics

Vg=-02V
0.1V
0.0V
0.1V
Vg=02V
Ve =03V
V=04V
Ve=05V
V=06V

AREREREN

|
4

-0.6 -0.5 -0.4 -0.3 1 0.0

Vps (V)

-0.2

(e) Output curve for Device 3.

Ip (MA)

Ip (MA)

Ip (MA)

trans_chip2_s120_dev1_silvergate.csv

00 Transfer characteristics

-2.5
-5.0
=7.5
-10.0
-12.5 —— Cycle 1
—— Cycle 2
-15.0 —— Cycle 3
—— Cycle 4
~175 —— Cycle 5
-0.2 0.0 0.2 0.4 0.6 0.8
Vs (V)

(b) Transfer curve for Device 1.

trans_chip2_s120_dev2_silvergate.csv
Transfer characteristics

0.0
=25
=5.0
=75
-10.0
-12.5 —— Cycle1
—— Cycle 2
-15.0 —— Cycle 3
—— Cycle 4
~175 —— Cycle 5
-0.2 0.0 0.2 0.4 0.6 0.8
Vi (V)

(d) Transfer curve for Device 2.

trans_chip2_s120_dev3_silvergate.csv
Transfer characteristics

0.0
=25
-5.0
-7.5
-10.0
=125 I
~15.0 —— Cycle 3
— Cycle 4
-17.5 —— Cycle 5
-0.2 0.0 0.2 0.4 0.6 0.8
Vs (V)

(f) Transfer curve for Device 3.

Figure 4.4: Output and transfer characteristics of OECTs with 120 pm inkjet drop
spacing and Ag gate.
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