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Abstract 

During the development process of cancer drugs, costly and time-consuming 

animal tests should be substituted with more effective experimental methods that go 

beyond traditional cell culture in multi-well plates. Over the past two decades, new 

research areas have emerged that are heading toward experimental models that 

reproduce the organ-specific microenvironment in order to maintain cell 

differentiation and tissue-specific function. Research and industry in the field of drug 

development and therapeutics is not sufficiently covered by flexible 

platforms suitable for the use with conventional cell culture methods, despite the 

presence of several complex systems attempting to mimic the conditions 

occurring inside human organs. Additionally, it is hard to employ in situ live 

traditional detection methods during cell growth, which are often used in biology 

laboratories, including the measurement of absorbance in multi-well plates and the 

monitoring of physical, chemical and biological factors during cell development, or 

accurate in vitro tracking of early/late apoptosis and necrosis of cells, as well as 

physical variables like pH and O2 content, NOx and glucose. Additionally, the acidity 

of the culture medium influences the cell metabolism, gene regulation and life cycle, 

making in situ pH monitoring an effective tool for the development of cell cultures. 

As a result of studies on pH monitoring in cell cultures, systems for real-time pH 

monitoring, including OECTs (organic electrochemical transistors) have been 

developed. They are a type of biosensors widely studied in recent years, offering 

advantages such as excellent sensitivity, exceptional stability, and low cost. In this 

work, a versatile and programmable multi-well plate culture system compatible with 

the growth of both normal and tumorous lung cells is proposed. By periodically 
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increasing the hydrostatic pressure inside the culture chamber, such system exposes 

cells to mechanical stimulation that mimics a normal breathing cycle. The controlled 

hydrostatic pressure increase inside the culture chamber, on the other hand, increases 

the partial pressure of gases in the culture chamber, particularly CO2, which can result 

in the production of carbonic acid and a lowering of the pH of the culture medium 

once it has dissolved in the fluid used for cell growth. The development of pH-

sensitive OECTs which are designed to operate directly inside the system to monitor 

pH variations within the culture medium during cell growth is proposed. The system 

discussed in this dissertation showed the feasibility of growing a cell culture inside it, 

and the stability of the pressure cycles set via software via a microcontroller unit. 

Moreover, no significant temperature perturbation induced by the pressure cycles 

have been observed within the system, since this parameter could influence cell 

development. An array of pH-sensitive OECTs have been developed, which turned 

out to be suitable for working inside cell culture media, opening the path for future 

cell culture in situ monitoring. Despite the pH sensitivity of such devices has been 

demonstrated, further investigation is needed to improve OECTs performance and to 

make them suitable not only to detect pH, but also to open the path to the detection of 

key biomarkers during cell growth. Further research work should be made in the 

future, to integrate the programmable cell culture platform with an array of OECT-

based biosensors. 
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Chapter 1 

From static to dynamic cell 

cultures 

1.1 Introduction 

One of the most discussed challenges in healthcare is the lack of models which 

recreates the preclinical conditions of the development of organs and tissues [1]. 

Animal cell lines and animal studies are widely employed for human drug 

development, inevitably leading to poor correlations between animal tests and the 

ones performed on humans, or also between in vitro and in vivo cell culture data. 

Drug companies often fail during the process of drug development, because 

correct prediction of human responses is not possible with these methods [2]. This 

can lead to high drug costs, less new products in the pipeline, chemical 

compounds characterized by a limited efficacy, and good products lost in failed 

implementation. A new method to study the physiology of organs and new drugs 

testing systems for the research field of personalized medicine is needed. It is well 

known that biochemical signals like the growing factors of cells, cytokines, and 

the role played by transcription factors possess a critical role in the mechanism of 

regulation of a wide variety of cellular activities, and also in maintaining the 

typical structure and function of cell tissues and organs. The biochemical signals 

are not the only players in this scenario, the biophysical signals play a very 

important role as well. There is increasing evidence that the biophysical signals, 

particularly the mechanical ones, play very important roles at various stages of the 

development of human tissues and organs, starting from the morphogenesis 
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mechanism occurring during the development to the maturation and maintenance 

of tissue and organ function throughout life. In order to understand the mechanism 

through which mechanical signals are related to cell and tissue development, a lot 

of effort have been made to develop different materials and devices with the 

function of deliver different typologies of mechanical stimuli to tissues growing 

inside them. In this chapter we discuss the current state of the art in this specific 

research field, focusing also on the design and development principles, 

highlighting the major challenges and prospects for the future. 

1.2 Mechanotransduction 

Mechanotransduction refers to the process by which the mechanical forces are 

directly converted into cellular signals that can trigger biochemical responses in 

cells. It is a fundamental process that is critical for many biological functions such 

as touch sensation, hearing, muscle contraction, and bone formation. The process 

of mechanotransduction begins with the detection of mechanical forces by 

specialized proteins called mechanoreceptors, which are located on the surface of 

cells. These mechanoreceptors can be activated by a wide variety of mechanical 

stimuli, such as hydrostatic compression, tension, or stretching. Once activated, 

the mechanoreceptors transmit signals to the interior of the cell through a complex 

network of signaling pathways, which ultimately lead to changes in gene 

expression, protein synthesis, and cellular behavior. For example, mechanical 

forces on bone cells can trigger the expression of genes that promote bone 

formation and remodeling, while mechanical forces on skin cells can trigger the 

release of neurotransmitters that generate touch sensation. Mechanotransduction is 

also important in the field of tissue engineering, where researchers aim to use 

mechanical cues to guide the development and behavior of cells in engineered 

tissues. By understanding the mechanisms of mechanotransduction, scientists can 

design materials and devices that mimic the mechanical properties of natural 

tissues and promote cell growth and function. Biochemical signals are a very 

important key factor in the regulation of cell activity, formation of tissues, and the 

function of organs during the development of human life. During the very early 

stages, a wide variety of biochemical signals regulates the embryonic 

development such as growing factors and cytokines, and also the transcription 

ones which regulates cell proliferation, cell migration and differentiation, and the 

formation of tissues [3]. Organs are subjected to a maturation process occurring 

after embryonic and fetal development, which usually last for the next twenty 

years. During this process, biochemical compounds such as hormones act as a 
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regulator of organs function, influencing a wide variety of mechanisms such as 

metabolism, reproduction and growth [4]. A lot of works has been inspired by the 

roles played by biochemical signals during these mechanisms, for example in the 

field of regenerative medicine, in order to better understand how the cell 

microenvironment controls its behavior, to achieve the regeneration of organs and 

tissues [5]. In addition to the cell microenvironment, some biophysical features 

such as mechanical forces to which cells/tissues are subjected, have also an 

important role in the regulation mechanism of cell behavior, including cell 

proliferation, cell differentiation and morphogenesis, and also the maintenance of 

tissue and organ function during the entire life of a living organism [6]. The 

interactions between cells and their surrounding microenvironment, has been 

shown to be directly dependent on factors influencing their development, such as 

the junction barrier between cells, the surrounding extracellular matrix (ECM), 

and the mechanical forces acting on cells and tissues during their normal 

development, making these features very important for tissue regeneration and 

also aging mechanism. [7]. A lot of development parameters are directly affected 

by the mechanical forces acting on tissues, such as cell growth, differentiation, 

and rearrangement of cells, the formation of macrostructures, and the 

morphogenesis of an embryonic cell [8]. A lot of studies performed in vitro 

highlighted the dependance of cell fate on mechanical stimulation directly acting 

on tissues, which as a result alter the cell shape [9]. A bright example of 

mechanical forces acting on tissues is given by the human musculoskeletal 

system, which is constantly subjected to mechanical stimuli during its entire life, 

which act on bone structure, muscles, and cartilages. For this reason, it is very 

important to consider such biophysical factors while performing studies on cell 

behavior and tissue development, and also to different typologies of stimuli not 

only strictly related to mechanical ones, such as electric, magnetic and acoustic 

stimuli, which have been shown to have an effect on cell development [10], [11]. 

Despite this, mechanical forces are the most studied among the various set of 

different biophysical stimuli, since mechanotransduction have been shown to be 

relevant during different life stages [12]. The mechanical stimulation of cells and 

tissues can be categorized in three main pathways:  

• mechanical forces acting on the extracellular matrix surrounding the cells;  

• mechanical forces belonging to the topography of extracellular matrix 
surface;  

• mechanical forces applied directly to cells and tissues from an external 
source (Figure 1).  
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Figure 1 Representation of the effects of mechanical stimulations on cells. 
Reproduced with permission from John Wiley and Sons. 

A lot of devices have been developed during the last two decades in order to 

assess the correlation between the presence of an external mechanical stimulus 

and the growth and development of cells and tissues. Such devices have been 

widely employed to study some of the key parameter just mentioned, such as the 

direct effect of mechanical stimulation on tissues topography [13], and also to 

study biophysical factors influencing organ regeneration and trying to analyze the 

mechanotransduction mechanisms influencing fetal cell development [14]–[16]. 

In this chapter, a summary on the insights into the choice of materials and devices 

developed to study the topics just mentioned is discussed, focusing on the 

different methodologies and effects on cells and tissues, providing the state of the 

art in the field of mechanotransduction and development of systems to stimulate 

living tissues, focusing on the basic design rules, existing challenges, and 

pathways for future development. Finally, a summary of the various possibilities 

in the mechanisms of transferring a mechanical stimulus to cells in the scenario of 

cell regeneration therapies for in vivo experiments is discussed. Cells and tissues 

can sense a mechanical stimulus coming from the surrounding environment both 

actively and passively through different mechanisms, starting from mechanically 

activated ion channels, receptor-ligand binding, and also considering the 

mechanism of coupling between the cell nucleus and its surface, as highlighted in 

Figure 2a [17]. 
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Figure 2 a) Schematization of the effects of mechanical loading on mammalian cells 

b) list of organs whose cells are mainly affected by mechanical stimuli. Reproduced with 
permission from John Wiley and Sons. 

Considering active sensing, the mechanical properties of the extracellular matrix 

surrounding cells and tissues, and also factors such as topography and cell 

stiffness plays a key role. In passive sensing, the major players are the effects of 

external mechanical stimuli acting on cells, such as tension, shear stress, and 

hydrostatic pressure, which are mediated by neighboring cells and the surrounding 

environment such as matrix and cell culture medium. The mechanical stimulation 

of cells has been shown to act at an early stage on the activation of ion channels in 

the plasma membrane, which are directly controlled in a mechanical way, such as 

TREK-TRAAK K2P [18], Piezo1 and Piezo 2 [19], TMEM63-OSCA [20], and 

TMC1 and TMC2 [21]. Such ion channels are activated on a timescale of the order 

of microsecond, resulting in a very fast switching process which do not involve 

the presence of a second messenger, resulting in a change of the gate potential 

producing a very fast biochemical response [22]. Considering Piezo1 and 2, for 

example, it has been found that this ion channel plays a very important role during 

different biochemical processes, such as the formation of vascular tissues, 

pulmonary tissues and lung respiration, and mechanical transduction. 

Transmembrane receptors such as integrin, it is shown to behave as a transductor 

of mechanical signals coming from the surrounding environment of cells to 

structures of the cytoskeleton through the adhesion between cells and extracellular 

matrix, directly mediated by integrin [23]. After the formation of a focal complex 

during the cell development, the mechanical forces generated by the interaction 
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between actin and myosin are capable to activate different proteins such as 

vinculin, talin and paxillin, which leads to the subsequent activation of different 

signaling pathways such as FAK-RhoA and RhoA-ROCK [24]. These pathways 

have been shown to be capable to affect the mechanics of cell nucleus and also 

gene expression or actin polymerization and the contractility of actin and myosin, 

thus leading to a  wide variety of mechanosensitive behaviors, such as 

proliferation, survival rate, stiffness, rearrangement, and differentiation [25]. The 

process of mechanical coupling occurring between the nucleus and cell surface 

through the action of mechanical forces on transmembrane proteins, is found to be 

capable to transmit mechanical forces along the entire tissue, thus avoiding the 

chemical signaling processes based on diffusion of chemical compounds, thus 

acting on the expression of genes [26]. Mechanotransduction plays important 

roles also on a wide variety of physiological and pathological processes involving 

a lot of human organs, such as respiratory system, cardiac system, and 

musculoskeletal system, physiological, and pathological processes in various 

tissues and organs, including lungs, blood vessels, heart, muscles, tendons, bones, 

and cartilage, as highlighted in Figure 2b [27], opening the path to further studies 

aiming to the regeneration and reparation of damaged living tissues, in the 

scenario of regenerative medicine. 

1.3 Mechanical stimulation of cells 

Tissues and organs of mammalians are mostly composed by different types of 

cells and extracellular matrices, possessing mechanical properties widely 

different. As an example, the Young modulus of such tissues can range from 100 

Pa to 10 kPa. Considering osteoblasts, their Young modulus has been found to be 

in the range 3.5-4.2 kPa, [28], very similar to the one of fibroblasts, which has 

been found to be in the range 2-5 kPa [29]. Other tissues such as myoblasts and 

endothelial cells have been found to be characterized by Young moduli of around 

11 kPa [30] and up to 3 kPa respectively [31]. A lot of variation on the overall 

mechanical properties of the various organs composed by the cells described 

above is thus expected, for example comparing soft tissues such as the ones 

composing heart, lungs and skin and hard tissues composing bones. As a result, 

the first tissues possess Young moduli with values ranging around 10 kPa, while 

musculoskeletal tissues tend to be extremely dense and packed compared to the 

first ones, with elastic moduli as high as tens of GPa. 
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Figure 3 a) Elastic moduli of the principal types of tissues b)-e) principal 

mechanisms to modify the stiffness on gels and on pillar substrates. Reproduced with 
permission from John Wiley and Sons. 

The composition and topology of the tissues described above thus affects directly 

the overall mechanical properties of such tissues. A lot of studies have been 

performed trying to investigate the role of the extracellular matrix stiffness and 

topology on the development of tissues and their mechanical properties. [32]. 

Such studies are mainly characterized by the employment of hydrogels to mimic 

the surrounding cell environment and study the effects of different structures by 

cross-linking such polymers following different topologies, in order to assess how 

different shapes are capable to influence cell behavior. Hydrogels are very 

convenient to perform studies of this kind, since their Young modulus is 
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selectable in the range between 10 and 100 MPa. Such materials can be made by 

different compounds, such as collagen, fibrin, hyaluronic acid, which are natural 

sources of gels, or from artificial polymeric compounds like gelatin methacryloyl 

(GelMA), polyethylene glycol (PEG) and poly(dimethylsiloxane) (PDMS) [30]. 

The mechanical properties of such materials can be easily controlled by acting on 

the concentration of their precursor compounds [33], [34], namely a low precursor 

concentration translates into a low stiffness and thus softer gels, while vice versa,  

a high precursor concentration translates into high stiffness and thus harder 

materials. Gel stiffness can also be modulated by acting on the exposure time to 

UV light, considering materials who are cross-linkable by light radiation, as 

highlighted in Figure 3b [35]. Another method to modulate the stiffness of such 

gels is the introduction of a second chemical crosslinker into the pre-crosslinked 

network, as shown in Figure 3c [36]. Finally, external physical and chemical 

stimuli such as pH and temperature have also been shown to be useful to modulate 

gel stiffness, as highlighted in the scheme of Figure 3d [37]. It is worth noting 

that, such methods are certainly very useful tools to modulate gel stiffness easily, 

but the drawback of such processes could be the structural changes produced by 

the employment of widely different crosslinkers concentration, which can result in 

structural changes in the final gel [38]. Gel stiffness can also be modulated 

mechanically, introducing external sources such as nanofibers and particles, 

resulting in a two-phase compound, and by creating anisotropic structures 

following freeze casting methodologies [39]–[41]. The drawback of the latter 

methods is the resulting change in gel nanostructure and chemical composition, 

thus making these methods not suitable for certain experiments. The introduction 

of such physical changes in gels could result in an effective modulation of their 

stiffness (and thus density), maintaining intact other properties. In Figure 3e is 

highlighted the modulation of such parameters in pillar-like structures by acting 

on the geometry of pillars. A lot of materials can be employed to build such 

structures, such as poly(dimethylsiloxane) (PDMS), metallic glasses and 

polyurethane acrylate (PUA) [42], [43]. Another aspect widely considered is 

viscoelasticity, which is found to be a parameter strongly influencing the 

mechanical properties of cell environment, thus translating in direct effects on cell 

development. Several material science approaches have been used to investigate 

the role of substrate relaxation on cell behavior. This includes the modulation of 

both polymer concentration and covalent crosslink density in hydrogels [44], the 

use of different quantities of covalent crosslinkers characterized by different 

affinities and lifetimes [45], the use of covalent versus physical crosslinking [46], 

and also acting on the molecular weight of the polymer and adding spacer 
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material [47]. Viscoelastic hydrogels developed by the methods discussed above 

differs from purely elastic materials and are more similar to physiological ECM, 

which are complex viscoelastic structures. Nevertheless, it is important to 

consider that changes in the chemical nature of the crosslinker (covalent or 

physical crosslinking) and the addition of spacer material can influence cell 

behavior that is independent of the resulting changes in the mechanical properties 

of the substrate. It has been shown that substrate stiffness can trigger a variety of 

cell responses, including spreading, attachment, migration, proliferation, 

osteogenic differentiation, adipogenic differentiation, chondrogenesis, neurogenic 

differentiation, myogenic differentiation, endothelial differentiation, and 

phenotype maintenance [34], [37], [48]–[51]. A lot of studies have been carried 

out employing focusing on the very first events occurring during cell 

development, such as proliferation, attachment and migration using simple 2D cell 

cultures. Recent studies are pushing research towards different more complex cell 

cultures such as the 3D organoids/spheroids and the formation of cultures in 

which the tissue structure is recreated, trying to simulate the in vivo conditions in 

the development of biomaterials for precision medicine.  

1.4 Fabrication techniques 

As was already noted, the content and structure of the extracellular matrix vary, 

which is why various tissues and organs have distinct mechanical characteristics. 

The collagen fibers that make up the extracellular matrix are randomly arranged in 

certain organs, like the lungs and liver, but they are aligned in other tissues like 

tendons, providing the latter tremendous tensile strength and good hardness. In 

Figure 4a is highlighted a scheme providing some basic information on the 

extracellular matrix structure. Collagen nanofibrils, which have a finely aligned 

pattern and are integrated with hydroxyapatite nanocrystals, compose the 

extracellular matrix of the bone's framework. Tissue from bones has outstanding 

mechanical qualities, including high tensile and compressive strength, as well as 

high stiffness and great toughness, due  to its highly aligned, anisotropic, and dual 

structural arrangement [52]. The toughest tissue in the human body is enamel on 

the teeth structure. Due to its high mineral phase composition and distinctive 

design, enamel found in teeth possesses remarkable structural and mechanical 

qualities [53]. The living organisms can sense and react to a variety of 

topographic signals through mechanical transduction that may be identical 

to those of the extracellular matrix. The cells not only secrete a matrix with 

distinct topographical features, as described in the case of the ECM of the 
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muscleskeletar system. Subsequent  intracellular signals that result in a wide range 

of cellular responses in terms of proliferation, attachment, migration 

and differentiation, are caused by the perception of topographic aspects of the 

extracellular environment by the surrounding cells [54]. In addition, the way that 

cells create and arrange their natural surrounding matrix can be significantly 

influenced by topographic features. For instance, it has been demonstrated that 

cells such as fibroblasts, tenocytes, osteoblasts and gut cells may create precisely 

aligned collagen fibers when exposed to substrates characterized by a 

nanopatterned topography  [55]. Biomaterial development for regenerative 

medicine applications has made use of the capacity to control cell activity and 

their surrounding matrix structure using topographical stimulations. Various 

sophisticated manufacturing technologies and material synthesis techniques have 

been used to create a range of topographical designs up to this point, such as 

 grooves, crests, grids, curved arrays, vertical arrangements, matched fibers, 

nanoscale textured surfaces, porous arrangements, filament arrangements,  and 

wrinkles, as highlighted in Figure 4b [55]–[66]. Porous layers are another type of 

topographic feature [67] and emulating natural surface features like foliage, insect 

wings, and natural materials. 
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Figure 4 a) ECM structures exhibited by living tissues b) different types of 

geometries artificially fabricated to recreate the topography of living tissues. Reproduced 
with permission from John Wiley and Sons. 

The application of modern fabrication and synthesis techniques is intrinsically 

related to the production of such a wide variety of topographic patterns. These 

methods are divided into several branches based on the production principle, 

including lithographic printing, pattern disposal, physical treatments, and 

chemical processes. Lithography is considered as top-down approach for creating 

micro and nanoscale surface patterns is lithography. There are several lithography 

methods, with photolithography being the most used. A predetermined geometric 

design is transferred using UV light during photolithography from a photomask to 

a photosensitive photoresist on a specific substrate. The exposed photoresist 

beneath the mask can be removed after exposure with a solvent, in order to 

display the patterned substrate. The resulting surface design is either etched into 

the substrate in subsequent processes or a coating of a new material is applied to it 

using a wide variety of procedures [68]. Chemical, deep reactive ion etching, and 

plasma etching are the most common etching techniques which can be used to 

fabricate micro and nano devices. Deposition methods include spin coating, 

electron beam deposition, electrodeposition and magnetron sputtering. By 

integrating the technology of photolithography with additional processes like 

hydrothermal treatment, soft lithography and hot embossing, the patterned 

geometry produced by photolithography may be further altered as well as 

transferred to other substrates [69]. Along with the mentioned techniques, other 

extensively used methods include electron beam lithography, X-ray lithography, 

colloidal lithography, and two-photon lithography [66], [70], [71]. Despite being 

very accurate and effective when producing topographic features, lithography-

based methods are only effective in patterning two-dimensional surfaces on a 

restricted number of substrates. In order to transfer their patterns onto the required 

substrate materials, a variety of natural and artificial masters with precise 

topographic properties have been utilized as templates, including foliage, flower 

petals, organic structures, droplets of water and nylon fibers [72], [73]. Their 

predetermined characteristics however, make them more rigid than other systems, 

which is one drawback. Surface topographies have been developed through a 

variety of physical procedures, either top down or bottom up. While certain 

surface treatments, such as physical vapor deposition, deposit a thin film of 

material on the substrate, others, such as laser treatment, sanding and ion 

etching erode the surface of the substrate to form patterns. The majority of these 

procedures, including drilling, polishing, sanding, physical vapor deposition, and 
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electrospraying, are only compatible with few different topography patterns. 

However, it is possible that the underlying material would experience unfavorable 

phase shifts as a result of the high-energy beams used in laser ablation [74]. Even 

in highly aligned forms, electrospinning is a preferred bottom-up technique for 

creating fiber arrays [75]. A variety of topographic features can also be produced 

through chemical techniques such as anodization, which can create nanopore 

arrays, and also wet etching, which can produce surfaces with nanometric 

roughness. Other techniques such as chemical vapor deposition, can create 

vertical arrays and induce crystallization on the surface of the substrate, while 

electrochemical polymerization can create polymeric features with micrometric 

size [76]–[80]. Chemical modifications, which are not just applicable to two-

dimensional surfaces, are promising to add topographic details to three-

dimensional materials and hollow structures. Despite this, controlling topography 

at the required nanoscales is still difficult. Using the techniques described above, a 

variety of topographic features may be developed, allowing the investigation of 

interactions in the surrounding extracellular matrix. The regulation of stem cell 

differentiation and maintenance, as well as the modification of the 

matrix structure, are just a few biological applications where research in such 

areas has demonstrated considerable potential [81]. Despite the fact that many 

different kinds of topographic variables have been discovered and researched up 

to this point, basic concerns concerning the function of these distinct topographies 

remain unanswered. It is also vital to keep in mind that most existing approaches 

are restricted to two-dimensional surfaces and cannot be easily applied to three-

dimensional porous or bulky scaffolds, which are crucial in the field of 

regenerative medicine. However, the degree of control of the spatial organization 

at the micro and nanoscale has limitations in these methods. Some manufacturing 

techniques, such as electrospinning, sintering, blending, etching, and chemical 

treatment, are relevant to three-dimensional materials. To better utilize patterning 

as a method of regulating how cells react to biomaterials and to create smart, 

tissue-inducing biomaterials, it will be crucial to understand the relationships 

between various topographical features and to develop and fabricate methods that 

allow spatially regulated patterning in 3D. 

1.5 Typologies of mechanical stimuli  

The heartbeat, breathing through the lungs, muscular contractions, and bone 

support are just a few examples of the many tissues and organs that operate to 

sustain life on a daily basis. As a result, numerous cells, including muscle, 
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tenocyte, epithelial, endothelial and chondrocyte cells, exist in a dynamic 

environment that is continually changing. Alveolar cells, cardiac muscle cells, 

tenocytes, and muscleskeletal cells frequently switch between relaxed and stressed 

states. While walking, leaping, and running compress chondrocytes in cartilage, 

blood flow continuously exposes vascular endothelial cells to shear stress. As a 

result, mechanical forces are believed to be significant throughout the life of an 

individual, from morphogenesis in the very first stages of cell growth to 

the development and maintenance of cells and organ functionality after birth. 

Evidence is that while muscular mass and size tend to decline when an human 

is restricted to resting for extended periods owing to sickness, appropriate 

physical exercise can enhance muscle cell proliferation, leading to larger and 

stronger muscles. Heterogeneous muscle fibers with different physiological and 

metabolic characteristics composes skeletal muscle. Due to their diversity, several 

muscle groups can offer a range of functional characteristics. Skeletal muscle 

adapts to its environment by reprogramming gene expression through the 

activation of signaling pathways, which maintains muscular function. Recent 

research has used a variety of stimulation techniques, including lifting weights, 

electric stimulation, microgravity, and sick circumstances, to demonstrate how the 

genetic structure of muscle fibers changes in accordance with functional demands. 

Skeletal muscle remodeling has been demonstrated to involve many transcription 

factors, gene activators, and repressors as well as calcium-dependent signaling 

pathway components. The development of novel therapeutics that focus on 

treating sick states will undoubtedly benefit from an understanding of the 

processes behind the modification of skeletal muscle characteristics [107]. Several 

research using external mechanical stimulation of cells and tissues have been 

carried out so far in order to explore how mechanical forces impact cell activity, 

tissue development, and regeneration. Tension forces, shear forces, and 

hydrostatic pressure are the four categories into which the diverse mechanical 

stimulation modalities are divided. 

1.5.1 Tension forces 

In order to apply mechanical deformation in cellular in vitro models, flexible 

membranes are typically used. These membranes can either be deformed through 

the application of fluid or gas force (either positive or negative) to a permeable 

flexible membrane from one end, as schematically shown in Figure 5, or they can 

be stretched in one direction by stretching a particular membrane region. In the 

1990s, first-generation of cell stretching systems were created with the intention 
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of causing uniaxial stretch in bi-dimensional cell models of simpler cells, notably 

muscles. 

 

Figure 5 a) Structure of a lung on a chip in which the barrier between endothelium 
and epithelium is recreated b) mechanism to mimic the stretching forces on the tissues. 
Reproduced with permission of Springer Nature. 

Cyclic stretch is necessary for muscle development because the mechanical 

transduction processes that underlie myogenesis are controlled by stretch-sensitive 

ion channels that, once triggered, alter calcium homeostasis, which controls the 

fate of cells (proliferation or differentiation) [82]. Other tissues may not be as 

dependent on this mechanical input, yet tensile stress can still have an impact on 

their physiological and pathophysiological condition. Stepper motors have also 

been used to stretch silicon chambers in some systems [83]. The diameters of the 

chambers have been decreased and merged into sealed chambers and channels to 

apply this concept to organ-on-a-chip devices, in which  typically, membranes are 

put between neighboring channels or cultured areas usually made of  PDMS. [84]. 

Such membranes can be punctured during construction to allow for efficient 

molecular exchange and cell-to-cell transmembrane communication. These organ-

on-a-chip models mostly replicate the lung, but they also include other tissue 

models into similar chip systems for investigating different organs such the 

intestine [85]. Applied strain forces are reported as either linear, superficial, 

circumferential, or radial strain. Linear strain-the predominant variant-has been 

reported to induce up to 50%, while most devices induce around 10% [86]. The 

resulting surface strains are usually somewhat higher - up to 60% - and the 
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circumferential and radial stresses are usually less than 20% [87]. Despite these 

variations in tension forces, strain frequencies for all organ models average about 

0.2 Hz and rarely exceed 1 Hz. However, current research fusing PDMS-

made membranes together with microelmechanical platforms has paved the way 

for extremely miniature membranes that allow the generation of strain frequencies 

as high as 870 Hz, allowing even the most extreme physiological conditions, like 

blunt force trauma, to be studied  [88]. A lot of measures must be taken to prevent 

the change in the amounts of given pharmaceuticals and stimulants since silicone-

based membranes can absorb hydrophobic compounds not only via surface 

contacts but also by diffusion of molecules through the pores of the polymer. 

Alternative materials are, however, infrequently employed as stretchable 

membranes. Reliable bonding for PDMS devices is achieved by low-pressure 

plasma ignition and following assembling of the membrane to the neighboring 

layers [89]. In other processes, the membranes are fixed between the surrounding 

layers, often as the prepolymer is curing. To achieve full depletion of 

chemical precursors which are extremely hazardous to cells, such curing 

operations should be carried on beyond the period indicated in normal procedures, 

which turns out to be at least 36 hours [90]. Biocompatibility of adhesive 

compounds must be extensively verified. Membrane clipping is an alternative, 

however it frequently results in fluid loss or the development of air bubbles. Cell 

cultures are cultivated on flexible surfaces including rubber made from silicone, 

polyurethane, and PDMS structures coated with fibronectin, in order to emphasize 

the impact of tensile stress on cell activity in two-dimensions [91]–[93]. The cells 

cultured directly over the substrate were exposed to cyclic strain by pressing a 

penetrator on the substrate, as shown in Figure 6a. As illustrated in Figure 6b, 

another method for generating cyclic stress in cells involves applying 

programmed negative or positive pressure to an elastic substrate. Since polymer 

tubing enables the delivery of air/fluid pressure from the pumps towards the target 

device, a large portion of the pump system may be installed outside of the 

incubator, which makes it more practical to employ. Instead of using cells planted 

on an artificial substrate in a three-dimensional substrate, cell-loaded 

polymers, decellularized tissues and cell sheets have been also applied. The three-

dimensional substrates were either planted directly using two straining clamps or 

set on additional flexible substrate supported again by straining clamps to study 

the impact of cyclical stress stimuli on the cells, as illustrated in Figure 6c. In 

certain instances, the test specimens were subjected to cyclic bending which was 

powered by mechanical forces or pressure, as illustrated in Figure 6d [94]. The 

tensile force produced by bending was often less uniform compared to the force 
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produced by extending the clamps. A few in vivo investigations have been carried 

out where mechanical force was directly delivered to in vivo organisms in 

addition to the aforementioned in vitro research. It's noteworthy that some studies 

demonstrated exceptional hair regrowth in mice when the right tensile force was 

given for the right amount of time [95].  

1.5.2 Shear forces 

Applying shear forces, which are induced by fluid flow and can, for instance, 

represent blood flow throughout capillaries or interstitial circulation through bone 

matrix, is the simplest approach to impart mechanical stresses to cells. The 

physical phenomenon starts off easily with a laminar flow occurring inside a 

straight fluidics in which cells are directly grown and attached to the inner 

surface, but it may become quite complex when for example, blood cells are 

introduced to the fluid. The above problems directly affect experimental setups 

should be taken into account during the development of such systems. [96]. 

Moreover, since continuous food delivery and waste disposal in cell culture 

models often are affected by medium perfusion, flow-induced shear forces are 

frequently challenging to minimize. Shear forces are usually expressed in dynes 

per square centimeter, namely 

 1 𝑑𝑦𝑛 ∙ 𝑐𝑚−2 = 10−5𝑁 = 10−1𝑃𝑎 

 

(1) 

Considering endothelial cell cultures, physiologically relevant shear stresses 

forces vary from about 10 to more than 50 dyn/cm2 while for bone osteoblasts, 

forces between 8 and 30 dyn/cm2 have been reported in a very simplified cell 

model [97]. In order to prevent consequences that differ from in vivo conditions, 

other tissues might require to be shielded from shear stresses. Highly 

mechanosensitive cells are susceptible to shear stresses at considerably lower 

levels, hence fluid flow conditions and the layout of chips must be carefully taken 

into account. As an example, muscle cells have been shown to respond to forces 

of less than 0.1 dyn/cm2 [98]. The shear forces induced by fluid flow can be 

approximated using the wall-shear rate model [99]: 

 
 𝜏 = 6 ∙ 𝑄 ∙ 𝜇𝑤 ∙ ℎ2 

(2) 
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 𝜏 = 6 ∙ 𝑄 ∙ 𝜇𝜋 ∙ 𝑅3 

(3) 

 

in the case of a rectangular channel (2) and of a circular tube (3). In the equations, 

Q represents the volumetric fluid flow rate, μ is the dynamic viscosity of the fluid, 

h and w are the height and width, respectively, while R is the inner radius of the 

pipe. The fluid mechanics are most influenced by the inner radius or channel 

height characteristics, which also affect whether or not the device tends to 

produce large or small shear forces. They are thus the most crucial geometrical 

limitations for device design. Application of pulsing shear forces vs steady shear 

forces, in instance, can have distinct outcomes [100], which take place, for 

instance, in medium perfusion driven by peristaltic pumps. To increase their 

medicinal value, such patient-derived data may be converted to in vivo imitating 

on-chip models. Directly printing cells on a gel matrix is a new method for 

creating three-dimensional cell models. However, these printing techniques 

include large shear stimuli that may cause necrosis or cell damage [101]. Research 

on the long-term consequences of these shear stresses can help to enhance this 

adaptable technology by giving useful information. It is possible that other 

factors can affect experimental results, as an example, it is suggested that models 

used to test medications are capable to modify shear stimuli since 

mechanobiological factors have been demonstrated to alter drug delivery 

outcomes [102]. The many ways through which shear stresses induced by the 

flow affected the cell models under investigation, show how complexly biological 

systems interact with artificial environment, emphasizing the importance of 

design and evaluation. Here three key examples of how to provide shear stress to 

cells in two-dimensional cultures are discussed, which are often caused by fluid 

movement as is indicated in Figure 6e. 
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Figure 6 Artificial methods employed to simulate shear and tensile forces on living 
tissues. Reproduced with permission from John Wiley and Sons. 

In the first instance, cell culture media was pushed through a static cultured 

chamber in which cells were grown, providing a constant flow that provided a 

shear stress to the cells [103]. In the second instance, the cells were planted in a 

surface following an orbital rotation. Once the culture plate vibrated, the culture 

medium became turbulent, applying shear stresses to the cells [104]. In the latter 

example, dynamic flow has been generated in the medium used to grow cells by 

spinning a cone instead of pumping or vibrating the media throughout the 

chamber [105]. Comparatively, the first technique produced the most consistent 

shear stress, whereas the second technique had the simplest setup. As indicated 

in Figure 6f, permeable scaffolds and gels were utilized to hold the appropriate 

cells while we investigated the consequences of shear stress in three-dimensional 

systems. These scaffolds have occasionally been loaded using a shear motor and 

put in stirred tanks or incorporated into perfusion systems.  
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1.5.3 Hydrostatic Pressure 

Despite the fact all the cells composing the human organism are frequently 

compressed by gravity and body motion, only a small number of tissues require 

continuous dynamic and cyclical mechanical strain for growth and maintenance. 

The main stimulus for bone remodeling processes is this force framework [106], 

[107]. Some devices can simulate this early stage of cartilage formation, however 

many of them do not include this mechanical stress as an input. Nevertheless, 

models have been presented that incorporate mechanical input for chondrocytes 

and bone cells in artificial scaffolds, but compared to bones, these models are not 

sufficient to accurately capturing the cellular diversity and, consequently, the 

complex functions of the interactions occurring within in vivo bone tissue [108], 

[109]. The models that most nearly mimic in vivo environments currently utilize 

bone cells formed in in vivo conditions and subsequently implanted in chip 

systems where they can be successfully analyzed, since building such a complex 

tissue still requires technological advancements in integrated scaffold creation 

[110]. Current microvascular in vitro chip systems, however, do not take into 

account the intricate structure of the calcified skeletal matrix and instead 

concentrate on simpler bone models, such as those involving differentiation of 

skeletal stem cells or osteocyte integration. The models are comparable to chip 

devices designed to create mechanical loading because they employ multilayer 

soft polymeric devices with integrated flexible membranes that may be pushed 

into the cells. The models also feature dynamic mechanical loading. The applied 

mechanical load is specified either in terms of pressure, or in the description of 

the experimental setup utilized, involving parameters such as the compression 

distance or the loading force. The simplest approach reported in the literature for 

applying stress to cell layers cultivated in two-dimension was to apply a constant 

weight to the cells, as illustrated in Figure 7a, or to raise the hydrostatic pressure 

on the air around the cell culture by using a piston. These techniques allow for 

continuous, static, or cyclic compression stimulation. By incorporating the cells 

onto microfabricated devices and placing them beneath a deformable membrane, 

dynamic compression was made possible. The elastic membrane can be 

deformed under positive pressure, compressing the cells as a consequence. The 

membrane restores its natural form once the pressure was released, and the 

cells compressive force is thus decreased [111]. As shown in Figure 7a, the device 

can be constructed in such a way that it is possible to apply several pressure 

stresses to the cells of interest at once. The test environment may be converted 

from two-dimensional to three-dimensional by simply adding cell-loaded gels in 
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place of the original microfabricated devices' cells. As indicated in the scheme of 

Figure 7b, it is possible to stimulating various cell culture structures in a system at 

once with various pressure levels. The majority of these research applied cyclic 

stress stimuli to cell-loaded three-dimensional scaffolds both in a longitudinal or 

transverse way, using a mechanically powered constant/alternating load, as 

illustrated in Figure 7c. This technique can compress the material uniformly, but 

since the entire equipment is often somewhat big, it cannot be used for tissue 

culture. In vivo studies involving animals such as mice and rabbits have all been 

used [112], [113], demonstrating how compressive stress affects the formation 

intramembranous bone connectors as well as bone growth. It is quite simple to 

apply hydrostatic pressure to the appropriate cells and tissues as compared to 

both tension and shear stresses. The target cells are frequently positioned in a 

sealed space in with the hydrostatic pressure is increased in a controlled manner. 

The hydrostatic force is applied to the surrounding surface, and subsequently also 

on the samples, by supplying a constant or cyclical hydrostatic pressure to the 

liquid in the chamber. Diverse cell activities, such as differentiation, migration, 

apoptosis, and proliferation, can be controlled by hydrostatic pressure. Pathologies 

include glaucoma and reshaping in hypertensive diseases are linked to abnormal 

hydrostatic pressure values. Cartilage and bone formation have been found to be 

stimulated by hydrostatic tension [114], and has an immediate impact on lung 

tissue. The behavior of cells in the tissues of the brain, eye, blood vessels, and 

cartilage is controlled by hydrostatic pressure, and recent, major in vitro 

experimental work has demonstrated how the responses of cells in various tissues 

to this stimulation can vary dramatically. Elevated hydrostatic pressure has been 

shown to causes cell elongation in endothelial cells without cell realignment or 

cytoskeletal change [115]. By upregulating micro-ribonucleic acid (Mi-RNA), an 

increase in hydrostatic pressure encourages the proliferation of muscular cells in 

humans [116], [117]. High hydrostatic pressure causes the potential of the 

receptor vanilloid 1 of the retinal ganglion cells to be upregulated and raises 

intracellular Ca2+, which causes cell death [118]. Hydrostatic pressure causes 

ATDC5 cells to differentiate into chondrocytes over time [119]. Additionally, it 

has been demonstrated that increased hydrostatic pressure causes leukemia cells 

K562 and HL60 to shrink, while lung cancer cells A549 and CL1-5 increases their 

volume [120]. There is an urgent need to understand what drives these different 

hydrostatic pressure-regulated cell behaviors. The understanding of how 

biological reactions to mechanical stimulation are triggered has greatly benefited 

from the design and development of the broad spectrum of devices that are 

capable of applying mechanical stresses to cells and tissues that have been 
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documented so far. However, several of the above-mentioned devices are highly 

sophisticated, making them unavailable as common laboratory techniques. 

Furthermore, due to their complexity, it is challenging to extend their in vitro 

application to in vivo experiments. Even if some studies have been conducted 

using animal experiments, it appears improbable that identical procedures can be 

implemented to humans in the near future. However, the noninvasive use of 

mechanical stresses is a potential way to get beyond this problem. 

 

Figure 7 Scheme of different techniques used to apply compression forces on living 
tissues. Reproduced with permission from [121]–[123]. 

As an example, acoustic force stimuli have been successfully applied to cells 

using sound waves to induce cell patterning, as highlighted in Figure 7d. Figure 

7e illustrates the application of a tensile stress to cells by controlling 

their temperature using a gel matrix sensitive to heat. Similarly, a magnetic field 

has been employed to deform magnetic scaffolds loaded with cells, thus applying 
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a mechanical force directly to the cells, as shown in Figure 7f [121]–[123]. 

Researchers may utilize all of these techniques as inspiration to create cutting-

edge materials and tools for the mechanical stimulation of in vitro biological 

experiments. 
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Chapter 2 

Organic Electrochemical 

Transistors 

2.1 Introduction 

Organic Field-Effect Transistors (OFETs) and Organic Electrochemical 

Transistors (OECTs) represent two classes of Organic Thin-Film Transistors 

(OTFTs), respectively. The difference is that OECTs employ an electrolyte 

instead of a traditional dielectric with dipoles between the channel and gate. 

OECTs can be identified by this distinction, which also gives rise to their unique 

electrical properties. OECTs gate-channel capacitances can reach tens of mF cm-2, 

which is three orders of magnitude more than current high-k dielectrics. This is 

mostly due to the huge capacitance of electrolytic dual layers and the capability of 

ions to permeate organic semiconductors [124]. OECTs have outstanding signal 

amplification qualities and are able to work at very low voltages (below 1 V) 

thanks to their huge gate-channel capacitances. For example, the transconductance 

of OECTs can be greater than 500–800 Sm-1, above the usual capacitance of most 

OTFTs, which is greater than conventional thin-film transistor technologies [125]. 

OECTs are particularly intriguing for applications in the area of wearable 

devices and biosensors since they also utilize materials that display mechanical 

flexibility (with a modulus of elasticity of several hundreds of MPa) and can be 

biofunctionalized [126], [127]. OECTs have been used by researchers for many 

different kinds of applications, including digital logic and neuromorphic 

engineering in addition to those that are explicitly connected to biological 
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sensing, as a result of these characteristics [128]–[131]. Several studies describing 

the operation of OECTs have been published as a result of the potential efficiency 

of such devices in various fields, which has stimulated study into the physics of 

OECTs. In this chapter, we go over current frameworks for various sides of 

OECT performance and demonstrate how the knowledge gained from them may 

be used to optimize and characterize OECTs. We also point out areas of study that 

need to be analyzed more deeply in order to comprehend the physics of such 

devices. First, section 2.1 provides a foundation on the OECT's guiding principles. 

The effects of device geometry on OECT behavior are then discussed in Section 

2.2, along with how channel size might be selected to get the best performance. 

We cover several transient response models for OECTs in Section 2.3 and 

illustrate how an appropriate transient model results in a more precise 

interpretation of OECT observations. We discuss the consequences of parasitic 

resistance in series to the polymeric channel in Section 2.4 and offer several 

solutions for mitigating these effects. Finally, we discuss how the energy and 

structural disorder of polymeric semiconductors influences the behavior of OECT 

in Section 2.5.  

2.1 Device physics of OECTs 

Source, drain, and gate are the three metallic electrodes which make the 

conventional configuration of an OECT, as can be observed in Figure 8. A 

polymeric semiconductor channel built right between the source and drain 

electrodes serves as the active channel. The modification of the channel current 

operating on the gate potential is made possible by a liquid medium connecting 

the channel with the gate, as shown in Figure 8a. The semiconductor can be either 

a p-type material, which conducts holes, or an n-type one, which conducts 

electrons. For the sake of simplicity, we exclusively examine p-type devices in 

this chapter; nevertheless, the topic is also applicable to n-type semiconductor-

based OECTs. The usual potentials and currents within an OECT are denoted in 

Figure 8b. In typical circumstances, the source electrode is grounded, and an 

electronic current, ID, is driven across the channel between the source and drain 

electrodes by a steady bias voltage on the drain electrode, VD. The device's output 

current, i.e., the drain current, may be modulated by changing the gate voltage VG, 

as was already indicated. This modulation results from the ionic charge 

carriers forced diffusion into the active channel through the electrolytic solution 

due to the gate voltage. In this case, the ionic charge carriers provide charge 

balance to the holes, modulating their concentration and, in turn, the electrical 
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conductivity of the active channel. In an OECT device, the electrons (or holes) 

transport the channel current. The gate current, or IG, which is transported by the 

ions in the electrolytic solution and supplies the ions neutralizing the electronic 

charge in the channel, is the ionic current that is generated by the electrolyte 

solution and directed towards the channel, as noted in Figure 8b. The gate current 

is solely capacitive and goes away in steady state because the source/drain 

electrodes prevent ions from moving and do not permit direct transfer of charges 

in a faraidic manner. The comparison between these two devices offers more 

information on how OECTs operate even if their behavior, as mentioned above, 

varies greatly from that of typical metal-oxide-semiconductor field-effect 

transistors (MOSFETs). The insulating material placed among the gate and the 

channel is the key distinction between these transistors. In contrast to OECTs, 

which have an electrolyte solution with mobile ions, MOSFETs have an oxide 

dielectric with nearly immobile dipoles that are strongly bound to their place by 

the SiO2 lattice. As seen in Figure 9a, the gate voltage of a MOSFET polarizes the 

electrical dipoles of the oxide and produces a potential field that leads to the 

accumulation of holes within the channel along the interface between 

semiconductor and dielectric. In an OECT, as shown in Figure 9b, the gate-

induced electric field forces ions into the device channel, causing holes to 

accumulate over the whole volume of the semiconductor film rather than at the 

interface between semiconductor and electrolytic solution. The high capacitance 

connected across the interface between gate electrode and polymeric 

semiconductor in these transistors is caused by this charge accumulation, which 

distinguishes an OECT from other electronic components. Although there are 

many differences between an OECT and a MOSFET, the physics of MOSFETs 

may still be used as long as the bulk capacitance of OECTs can be substituted 

with the capacitance associated with the MOSFET's interface [33]. For instance, 

D. Bernards and G. Malliaras' early model of OECT behavior (referred to as the 

"Bernards model") mainly depends on the comparison to MOSFET behavior [38]. 

The same collection of variables that explain the drain current in long-channel 

MOSFETs are employed in this model to describe the characteristics of electronic 

transport of charges in an OECT [46,47]. One has 

 

𝐼𝐷 =  𝜇𝐶 ∙ 𝑊 ∙ 𝑑𝐿 [1 − 𝑉𝐺 − 12 𝑉𝐷𝑉𝑇 ] ∙ 𝑉𝐷  𝑤ℎ𝑒𝑛 𝑉𝐷 > 𝑉𝐺 − 𝑉𝑇    
 

(4) 
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𝐼𝐷 =  −𝜇𝐶 ∙ 𝑊 ∙ 𝑑𝐿 [𝑉𝐺 − 𝑉𝑇]22𝑉𝑇   𝑤ℎ𝑒𝑛 𝑉𝐷 < 𝑉𝐺 − 𝑉𝑇    
 

 
 
 

(5) 

 

 

 

Figure 8 a) Scheme of an OECT with the gate electrode surrounded by an electrolyte 
medium, when a negative voltage is applied to the gate electrode. b) electronic diagram 
highlighting the various contributions to the channel current. Reproduced with permission 
from Elsevier. 

Where ID is the current of the channel, W, d and L are the geometric features of 

the channel i.e. width, thickness and length, mu the mobility of the charge carriers 

inside the channel, C the capacitance per unit volume. In the equations are also 

highlighted the electric parameters of the OECT in the same manner of a 



 27 

 
MOSFET device, i.e. the voltage applied to the gate and drain electrodes (VG and 

VD respectively) and the threshold voltage VT. From equation (4), one can 

calculate the transconductance gm of an OECT, defined as  

  

𝑔𝑚 = 𝜕𝐼𝐷𝜕𝑉𝐺     
 

 
 
 

(6) 

For applications like biological sensing, digital electronics, and brain-like devices 

which employ OECTs designed as signal amplifiers, this the quantity establishes 

the rate at which an OECT amplifies a signal at the gate electrode. In these 

situations, the impact of the gate voltage on the drain current that flows via the 

OECT channel is measured. This implies, for instance, that the transconductance 

is inversely correlated with the magnitude of the signal measured on an OECT-

based biological sensor. The Bernards Model also covers the transient behavior of 

such devices, despite the fact that equations (4) and (5) are excellent mathematical 

representations for the steady-state explanation of an OECT. This may be 

accomplished by describing the flow of ions occurring between the gate 

electrode and the channel itself as an equivalent circuit constructed by a resistor in 

series with a capacitor and using a quasi-static estimation of the distribution of 

charges inside the OECT channel, as illustrated in Figure 8.  

 

Figure 9 Comparison between a MOSFET (a) and an OECT (b). In a MOSFET the 
charge carriers in the insulators are locked on their position, while in an OECT they can 
move through the electrolyte solution and penetrate the channel. Reproduced with 
permission from Elsevier. 

This model suggests that the equivalent ionic circuit modelled between the gate 

electrode and the semiconducting polymer defines an RC time constant that 

describes the reaction period of the drain current whenever the gate voltage 

changes. The Bernards Model is frequently used to define OECTs in a variety of 

applications due to its simplicity. In addition, we will make frequent references to 
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this model throughout this chapter since it provides the foundation for many more 

in-depth explanations of OECT device physics. 

2.2 Tuning OECT performance 

The most popular techniques for fine-tuning device shape to improve OECT 

performance are covered in this section. We will define scalability rules for OECT 

transconductance gm and topology in particular and explain how these factors 

impact the functionality of OECT-based sensors. As stated in the preceding 

section, equations (4) and (5) may be used to derive the transconductance, which 

can be defined as the derivative of ID with respect to IG. One has 

 

𝑔𝑚 =  𝜇𝐶 ∙ 𝑊 ∙ 𝑑𝐿 ∙ 𝑉𝐷  𝑤ℎ𝑒𝑛 𝑉𝐷 > 𝑉𝐺 − 𝑉𝑇    
 

(7) 

 

𝑔𝑚 =  −𝜇𝐶 ∙ 𝑊 ∙ 𝑑𝐿 ∙ [𝑉𝐺 − 𝑉𝑇]  𝑤ℎ𝑒𝑛 𝑉𝐷 < 𝑉𝐺 − 𝑉𝑇    
 

 
 
 

(8) 

 

OECTs and MOSFETs vary significantly in that the first is characterized by 

a transconductance which scales also with thickness rather than only with their 

width, whilst the latter have a transconductance only related to the ratio W/L. This 

crucial distinction results from the fact that only the charge carriers concentration 

at the semiconductor-dielectric interface is affected by field-effect doping [132], 

while semiconductor bulk carrier density is modulated by electrochemical doping 

[133]. In order to create OECTs with high conductance without enlarging the 

devices' width, scientists and engineers use the mass doping effect, which results 

in the relation between the transconductance gm and d. Since the proportionality 

constant includes the product of volume capacitance C and charge carrier 

mobility, both of which are variables associated to both the electronic as well as 

ionic features of the polymer utilized to fabricate the channel, the proportionality 

is important for both device design and material development.  
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Figure 10 Peak transconductance as a function of the geometrical parameters of an 

OECT, for different channel materials. Reproduced with permission from [134]. 

The product between volume capacitance and mobility thus needs to be balanced 

and represents a performance metric for mixed ionic/electronic conducting 

materials. It follows that by creating OECTs with various geometries and taking 

into consideration the fact that transconductance is an indicator of the term Wd/L, 

one may evaluate the efficiency of materials. Another important characteristic that 

may be adjusted by changing the device topology is the speed at which the drain 

current of an OECT reacts to a change in the gate voltage. An exponential 

mathematical model using the RC time constant of the ionic circuit that can be 

represented between the gate electrode and the channel as its input may be used to 

adjust the rate of response for the current flowing throughout the semiconductor to 

a gate voltage step, and can be calculated as 

  𝜏 = 𝑅𝑆 ∙ 𝐶𝐶𝐻  
 

 

(9)  

where RS is the resistance associated to the ionic solution and CCH the channel 

capacitance. of the ionic current circuit modeled along the gate and the channel 

[135]. Impedance spectroscopy, for example, may be used to measure the solution 

impedance and the channel capacitance, demonstrating a direct correlation 

between the latter and the device's geometrical characteristics [136]. As shown in 

Figure 10, the slope of the curve highlighted gives the volumetric capacitance of 

the device. Considering one of the most used semiconductor polymer, i.e. 

PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly (styrenesulfonate)), is found 
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that its volumetric capacitance is set around 40 F·cm-3, but other materials are 

characterized by values in the range of up to 500 F·cm-3 [134]. The electrolyte 

resistance which is measured between the gate electrode and the channel, should 

scale with a proportionality constant equal to [W·L]-1/2 [137], [138]. When the 

scaling rules are combined, it becomes clear that the device's time constant is 

proportional to d[WL]-1/2. One must assume that the response period for an OECT 

is identical to that of the equivalent ionic RC time constant for passive conductors 

if one wants to follow the criteria of the Bernards model mentioned in the 

following sections. With these hypotheses, the scaling rule for the time constants 

suggests that by reducing the channel's width and thickness, one may increase the 

device's reaction time while also lowering its transconductance. This implies that 

device shape must be meticulously planned depending on the purpose of the 

device. For instance, when using OECTs as brain activity sensors capable of 

detecting low frequency signals (40 Hz), it can be demonstrated that the frequency 

of such signals is not an issue, but the resulting amplitudes can become as low as 

tens of μV, needing significant amplification [139]. Due to this, OECT-based 

detectors for measures of neural activity should have high Wd/L ratios in order to 

obtain substantial enhancement of signals, even if doing this decreases bandwidth. 

On the opposite side, applications like single neuronal action potential monitoring 

or cyclic voltammetry with quick sampling necessitate the observation of higher 

frequency signals [140], OECTs should therefore be constructed with reduced 

d[WL]-1/2 for such uses. The equivalent capacitance of two capacitors linked in 

series—one at the interface between gate and electrolytic solution, and one at the 

interface between solution and semiconductor, allows for the calculation of the 

channel capacitance of an OECT, namely 

  𝐶𝑒𝑞 =  [𝐶𝐺−𝐸−1 + 𝐶𝐸−𝐶𝐻−1 ]−1  
 

 

(10)  

 

From equations (7), (8) and 9 one can see that the transconductance is thus 

directly proportional to this quantity, while the response time of the device 

increases as the device capacitance decreases. In many applications, one has CG-E 

>> CE-CH, making the gate capacitance negligible. If the gate is made of a 

nonpolarizable material such as Ag/AgCl, the ionic charge can flow through the 

interface between gate and electrolytic solution, and the gate capacitance can be 

considered as an open circuit at low frequencies [141]. A little polarizable gate 

electrode may be utilized in some applications, and Ceq must be taken 
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into account. When enzyme processes take place at the gate electrode, for 

instance, a variation in the potential across the gate and electrolytic solution is 

generated, leading to a change on the gate potential and subsequently altering the 

channel current. In this scenario, OECT biosensors can identify analytes with this 

mechanism. This impact is underlined in Figure 11 for a rising amount of the 

molecule inside the electrolytic solution, demonstrating a significant difference in 

OECT behavior between the cases where the analyte is absent from the electrolyte 

and when it is present. The gate capacitance must be limited since the 

potential drop across the gate and the electrolytic solution is what drives this 

sensing mechanism. In some works, it is shown as the effective gate potential shift 

by a factor 1 + CE-CH/CG-E as the analyte concentration scales [142]. Some broad 

recommendations for improving the device performance by modifying its shape 

are provided by the relations stated for the transistor transconductance, sensitivity 

and bandwidth. Despite this, only at low frequencies (when ions have sufficient 

time to drift over the whole depth of the OECT channel) the volumetric 

capacitance scaling comes into play. This effect can be modeled by a 

characteristic frequency calculated as  

  

𝑓𝐼𝑂𝑁 = 𝜇𝐼𝑂𝑁 ∙ 𝑘𝐵 ∙ 𝑇𝑞 ∙ 1𝑑2  
 

 

(11)  

where μION is the ion mobility inside the channel, kB is the Boltzmann’s constant, T 

the absolute temperature and q the elementary charge [143]. Since the ions are 

unable to penetrate the whole depth of the layer at frequencies beyond fION, only a 

portion of the channel is doped or undoped by the gate voltage, therefore the 

channel capacitance shows a sublinear dependency on thickness. The transistor 

behaves like a field-effect transistor at greater frequencies where the ions have no 

chance to enter the semiconductor [144]. The entrapment of ions in the polymeric 

semiconductor, or when ions fail to travel the complete length of the channel and 

thus the gate potential is altered, is an additional possible occurrence that might 

affect the device's characteristic frequencies. However, additional studies need to 

be done to determine whether this behavior exists and whether it can result in 

reversed OECT operation. Parasitic phenomena like overlapping capacitance and 

contact resistance can negatively affect bandwidth and gm in addition to these 

different frequency-dependent operating conditions. These effects are not covered 

by the scaling rules presented in this section [145]. Such effects are discussed in 
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further depth within Section 2.4, which also takes into consideration the effects of 

transconductance in steady state. 

 

Figure 11 Diagram showing the trend of the potential in absence of the target analyte 
(solid line) and in presence of the target (dashed line). Dotted line shows the effective 
gate potential, required to achieve the same electrolyte potential when Faraidic effects are 
absent. Reproduced with permission from The Royal Society of Chemistry. 

2.3 Transient effects 

 Starting with the Bernards model, the transient response of an OECT can be 

elaborated. The analogy with MOSFET devices is employed to explain the 

electronic transport effects that occur in the OECT channel. An equivalent RC 

circuit is also used to describe the ionic linking between the gate and the channel. 

In this part, we will take a closer look at more intricate mathematical models that 

explain how the transient gate current flow affects ID and how to determine the 

transfer function's relationship to frequency. The transient response is modeled by 

Bernards and Malliaras by defining the estimation which the distribution of 

charges in the polymer at all times can be calculated through the steady-state 

solution for both source and drain potentials VD, VS, as well as by the time-

varying electrolyte potential, vG,sol(t), written in smaller letters to emphasize its 

time dependence, as shown in the scheme in Figure 12. 
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Figure 12 Schematization of the ionic circuit in an OECT when the gate capacitance 

can be neglected. Reproduced with permission from Elsevier. 

The potential just mentioned, vG,sol, is generated from the temporal response 

within this mathematical model, since the drain and source voltages are constant, 

causing the drain current ID to depend only on the transient response associated 

with the corresponding ionic RC circuit. The displacement ionic current, iG(t), 

which is connected to the OECT channel's doping level, and the electronic 

transport current, iCH(t), which is related to the charge carriers' drift between the 

source and drain electrodes, may both be obtained after vG,sol(t) has been derived. 

The formula for iG(t) behaves as follows. 

  𝑖𝐺(𝑡) = 𝐶𝐶𝐻 ∙  𝑑𝑣𝐺,𝑠𝑜𝑙(𝑡)𝑑𝑡  

 

 

(12)  

while the electronic transport current can be calculated substituting vG,sol(t) in 

equations (4) and (5), namely  

𝐼𝐷 =  𝜇𝐶 ∙ 𝑊 ∙ 𝑑𝐿 [1 − 𝑣𝐺,𝑠𝑜𝑙(𝑡) − 12 𝑉𝐷𝑉𝑇 ] ∙ 𝑉𝐷   𝑤ℎ𝑒𝑛 𝑉𝐷 > 𝑉𝐺 − 𝑉𝑇    
 

(13) 

 

𝐼𝐷 =  −𝜇𝐶 ∙ 𝑊 ∙ 𝑑𝐿 [𝑣𝐺,𝑠𝑜𝑙(𝑡) − 𝑉𝑇]22𝑉𝑇   𝑤ℎ𝑒𝑛 𝑉𝐷 < 𝑉𝐺 − 𝑉𝑇    
 

 
 
 

(14) 
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Figure 13 Transient response of an OECT when a square waveform is applied to the 
gate voltage when the ionic transport is faster than the ionic charging (a) and vice versa 
(b). Reproduced with permission from John Wiley and Sons. Copyright 2016 
WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

According to the Bernards and Malliaras model, considering the situation of a 
quadratic gate potential, the time-dependent drain current iD(t) may be determined 
as a weighted sum of the displacement ion current and the drain current, namely 

  𝑖𝐷(𝑡) = 𝐼𝑆𝑆(𝑉𝐺) + ∆𝐼𝑆𝑆 [1 − 𝑓 𝜏𝑒𝜏𝑖 ] ∙ 𝑒𝑥𝑝 (− 𝑡𝜏𝑖) 

 

 

(15)  

where ISS is the drain current in steady-state regime. In the first term of the latter 

equation, ISS is calculated in the point VG, ΔISS is calculated as ISS(t)-ISS(0), f is a 

weighting factor defined as the fraction of the displacement ionic current directly 

contributing to the drain current, τe and τi are the transit time of a single charge 

carrier along the channel and the ionic RC time constant respectively. When the 

electronic transport in the channel is quicker than the ion charging, ID relaxes 

from the starting value to the final one, as highlighted in Figure 13b, while as seen 
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in Figure 13c, ID rises suddenly beyond the starting current value when the ionic 

charge is quicker than the electronic transport in the channel, and then 

it subsequently rises exponentially to the final current [146]–[148]. The weighting 

factor f highlighted in equation (15) has been investigated in several works, 

enriching the Bernards model. Assuming a constant value for f=1/2 (which is 

called the Friedlein Model), the OECT behavior is modeled through the scheme 

shown in Figure 14, with RS and CCH no longer dependent by the voltage [149]. In 

this scenario, one has 

  𝑖𝐷(𝑡) = 𝑖𝐶𝐻(𝑡) − 12 𝑖𝐺(𝑡) 
 

 

(16)  

 

 

Figure 14 Equivalent circuit diagram of an OECT assuming a constant value for 
f=1/2. Reproduced with permission from John Wiley and Sons. Copyright 2016 
WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Two significant conclusions may be determined by the above equation. The 

magnitudes for IS and ID are not identical in the transient response, and ID follows 

a quadratic step from its starting value to its final value. No exponential relaxation 

occurs if the variation in channel current is precisely one half of the peak gate 

current. Considering the two regimes that were previously mentioned and 

underlined in Fig 13 helps to recognize this step reaction. By biasing VD with the 

potential shown below, one may regulate the step response, which is located 

between these two regimes 

  𝑉𝐷 = 𝐿22𝜇𝑅𝑆𝐶𝐶𝐻 

 

 

(17)  

The latter ensures the perfect balance between electronic transport time and ionic 

charge one. Since this mathematical assumption provides further insights about 

OECT behavior, it is only valid when |VD|<<VT-VG. To overcome this limitation, 

it is possible to assume that f depends both on the gate and drain voltages. This 

assumption takes the name of Faria’s Model, an empirical expression for this 

dependence has been extracted from a mathematical fit of experimental data 

[150]. This method is useful to measure directly the f parameter, but with the 

drawback to require a distinct measuring channel to record the gate current. By 

monitoring the gate voltage's reaction to a quadratic step and comparing the 

heights of the spikes in IG and ID, it is possible to determine the value of f using 

this method. In either case, the assumption of a fixed value for f=1/2 previously 

outlined, but still without a clearly defined mathematical model, is refined by the 

empirical derivation of the frequency f by fitting or by measuring it directly. By 

integrating across the mobile charge carriers in the channel and assuming that a 

fraction x/L of the carriers at location x along the channel contribute to the drain 

current and the remaining fraction to the source current, a solution to this problem 

may be discovered. This statement is converted into a voltage-dependent value of 

the parameter f. According to experimental data, this situation yields an analytical 

formula for both the source and the drain current transitory behaviors [151]. It is 

also possible to get a description for the frequency f that describes the charge 

carrier fluxes in OECT using a transmission line framework or a finite element 

time-dependent model. To compute the contribution of the displacement ionic 

current to the drain current, these models are used to compute the time-

varying currents at each location in the channel, which eliminates the need for an 

explicit f-factor. The voltage-dependent capacitance of the transistor may be used 
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to represent the transmission line-like idea, and it could be modified to 

characterize the transient response of OECTs [152]. To the contrary of this model, 

it is possible to undertake a finite element computation involving the time-

dependent two-dimensional drift diffusion for both electrons and ions in the 

OECT channel, demonstrating that its effects are qualitatively comparable with 

the ones of the quasi-static models [153]. To confirm such models and 

demonstrate their accuracy in the high-frequency band, in which the quasi-static 

theory is predicted to fail, additional experimental data are required [154]. 

Overall, the models covered above offer estimations regarding the transient 

behavior of OECTs, which is helpful for the creation of materials and equipment 

employed as active channels in the transistors [155]. The challenge of restoring an 

unknown voltage input, which frequently occurs in biosensing investigations of 

electrogenic cells like heart cells or brain cells, is also addressed by the transient 

models, which enable researchers and engineers to derive unknown voltages from 

recorded current responses. Due to the characteristic polarization that occurs in 

their membranes, electrogenic cells can produce spontaneous voltage signals, and 

if these signals are recorded with an OECT, they can provide a response [156]. 

The voltage produced by the electrogenic cell is the primary signal of interest in 

these types of investigations, even if also the drain current generated by the OECT 

is monitored. By fitting the data from the calibration to a polynomial basis set to 

approximate the transfer function H(s) associated with the device, or by utilizing 

Fourier transformations to avoid polynomial decomposition, one may determine 

the input voltage [150]. The input voltage VG(ω) can be determined as the inverse 

Fourier transform of VG(ω)=ID(ω)/H(ω), where H(ω) is given as a function of the 

radial frequency, VG(ω) and IG(ω) are the Fourier transforms of the voltage across 

the gate and drain current, respectively. In the latter assumption, H(ω) can be 

determined through calibrating the device via impedance spectroscopy. It has 

been demonstrated that, in both of these models, employing transfer functions 

using transitory models yields more accurate results than supposing that the 

change in gate voltage is related to the variation in drain current. The measured 

current in response to a spike in the gate voltage is highlighted in Figure 15a, and 

the Friedlein model's mathematical estimation based on the assumption that f=1/2 

is correct is displayed in Figure 15b. This prediction also accounts for the time 

delay among the signal and the current response, as well as the imbalance in the 

current response caused on by the shift in sign for the gate current during the 

voltage peak, which is well described in Figure 15c and 15 d, where the outcome 

for the Faria hypothesis is emphasized. This also shows that, in such models, the 

imbalance and the time latency are more prominent for bigger OECT channels. 
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Figure 15 Current response to a voltage spike (a) on the gate electrode between 
different models. Comparison between Friedlein Model and the assumption of 
proportionality between drain current and gate voltage (b). Fitting of the gate voltage in 
the Faria’s Model (c). Simulation on drain current for different channel areas (d). 
Reproduced with permission from Elsevier. 

In conclusion, the models just mentioned employ an RC circuit to represent the 

electrolyte and a progressive channel approximation to characterize the organic 

semiconductor in the transient behavior of an OECT. These mathematical models 

for discrete-element circuits adopt the assumption that the transient distribution of 

charges in the channel is approximated quasi-statically, showing the dominant 

effect of the ion charging circuit over the temporal response of an OECT. Despite 

the fact that these models are helpful to explain OECT behavior, the more precise 

approach would be to abandon the quasi-static method and instead use two-

dimensional finite element simulation in the domain of time, as has recently been 

reported, taking into account the difficulty of establishing a balance between 

reliability and ease so that the theory can be tested experimentally.  

2.4 Series resistance 

The results presented in the preceding sections were determined under the 

assumption that the resistance in the device channel is larger than the resistance at 

the source-drain electrodes and the resistance across the conductors connecting 
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the source-drain contacts to the power supply. Although it is frequently acceptable 

to assume that the channel resistance predominates the device response, there are 

some situations when parasitic resistive devices are connected in series between 

the channel and the power source. Such parasitic resistors may decrease the 

device's performance and make the earlier findings invalid. The impacts of 

parasitic resistance in OECTs are discussed in this section, along with how they 

may affect OECT performance and possible mitigation measures. It can be proven 

that the resistance dependent by VG which can be modeled in series with the 

OECT channel when employing the transmission line approach. An empirical 

model for this resistance's dependency on the gate voltage has been demonstrated, 

and it may be described as a contact resistance at the junction between the 

metallic source-drain electrodes and the polymer semiconductor channel [157]. In 

this scenario, it is also shown that this form of voltage-dependent contact 

resistance can result in a transconductance not dependent on the gate voltage. The 

channel resistance in series with the contact resistance can also result in an 

increase of the overall electric noise of the device by several orders of magnitude, 

a relatively high current flows in the device’s channel [158]. Although the fact 

that these models give an explicit explanation of the impacts associated with 

contact resistance in such devices, physical evidence of its genesis is still lacking. 

It has been proposed that the parasitic resistance may occasionally result from 

ohmic resistance of the metal interconnects linked in series among the power 

supply and the source-drain terminals rather than contact interactions at the metal-

semiconductor interfaces. The parasitic series resistance, which has a direct 

impact on device performance, may be demonstrated to be 10% larger than the 

resistance of the channel of an OECT with a high Wd/L ratio [157], demonstrating 

how the performance of the OECT channel can be impacted by parasitic 

resistance when it is in series with the channel. As previously indicated, parasitic 

resistance can influence the transconductance along with noise level when an 

OECT is operating, causing a deformation of the output and transfer 

characteristics and lowering the frequency at which the device's gain approaches 

the value G=1 [159], [160]. Inaccurate calculation of crucial device and channel 

material properties including, carriers mobility, threshold voltage and voltage 

swing in the domain below the threshold, which is another side consequence of 

parasitic resistance [161], [162]. Nevertheless, some manifestations of parasitic 

resistance in such transistors, are voltage independent. This makes understanding 

the dependency of parasitic resistance on the gate voltage a significant problem 

for study in the field of such devices. Parasitic resistance may be demonstrated to 

decrease the transconductance in standard MOSFETs and, therefore, on devices 
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with intrinsically non-ideal behavior, such as those impacted by disorder in their 

semiconductor, which we will investigate in the following session. It is evident 

that the geometric scaling described in Section 2.2 may be utilized at high Wd/L 

percentages, when the resistance constitutes a larger proportion of the overall 

resistance, as the drawback of parasitic resistance is more pronounced for devices 

with significant transconductance. This effect has been demonstrated 

experimentally for short-channel devices having line resistance on the order of 

tens of Ohms, as illustrated in Figure 16b, for simulations of transistor 

measurements [163], Although the line resistance begins to take precedence in 

devices with Wd/L>2 µm, the resistance of the channel can reach hundreds of 

Ohms. The transconductance in this working area meets a plateau at 20 mS rather 

than increasing as the ratio Wd/L does. It has been demonstrated that monitoring 

the OECT conduction resistance and employing this parameter to compute the 

intrinsic transconductance leads in an intrinsic transconductance rise as the ratio 

Wd/L grows, also for devices in which the Wd/L ratio is greater than 10 µm, in 

order to explain this behavior. The intrinsic transconductance exhibits a non-

monotonic dependency on gate voltage due to the parasitic resistance's impact on 

the highest point of the transconductance, which shifts to higher positive gate 

voltages. According to the previously described concept, a series resistance with a 

constant value might cause the observed transconductance's peak to shift 

towards 0 V. Once more, this impact is mostly seen in devices with high 

transconductance, and as it scales on geometry, it may appear that the highest 

level of transconductance is affected by geometry [164].  

 

Figure 16 a) Transconductance as a function of the geometry of the OECT, when 
considering different series resistance values. b) Measured transconductance values as a 
function of the geometry of the device, for planar OECT channels (squares) and for 
vertical ones (stars). Reproduced with permission from [163]. 
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Whenever the aim is to precisely define the material properties or to maximize 

device performance will determine the appropriate approach to handle the 

aforementioned impacts. The approach is really simple in the latter scenario. 

Developing devices with big channel resistances so that overall parasitic 

resistance is a significant part of the overall resistance yields more precise 

parameter estimations. This eliminates the disruptive effects of contact resistance 

and line resistance. Using the Kelvin four-terminal sensing is another technique to 

reduce the impact of series resistance. This measuring method uses probes that 

sense the channel voltage without drawing current, thus they are not impacted by 

the line or contact resistance [165]. Despite employing four-terminal sensing and 

raising channel resistance are good ways of entirely removing the impacts of 

contact resistance whenever assessing the polymer qualities, these techniques are 

frequently ineffective when used in applications which ask for high performance 

devices. For instance, a drop in transconductance brought on by an increase in 

channel resistance would result in a reduction in the signal being measured for 

transistors employed as biosensors. Four-point sensing is also complicated to 

employ in higher-density OECT systems or even when power supply sources are 

hard to reach. In these circumstances, performance decline is a result of parasite 

resistance. For instance, a sensor array with extremely broad metallic links 

connecting the devices and the energy source may be created. While doing so 

would completely eliminate the impacts of line resistance, it will ultimately end in 

a smaller number of transistors on the chip, which would lower the sensor array's 

spatial resolution. These methods offer some suggestions on how to mitigate the 

effects of parasite resistance. However, if more research identifies the root reasons 

of parasite resistance in OECTs, more specific design guidelines may be 

produced. For instance, discovering that parasitic resistance in OECTs is mostly 

caused by contact resistance rather than conduction resistance would directly 

improve OECT devices from years of research on contact methods for OFETs 

[166]–[168]. This strategy still needs OECT-specific investigations because 

certain approaches used for OFETs may not work as well for OECTs. For 

instance, contact doping is commonly employed to reduce contact resistance in 

OFETs, but this approach might not be effective in OECTs in which the density 

for ions and electrons can be as high as 1020 cm-3, a value in the exact same order 

of magnitude as many examples of doping levels used to reduce contact 

resistance. [169]–[171]. Contact resistance evaluations are crucial for the 

design of OFETs, but they are also difficult to conduct. There are significant 

problems in the majority of methods used to measure contact resistance and its 

relationship to gate voltage. For instance, the transmission line mode, a widely 
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used technique for measuring contact resistance, depends on studies on several 

devices with various channel lengths. The output of this model frequently 

produces false findings when there are considerable differences in contact 

resistance, mobility, or capacitance between devices [172]. Furthermore, the 

linear section of the transistor response must be used to obtain the overall 

resistance for the transmission line model. An incorrect extracted resistance may 

be the result of a too-narrow drain voltage range. The fact that the gate voltage 

affects the linear behavior's broadness in the drain voltage spectrum further draws 

attention to this issue. The transmission line approach can be substituted with the 

gated four-wires sensing method, which does not require measurements on several 

devices to determine the contact resistance. The voltages observed in the OECT 

polymer must, however, be extrapolated in order to use this approach. If the form 

of the voltage profile close to the source-drain connections is assumed to be 

wrong for this quantitative extrapolation of the voltage, the extrapolated voltage 

will be erroneous [173], [174]. Despite the fact that this flaw does not limit the 

capacity of gated four-wire sensing measures to completely exclude the impact of 

contact resistance, it may reduce the precision of the estimation of contact 

resistance when employing this technique. Since the voltage may be measured 

with much finer precision than is feasible with the gated four-wire sensing, the 

margin for error related to extrapolating the channel profile of voltage can be 

eliminated by employing the Scanning Kelvin probe microscope approach [175]. 

There have not been any measurements using this approach in OECTs, though, 

most likely because it is impossible to take into account the charge shielding done 

by ions that move in the solution over the transistor channel. Another effective 

technique for measuring contact resistance is impedance spectroscopy, which 

depends on a precise corresponding circuit representation of the transistor and 

allows for a reduction in the frequency dependence of both the channel impedance 

and the contact impedance [176]. A new way to determine contact resistance in 

such devices may need to be created, or many existing methods may need to be 

combined for cross-verification, given the shortcomings of these traditional 

measurement techniques. Overall, the debate in this section demonstrates the 

interest in future study of parasite resistance in such devices due to a number of 

factors. According to a number of studies, OECT effectiveness is negatively 

impacted by parasite resistance. Second, it is unclear what is causing this parasite 

resistance. Finally, decades of study have produced strategies to reduce different 

types of parasitic resistance in OFETs and traditional transistors, but these 

strategies will not be applicable to OECTs until researchers completely 

comprehend the physical process underlying parasitic resistance in such devices.  
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2.4 Crystal structure of organic semiconductors 

The analyses highlighted in the sections above explains the transistors behavior 

when evaluated from the viewpoint used to define traditional inorganic transistors. 

For instance, multiple models including bulk capacitance and distribution of 

charge schemes that follow physical descriptions originally meant for describing 

inorganic semiconductors, along with parasitic consequences that can be 

recognized employing identical frameworks developed to describe MOSFETs, are 

used in the Bernards-Maillard model, which assumes the drain current is defined 

in the long-channel condition [177]–[179]. Although the aforementioned models 

offer qualitative guidance that helped in the creation of OECTs, these are only 

quantitatively correct over a limited range of voltages. Several models that take 

these issues into account are compiled in this section along with a discussion of 

how the unique physical characteristics of organic semiconductors impact the 

transportation of charges and capacitance in OECTs. For many years, researchers 

have been investigating the transport of charges in polymer semiconductors. Over 

the past two decades, a large number of studies on this issue have been produced 

[180]–[183]. Since polymeric semiconductors are not made up of single crystals, a 

lot of study in this field focuses the impact of structural disorder. In reality, the 

majority of the semiconductor channels utilized to create OECTs are 

semicrystalline with amorphous portions around nanometer-sized crystallites 

rather than polycrystalline materials [184]. The absence of an extended crystalline 

structure precludes the charge carriers' wave functions from propagating across 

the whole polymer film. Charge carriers must "hop" by means of a number of 

localized states through heat aided quantum mechanical tunneling in order to 

travel from one crystallite towards another, which is a much slower process than 

transport in single crystals regardless of whether charge carriers are delocalized 

throughout the entire crystallite or polymers chain [185], [186]. As a result, the 

hopping frequency within the semi-crystal structure determines the polymer's 

macroscopic conductivity [187]. The hopping process is a tunneling phenomenon, 

and as the dimensions of the potential barrier has a significant impact on this 

process' pace, so do the physical separation between the sites and their respective 

energies. The density of states within a semiconductor, that can be described as 

the amount of locations per volumetric unit and unit energy, describes these 

properties. Since the energy dependence of the density of states is established by 

the energetic contributions made by microscopic features of the polymer, 

including randomly directed dipoles, intermolecular twisting, and geometric 

deformations, the degree of chaos in polymer semiconductors invariably affects 
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this parameter [188]–[190]. Although several publications offered different 

explanations for the density of states' dependency on energy, there is almost 

universal agreement that this quantity rises super-linearly with energy, especially 

when taking into account low energy values [191], [192]. Since the sites are far 

from one another in both location and energy when low energies are taken into 

account, the charge carriers within the polymer only fill the sparsely populated 

sites, leading to a low density of states and a delayed hopping process. The 

number of charge carriers in a semiconductor increases when they start to occupy 

denser-packed sites with higher energies, which speeds up the process of hopping 

between sites and, as a result, increases carrier mobility [193], [194]. During the 

last years, OECT models have been proposed, in which the dependence of the 

mobility by the carrier concentration is highlighted. Given p the carrier 

concentration in the semiconductor, and µ0 the mobility when p=p0, a 

mathematical model for the relationship between µ and p is given by  

  𝜇 = 𝜇0 [ 𝑝𝑝0]𝑎
 

 

 

(18)  

 

where a is a constant term which depends on the shape of the density of states 

[195]. The dependency of the mobility on the power factor a distinguishes this 

model from the Bernard-Maillar one, highlighting the situation in which OECTs 

must be characterized using the physics for disorganized semiconductors. The 

output and transmission characteristics of OECTs are qualitatively described by 

Bernards model, as seen in Figure 17. Additionally, when the gate voltage is 

adjusted between the range of 0-0.25 V, it quantitatively matches the transfer 

profile for the given transistor, but when the voltage range is expanded to 0-0.4 V, 

it does not. Although it includes an extra fitting parameter, the power-law 

mobility much outperforms the Bernards model statistically in terms of how well 

it fits the data across this larger voltage range. Perhaps the power law mobility 

theory is inadequate when taking into account gate voltages that are more lower 

compared to those where maximum transconductance happens (for instance, 0 V 

for PEDOT:PSS channel). In particular, it is unable to explain the 

transconductance's non-monotonic dependency on the gate voltage. Numerous 

writers that have worked with different polymeric semiconductors, including 

polythiophenes, polyanilines, polypyrroles, polyacetylene, and ladder-type 

polymers, have documented this behavior, which is seen in Figure 17 [196]–[199].  
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Figure 17 Output curves (a) and transconductance curves (b) for OECTs when 
considering the Friedlein Model (dashed, red) and the Bernards Model (solid, blue). 
Reproduced with permission from [195]. 

Additionally, OECT devices with various electrode geometries and those made 

with various fabrication processes are characterized by non-monotonic 

transconductance [200], [201]. Furthermore, systems with source-drain electrodes 

consisting of platinum, gold, PEDOT:PSS, or carbon exhibit similar behavior 

[202]. One explanation for this behavior is that the voltage-dependent contact 

resistance, which was discussed in the previous section, is what causes the non-

monotonic transconductance. However, this explanation is unlikely to be accurate 

for such an extensive variety of implementations, and it is unable to account of the 

non-monotonic transconductance within gated four-wires sensing probe measures 

of such devices. Additionally, the previously described exponential relationship 

between contact resistance and gate voltage is insufficient to account for the 

negative transconductance seen at very high carrier densities [203]. Since the 

density of states themselves is non-monotonic, several other researchers have also 

hypothesized that the non-monotonic transconductance may take place. Since 

integration across all energies would produce an unlimited number of states, the 

superlinear densities of states previously stated can only be accurate at low 

energies. As a result, with greater energies, the density of states should saturate 

and eventually decline. Theoretical study and practical observations demonstrate 

that when the carrier concentrations exceeds its maximum achievable value, the 

saturation point of density of states becomes significant [204]. This results in a 

sublinear dependency between the carrier mobility and carrier concentration. A 

non-monotonic transconductance results from the change from a super-linear 

dependency at low carrier concentrations towards a sub-linear one when taking 

into account greater ones. As the carrier mobility declines as one increases carrier 

density, as has been recorded in some circumstances, the transconductance may 
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turn negative when the carrier density is determined to be above 50%. A non-

monotonic density of states model has just been given, demonstrating how well it 

fits observations of the non-monotonic transconductance in such devices made 

using four-wire sensing. This section's discussion have currently focused on how 

charge transport is impacted by hopping transport and the architecture of the 

semiconductor's density of states. However, since channel capacitance in OECTs 

is governed by the buildup of charge carriers, the structure of the density of states 

additionally has an impact on this property. The capacitance can be expressed 

using the following relation 

  𝐶∗ = 𝑞 𝑑𝑝𝑑𝑉𝐺 

 

 

(19)  

since the charge carriers are fermions, one can calculate the carrier concentration 

as the convolution between the density of states g(E) and the Fermi-Dirac 

distribution f(E), namely 

  𝐶∗ = 𝑞 𝑑𝑑𝑉𝐺 ∫ 𝑔(𝐸) × [1 − 𝑓(𝐸)]𝑑𝐸∞
−∞  

 

 

(20)  

Different approaches to handling this voltage-dependent capacitance while 

characterizing OECT activity have been described by researchers. For instance, a 

lot of models rely on the constant assumption that the gate-channel capacitance. 

The link among gate voltage and chemical potential is rather problematic as a 

result of this assumption, but it offers an analytical equation for carrier density 

and makes it easier to simulate circuits using OECTs [205]. Additionally, 

experimental data indicates that the gate-channel capacitance relies strongly on 

the gate voltage when low and high charge carrier densities are taken into account, 

contradicting the assumption of constant capacitance, which shows that the 

capacitance only weakly depends on the gate voltage upon moderate carrier 

densities. By assuming that the electron chemical potential is connected to both 

the gate voltage and an offset V0 that relies on the material of the gate electrode 

and the chemical composition of the electrolyte solution, researchers have 

approximated the capacitance in these areas [206], namely  
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 𝐸𝐹 = 𝑞(𝑉𝐺 − 𝑉0) 
 

(21)  

 

With this assumption, equation (20) can be easily solved, and the approximate 

result for low temperatures can be found to be  

  𝐶∗(𝑉𝐺) = −𝑞2𝑔[𝑞(𝑉𝐺 − 𝑉0)] 
 

 

(22)  

 

Equations (20) and  (22) are useful not only for describing OECT behavior but 

also for measuring the density of states [207]. Nevertheless, equation (20) is 

difficult to solve and equation (22) is incorrect whenever a voltage drop exists at 

the gate-electrolyte contact or in the electrolyte. The aforementioned voltage 

drop, impediment to ion buildup within the channel, or nonuniform distributions 

of charge transporters in the OECT channel are all taken into consideration in 

more complex formulations of the capacitance related with the gate-channel 

interface [208]. The formation of charge in an OECT channel may be 

demonstrated to be voltage-dependent and to diverge considerably from simply 

capacitive accumulation of charge at low carrier concentrations, in particular 

when all these effects are taken into consideration. In conclusion, the behavior of 

OECTs is complicated by the physics of disorganized semiconductors. When 

applied to narrow gate voltage ranges or intermediate carrier concentrations, some 

mathematical models that ignore these complexities frequently succeed, but they 

fall short when applied to high and low carrier levels. Particle mobility and gate-

channel capacitance in such devices are highly dependent on carrier concentration 

in these regions. By taking into account the density of states and the charge 

transfer that is dominated by leaps, these complexities may be understood. The 

metal-insulator transition, charge-carrier-dopant culombic relationships, ion-

induced film swelling, and polaron binding energies are just a few examples of 

additional phenomena that are not included by these modifications to traditional 

models, making them incorrect in some instances [209]–[212]. The creation of 

experiments that focus on isolating each of these issues is a significant problem 

for OECT research, and it must be supported by the equally significant effort of 

determining whether to incorporate these issues in device models and when to 

exclude them for the purpose of simplicity. 
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Chapter 3 

Open-source Culture Platform for 

Multi-Cell Type Study with 

Integrated Pneumatic Stimulation  

3.1 Introduction 

Recent research has demonstrated that the microenvironment around cells may 

impact cancer development in addition to genetic abnormalities [213]. Solid 

stress, high fluid pressure, enhanced interstitial flow, and matrix mechanics are 

just a few examples of how biomechanical factors may change the tumor 

microenvironment, leading cancer cells to migrate to neighboring tissues and 

finally metastasize [214], [215]. Numerous research has examined at the 

connection among mechanical forces and carcinogenesis in recent years, 

discovering connections between modifications to the architecture of normal 

tissues and their transformation into precancerous states [213]. Breast 

tumorigenesis has also been linked to collagen cross-linking, extracellular matrix 

(ECM) stiffness, and enhanced focal adhesions [216]. Thus, it is evident that 

shifted microenvironmental circumstances and mechanical forces play a role in 

carcinogenesis and that cancer cell phenotype may be more significant than 

cancer cell genotype [213]. By releasing alert signs during necrosis, mechanical 

pressure onto cells may cause autolysis and encourage the attraction of immune 

system cells to cancer tissue [217]. Several studies illustrating the impact of 
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mechanical compression upon both healthy and malignant tissues have been done, 

such as neurons [218], brain [219], fibroblasts [220], [221], lung [222]–[224], 

breast [219], [225], ovary [226], [227], and heart [228], [229], leading to invasive 

and metastatic types in malignant tissues and inflammations, delayed healing, and 

fibrotization routes in healthy tissues. Despite the fact that several tools have been 

created and put to the test to examine the cultivation of cells response and growth 

under cyclical and static compression [111], [218], [219], [230], [231], There 

aren't many adaptable systems that are perfect for use with multi-well cell culture 

methods. Numerous studies also show that the applied compression stimulus's 

strength might vary from 3 to 6.5 kPa, with this value potentially being increased 

to the physiological 3.7-18.9 kPa predicted to occur in tumor settings [226], [227], 

[232]–[234]. Therefore, more research is required to determine the type and 

degree of mechanical compression which significantly alters the tissue 

microenvironment [215]. In this study, we describe a flexible dynamic cell culture 

system that operates in a CO2 incubator and allows a controlled hydrostatic 

compression stimulus to be delivered to a typical multi-well plate tissue. A 

diaphragm pump that can adjust differential pressure up to 12 kPa and a 

proportional solenoid valve which returns the chamber to atmospheric pressure 

may be used to control the hydrostatic pressure in a polymethyl methacrylate 

airtight chamber where the plate is installed. An Arduino nano-microcontroller 

regulates the feedback from a differential pressure sensor and a temperature 

sensor, which gather environmental data in the culture chamber, and acts on the 

working times of the pump and solenoid valve. With a computer, the system may 

be readily configured to change the length of each compression stimulus and, in 

the case of cyclic compression, its duty cycle. Preliminary experiments with cells 

were conducted to make sure the system runs in cyclic positive compression state 

and tries to match the frequency of human breathing in order to assess the device's 

biocompatibility. 

3.2 Materials and Methods 

3.1.1 Design and Development of Culture Chamber 

A CAD program (Rhinoceros 5, Robert McNeel & Associates) was used to design 

the cell culture chamber, and a computer driven milling machine (Benchman 

VMC 4000) was used to manufacture it. The chamber is made up of a translucent 

box that can hold a typical multiwell plate and has a very straightforward design. 

Eight steel screws were used to secure three polymethyl methacrylate (PMMA) 
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plates in a sandwich configuration. Section 4.2.1 provides a full description of the 

culture chamber's development. 

3.1.2 Design and Development of Electronic Circuit 

Figure 18 displays the system's block diagram. The Arduino Nano® 3.0 board, a 

programmable chip built on the ATmega328 microcontroller, is at the center of 

the circuit. In order to upload the required C++ code, the board may be linked to a 

PC through a USB port. The board also has fourteen pins for digital input and 

output, that can be used to monitor their low or high state while in input mode or 

to set an appropriate high or low state if in output mode. It also has 8 analog input 

pins, which can read and convert multiple analog signals from a wide range of 

sensors into readable form. The system has a temperature gauge (Honeywell, 

Charlotte, NC, USA, HIH6130 series) that connects to the Arduino using its 

digital I2C pins to track the temperature in the culture chamber while it is in use. 

In order to monitor the pressure attained at each cycle during operation, a pressure 

sensor (NXP, Amsterdam, NL, MPX5100DP) has been attached to the culture box 

and interacts with the Arduino using its analog ports. The board itself, which has 

two constant output voltages of +3 V and +5 V, powers both sensors. A 

pneumatic system on the platform may adjust the level of pressure in the culture 

chamber: The pressure is increased (or decreased, depending on the application) 

by a diaphragm pump (TCS Micropumps, Faversham, UK, D3K series), and it is 

precisely and steadily returned to atmospheric pressure by a typically closed 

proportional solenoid valve (255667, Burkert, Ingelfingen, Germany, DE). To 

configure the required frequency for the pressure cycles as well as, in the case of 

the pump, to set the ideal flow rate, each solenoid valve and pump have their own 

circuitry that is managed by Arduino. The Arduino board may be powered in two 

distinct ways: either using an external DC power supply or by connecting the 

USB cord to a computer. So that the PC may finally be unplugged after the 

appropriate parameters are defined, this system is outfitted with a DC power 

supply that is specifically designed for use with Arduino. Finally, an AC/DC 

switching power source (Mean Well, New Taipei City, TW, RS-25-12) which 

transforms the AC main power supply to 14 V DC (VDD) is used to power the 

system. Figure 18 depicts the whole electronic circuit that will be covered in more 

depth hereafter, with all of the blocks that were covered in this part highlighted. 

Three 220 Ω pull-up resistors are used to connect an RGB LED to the Arduino's 

digital pins D6, D7, and D8 in the schematic, and their purpose is to display a 
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distinct color (red or blue, respectively) when the pump or solenoid valve is 

operating so that the system's proper operation can be more clearly seen.  

 

Figure 18 Electronic circuit of the system and its main blocks. 

3.1.3 Arduino Power Supply Design 

As previously indicated, a separate DC power supply with a voltage in the 7–12 V 

range can power an Arduino board. To decrease the value according to the 

Arduino input range, it was important to take into account the switching power 

supply DC output of 14 V, which supplies all of the circuit's components. 

Employing a linear voltage controller (LM317BT, STMicroelectronics, Geneva, 

CH), the circuit in Figure 19 was constructed. By default, this device is kept at an 

operating voltage of 1.25 V (VREF) across the adjustment and output pins (VOUT-

VADJ), and the input voltage (VIN) controls the circuit's maximum voltage swing. A 

10-μF capacitor (C4) was inserted between the adjustment port and ground to 
increase ripple rejection, a 1-μF output capacitor (C9) was employed to improve 
transient responsiveness, and a 100-nF bypass capacitor (C1) was utilized to 

decrease any AC component of the input voltage. The circuit additionally 

included D1 and D2 as a pair of protective diodes. Input short circuit protection 

for the regulator is provided by the first, while output short circuit protection is 
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provided by the second. The voltage divider produced by both resistors R4 and R1 

is where the output voltage is linked, and it responds to the ideal law 

  𝑉𝑂𝑈𝑇 =  𝑅1 + 𝑅4𝑅4 ∙ 𝑉𝑅𝐸𝐹 + 𝐼𝐴𝐷𝐽 ∙ 𝑅1 

 

(23)  

where R4 is advised by the supplier to be around 240 Ω, and the second term is 
often inconsequential as it is typically two orders of magnitude smaller than the 

first. The requisite minimum resistance value for R1 may be easily established 

because the Arduino board needs an output voltage of at least roughly 7 V. on this 

study, R4 was a 220- resistor from the E12 series, giving an R1 value of 1012 kΩ, 
which is equivalent to a 1 kΩ resistor from the E12 series that is readily accessible 
on the market. 

 

Figure 19 Arduino power supply circuit developed using an LM317 linear voltage 
regulator and passive components. 

3.1.4 Pump Power Supply 

The voltage regulator discussed in the preceding section serves as the foundation 

for the pump's power supply circuit. The diaphragm pump features two distinct 

inlets and outputs that may be connected either in series or parallel depending on 

whether the application calls for a larger maximum differential pressure or 
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vacuum but a lower flow rate. A maximum flow velocity of 3.5 l/min and a 

maximum differential pressure (both positive and negative) of 0.41 Pa and -0.39 

Pa, respectively, were achieved in this work by connecting the pump in parallel. 

The pump voltage, which can be changed from a minimum of 2 V to a maximum 

of 6 V, may be used to change the flow rate. In order to produce a linear change of 

the output voltage, a precision potentiometer with 1 k and ten turns (536-1-1-102, 

Vishay, Malvern, PA, USA) was used in place of the adjusting resistor in the 

pump control circuit shown in Figure 20. To stop reverse voltage from leaking 

during the transient period of the pump shutdown, a safety diode D5 was 

connected across the terminals of the pump. A power BJT (TIP120, 

STMicroelectronics) in a Darlington configuration was connected straight to the 

VOUT pin at a maximum voltage of 6 V. The collector of the power BJT was 

connected to VDD together with the pin used for input of the voltage regulator. The 

negative terminal of the BJT was attached through the drain of an n-channel 

MOSFET (IRF510, Vishay), whose source was directly connected to ground. The 

positive pump terminal was supplied with power from the BJT's emitter. A digital 

Arduino connection D2 and a 10 kΩ pull-down resistor were both connected to 

the MOSFET's gate. The circuit's maximum current range was extended by the 

BJT such that it served as the primary conductor for current instead of the voltage 

regulator. The Arduino controlled the MOSFET's ON and OFF states, acting as a 

switch. The circuit's branches, VBE, VPUMP, and VDS, were all affected by the 

regulator's output voltage, or VOUT. The voltage regulator produced a minimal 

output voltage of 1.3V whenever the value of the potentiometer was adjusted to its 

lowest point. In this setup, the BJT would function in a forward active zone with 

voltages of VC=VDD=14 V, VB=1.3 V, with VE being lower than VB. According 

to the datasheet, the transistor's threshold value (Vth), which is 4 V, was smaller 

compared to the transistor's gate voltage (VG), which, as was previously 

established, functioned as a switch when the Arduino's digital terminal D2 

displayed a logic low condition. The MOSFET was operating in the OFF state at 

this time, preventing any current from passing down the drain branch. The 

VG>Vth requirement was met when D2 produced a logic high status, causing the 

transistor to flip to the ON state. More specifically, the MOSFET in the 

ON position always functioned in the resistive region as the VDS value never 

exceeded VG-Vth while the system was in operation. As the potentiometer's 

resistance climbed, VOUT likewise did so until the voltage over the pump was high 

enough to turn on the DC motor and keep the pump's minimum flow rate constant. 

According to the LTSpice computations in Section 3.1, a current on in the range 
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of tens of milliamperes passed through the branch while the MOSFET was in the 

ON state. 

 

Figure 20 Pump power supply circuit developed using an LM317 linear voltage 
regulator and a network of passive and active components. The circuit is controlled by the 
Arduino board through the transistor Q3. 

3.1.5 Solenoid Valve Power Supply 

The solenoid valve network in Figure 21 is constructed similarly to the pump 

power source, with a few minor variations. Compared to the pump, the solenoid 

valve exhibits a higher DC impedance (137 Ω versus 10.3 Ω). As a result, a 

greater VOUT value was required to provide an adequate voltage drop over the 

solenoid valve (VSV) to enable the passage of the minimal current necessary to 

open the orifice. This meant that a larger resistance was required because the 1 kΩ 

potentiometer was no more adequate to do the assignment. In order to ensure that 

the resistor value range could be adjusted from a minimum of 1 kΩ to a maximum 

of 2 kΩ and the precision of the 10-turn potentiometer was able to remain in the 

appropriate resistance range, a 1 kΩ resistor was inserted in series with the 

potentiometer. As seen in the simulation graphic in Figure 22, this allowed fine 

regulation of the solenoid valve current, which translated into exact control of the 

valve opening. The VOUT span could therefore vary from an initial value of 7.23 V 

to an ultimate value of 12.46 V. 
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Figure 21 Solenoid valve power supply circuit developed using an LM317 linear 
voltage regulator and a network of passive and active components. The circuit is 
controlled by the Arduino board through the transistor Q4. 

 

Figure 22 Results of the LTSpice simulations performed. a) Voltage on the D2-D4 
terminals provided by the Arduino board. b) Pump and solenoid valve voltages as a 
function of the resistance set on the potentiometer. c)-d) Current flowing inside the Pump 
and the solenoid valve as a function of the potentiometer resistance.  

3.1.6 PCB board development 

Figure 23a illustrates how the circuit elements were organized on an electronic 

circuit board employing open source software (ECAD) (KiCad v5.1.6). The 
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voltage regulator's maximum current rating is 2.2 A, as stated on the data sheet, 

which is significantly less than the maximum current ratings of the pump and 

solenoid valve, that are less than 600 mA. As previously mentioned, the current 

range for the electronic system was widened through the use of BJT and 

MOSFET transistors with maximum current ratings of 5 A and 5.6 A, 

respectively. This decision was taken in order to allow the system to work with 

pumps that have greater power, greater flow rates, and maximal differential 

pressure. In order to meet a constant load current of 3.5 A during an ideal 

maximum rise in temperature of 20 °C and 5 A at a rise in temperature of 50 °C, 

which was suitable for the intended use in both cases, the width and thickness of 

the copper traces on the PCB were determined to be 1 mm and 0.89 mm, 

respectively. There was more room for the nominal power of the trace since the 

circuit was set up to switch among the pump and solenoid valve. To further lower 

the temperature increase of these parts during operation, a heat sink filled with a 

thermal paste was attached to every power transistor in the circuit. As illustrated 

in Figure 23b, the components were put in a small plastic box and attached to the 

PCB using a hot air soldering station (Hot Air Soldering Station 124-4134, RS 

PRO). A two-position switch placed on the front of the box is used to turn the 

system on. Figure 24 displays the system in its completed state. 

 

Figure 23 a) PCB board layout designed with KiCad. b) PCB board assembled and 
mounted inside a plastic enclosure. 
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Figure 24 Final appearance of the system mounted with all its main parts. 

3.1.7 Arduino Sketch 

The solenoid valve and pump may be freely programmed on the Arduino board to 

run for the specified period. The loop function carried out by the microcontroller 

is displayed in the summarized Arduino program in the process diagram in Figure 

25. Two time periods, timer_P and timer_ SV along with a common time variable 

t were established in the program setup for the pumping duration and the solenoid 

valve operating time. To guarantee that the Arduino board can read the output 

variables from these sensors, both temperature gauge and pressure gauge libraries 

have been added to the application. The solenoid valve was operating in the OFF 

state and the pump remained in the ON state at the start of the loop function. The 

parameter t was set to zero at RGB LED and the condition producing a red-light 

output was highlighted. Continuously monitoring the length of this cycle, the 
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parameter t was raised unless it reached the timer_P value. Following that, the 

microcontroller acquired the analog signal from the pressure sensor, transformed 

it to a form that could be read on the Arduino Serial Monitor, and also acquired 

the I2C signal from the temperature gauge and output it to the Arduino Serial 

Monitor. The solenoid valve was subsequently switched to the ON position, and 

the pump went into the OFF position. The variable t was reset to zero, and the 

RGB LED now produced blue light. As previously, once the variable t hit the 

value specified in timer_ SV, the length of this loop's duration was continually 

verified. At that moment, the loop function was repeated. The supporting 

information contains the full code highlighted. 

 

Figure 25 Flow chart of the firmware developed and uploaded on the Arduino board. 

3.3 Results 

3.3.1 Simulations 

LTSpice (Analog Devices, Wilmington, MA, USA) was used to simulate each 

power supply circuit in order to show how the output of the voltage regulator is 

dependent on the resistance at the circuit's setting branch. The simulation's 

findings are displayed in Table 1, where the voltage regulator VOUT is displayed 

for five distinct configurations of the simulated circuits resistance in the 

range between 1 and 1 kΩ. The choice of a fixed 1 kΩ resistor for the regulating 

branch of this main block was confirmed in the particular case of the Arduino 

power supply since the latter resistor value produced an output voltage of 7.2 V, 

which was inside the input voltage allowed by the Arduino. The solenoid valve 
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supply presented a greater output voltage, ranging from 7.2 to 12.5 V, with an 

additional 1 k resistor connected in series in the potentiometer branch. The power 

supply network for the pump was identical to that of the Arduino, so the VOUT 

sweep was also identical, ranging from 1.3 to 7.2 V. Figure 22 illustrates how the 

solenoid valve and pump's voltage and current rely on the MOSFET gate voltage 

regulated by the Arduino. The related DC impedances for the components were 

modeled, and they are 10.3 Ω for the pump and 137 Ω for the solenoid valve. As 

previously noted, 1 kΩ was selected as the resistance through the accuracy 

potentiometer for both device circuits. According to the simulations, increasing 

the resistance increased the voltage over the two devices, causing the solenoid 

valve to open in proportion to the current passing through it and the pump to vary 

its flow rate proportionally from a minimum to its maximum.  

 

Table 1 Overview of the data provided by the LTSpice simulations as a function of 
the potentiometer resistance. 

ADJ Resistance VOUT, Arduino 

Power Supply 

(R1) 

VOUT, Pump 

Power Supply 

(R2) 

VOUT, Valve 

Power Supply 

(R3) 

1 Ω 1.3 V 1.3 V 7.2 V 

200 Ω 2.49 V 2.49 V 8.4 V 

400 Ω 3.7 V 3.7 V 9.6 V 

600 Ω 4.7 V 4.7 V 10.8 V 

800 Ω 6.1 V 6.1 V 12.0 V 

1 kΩ 7.2 V 7.2 V 12.5 V 

3.3.2 Culture chamber leakage 

To assess the alteration in tightness caused by the penetration rate of the sealant 

PDMS inside the system, an early tightness test was carried out on the system 
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both with and without the usage of a temperature gauge feedthrough. Figure 

26 graphs illustrate how the chamber was first linked to an external pump that 

could provide an upper differential pressure of roughly 30 kPa before being 

separated so that pressure measurements could be taken over time. In the first 

instance, seen in Figure 26a, a commercial cap was used in place of the 

temperature sensor feedthrough. Over time, the chamber had a reasonably modest 

leakage pattern. A linear fit of the curve revealed three distinct trends in the 

graph: a leakage rate of -7.2-10-2 Pa/s in the 30–18 kPa range, -2.2-10-2 Pa/s in 

the 6.6-4.6 kPa region, and -1.1-10-2Pa/s in the 1.5-0.5 kPa range. The 

temperature gauge feedthrough was attached in the second instance, as indicated 

in Figure 26b, and the level of leakage dramatically increased. The identical three 

main trends were highlighted in the figure, with a linear fit of the curve revealing 

a more pronounced leakage rate relative to the first configuration. These leakage 

rates were determined to be -6.8 Pa/s in the range of 30 kPa-18 kPa, -7.7-10-1 

Pa/s in the range 6.6-4.6 kPa, and -8.2-10-2 Pa/s in the range 1.5-0.5 kPa. Table 2 

contains a list of all leakage rates. The chamber leakage rate was therefore 

insignificant for the application when taking into account the running period of 

the system, which in our instance was designed to conduct pressure cycling with a 

pump time of 2.5 s and a discharge time of 2.5 s, achieving a chosen ultimate 

pressure in the range of tens of kPa. 

 

Figure 26 Leakage rate of the culture chamber, with (a) and without (b) temperature 
sensor feed-through mounted. 
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Table 2 Overview of the leakage rate of the culture chamber. 

Pressure Range Leakage Rate without T  

Sensor 

Leakage Rate with T  

Sensor 

30–18 kPa −7.2·10−2 Pa/s −6.8 Pa/s 

6.6–4.6 kPa −2.2·10−2 Pa/s −7.7·10−1 Pa/s 

1.5–0.5 kPa −1.1·10−2 Pa/s −8.2·10−2 Pa/s 

3.3.3 Stability of the pressure profiles 

Two configurations were used to verify the uniformity of the ultimate differential 

pressure attained in the chamber each cycle. The pump was set up in overpressure 

mode in the first setup, which caused the chamber's pressure to rise to 10.7 kPa. 

Figure 27a graph illustrates the findings, which demonstrate a steady trend over 

time with a standard deviation of σ = 94.1 Pa and a maximum variance in absolute 

pressure of 310 Pa. In the second instance, the pump was set up in vacuum mode, 

which reduced the chamber's differential pressure. The outcome is illustrated in 

Figure 27b and exhibits a steady trend with a highest absolute pressure fluctuation 

of 410 Pa and a standard variation of the greatest pressure fluctuation of σ = 93.5 

Pa.  

 

Figure 27 Pressure profiles of the system working in overpressure (a) and 
underpressure (b) mode.   
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The Arduino sketch's map function could detect fluctuations of 5 V/1024 bits, or 

4.88 mV, on the analog pins since the analog to digital converter (ADC) located 

on the Arduino board has a resolution of 10 bits. The sensitivity of the pressure 

sensor was 4.5 mV/Pa as well. Consequently, it was anticipated that the chamber 

pressure information read from the Arduino would fluctuate by 100 Pa. Due to 

changes in the atmospheric pressure throughout the day, long-term observations 

may experience extra pressure fluctuations, which might result in an additional 

100 Pa shift [235]. 

3.3.4 Temperature profile 

The temperature of the culture chamber must be stable enough to support the 

development of a cell culture, which typically takes place in an incubator filled 

with CO2 with a maintained temperature of 37 °C. In order to identify any 

temperature fluctuations brought on by the pressure cycles themselves as well as 

the heating of the pump and solenoid valve throughout operation, temperature 

stability tests were carried out on the system. A second similar temperature sensor 

was placed in the environment to monitor the temperature within and outside the 

chamber after the system was installed for use in a CO2 incubator (ThermoFisher 

Scientific, Waltham, MA, USA, Heracell® 150i).  

 

Figure 28 Temperature trend inside (black curve) and outside (red curve) the culture 
chamber, as a function of time. 
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The resultant temperature profiles, which are emphasized in Figure 28, 

demonstrate that the measured temperature within the chamber has an average 

temperature of 37.3 °C, a standard deviation of σ = 2.6-10-2 °C, and a highest 

absolute temperature change of 7.0-10-2 °C. The fact that the measured 

temperature outside the chamber had an average of 37.4 °C, a standard deviation 

of σ = 3.4-10-2 °C, and a highest absolute temperature shift of 0.1 °C suggests 

that neither the system's operation nor the pressure loops significantly changed the 

temperature inside the chamber. This claim is further supported by the fact that 

the highest absolute temperature change and the standard deviation were both 

much less than the temperature sensor's accuracy (0.5 °C). 

 

 

 

 

 



64  

 

Chapter 4 

A programmable culture platform 

for stimulation and in situ pH 

sensing of lung cancer cells with 

organic electrochemical transistors 

4.1 Introduction 

One of the biggest factors causing death in developed nations is lung cancer [236]. 

Expensive and time-consuming animal trials must be replaced with more 

productive experimental techniques that go beyond conventional cultivation of 

cells in multi-well plates in order to develop cancer treatments. In order to retain 

differentiation of cells and tissue-specific function, new research fields have 

evolved during the past two decades that are moving toward dynamic models that 

replicate the organ-specific microenvironment. Despite the creation of several 

complex systems which attempt to replicate the circumstances that take place 

within human organs, including the stress events that the endothelial cells 

surrounding human alveoli and the epithelial cells in human alveoli experience, 

[237], [238], as well as a variety of human organs such as kidney[239], liver 

[240], intestine [85], and brain [241], There are not many flexible platforms that 

are suitable for use with conventional cell culture techniques. Furthermore, the 



 65 

 
development of cultures in such devices prevents the use of conventional 

detection techniques frequently employed in biology labs, such as the 

measurement of absorbance in multi-well plates. In order to comprehend the 

fundamental concepts of typical lung organogenesis, in situ monitoring is also 

required to track crucial chemical, biological, and physical processes during 

dynamic cell growth, such as miRNA transport to nearby cells [242] or precise in 

vitro tracking of early/late apoptosis and necrosis of cells [243] as well as physical 

variables such as pH and O2 content, NO and glucose [244]–[247]. The glycolytic 

metabolism of cancer cells, lack of oxygen and poor perfusion all contribute to the 

tumor microenvironment's usual acidic environment. Under physiological 

circumstances, a healthy tissue's pH is around 7.4, but in sick tissues, the pH level 

may vary from 5.5 to 7.0 [248]–[251]. Moreover, the medium's acidity affects the 

cell's life cycle, gene regulation, and metabolic processes in cells, making in situ 

pH monitoring a useful tool for the growth of cell cultures [252], [253]. The 

monitoring of pH is also very important in the study and development of exotic 

nanomaterials, such as gold nanoparticles [254], [255]. Given their small size and 

distinctive characteristics, nanoparticles are currently on the cutting edge of 

technological and medical advancement. Delivery of drugs to target cells, cancer 

prevention and therapy, are some of the medical fields where clinical applications 

of nanoparticles have been established [256], [257]. Due to their simplicity in 

manufacture, chemical stability, distinctive optical features, and biocompatibility, 

such technology has drawn tremendous scientific attention [258]. Applications 

such as optical tomography imaging and the use of tracers to identify DNA, can 

be developed thanks to these distinctive particles with reduced size, comparable 

with cells [259], [260]. Additionally, because of their distinct plasmon 

characteristics, they have the potential to create artificial tissues for use in 

ophthalmic therapeutic applications. Studying their dispersity in dimensions, 

form, and distribution, is also very important. The particles shape, dimension, and 

surface-charge features are controlled by a variety of processes and synthesis 

techniques. Due to its great precision and control over particle size, the process of 

synthesis employing citrate reduction is one of the most extensively employed 

among the variety of advanced methods [261]. It has been observed a significant 

variation in the reaction yield by about 46% moving from pH 5.3 to pH 4.7 on the 

concentration of the gold colloidal suspension synthesized under standard 

conditions, thus highlighting the great importance of pH in this field [262]. Citrate 

ions have an essential function in stabilizing the produced nanoparticles by 

limiting particle development and aggregation through electrostatic repulsion and 

acting as a reductant, turning gold ions into gold atoms. As a consequence, at 
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elevated citrate concentrations, this ion covers and stabilizes smaller particles, but 

at low concentrations, inadequate coverage allows particle development to 

proceed, resulting in the creation of particles with greater particle sizes [263]. 

Citrate also plays the function of a pH mediator in reaction mixtures, which it 

does by having a significant impact on the dimension and thus internalization of 

the resulting particles [264]. Systems for real-time pH monitoring, including 

OECTs, namely organic electrochemical transistors, two-photon fluorescence 

systems, and microneedles, have been developed as a result of research on pH 

monitoring in cell cultures [265]–[267], They are the most researched modern 

biosensing sensors that offer benefits like excellent sensitivity, great stability, and 

cheap cost [268]. The active component of an OECT is a conductive polymer, 

typically poly(3,4-ethylenedioxythiophene): polystyrenesulfonate (PEDOT:PSS), 

a type of semiconductor where the channel current (IDS) may be controlled by 

introducing cations from an electrolytic solution into which the device is 

immersed, applying a positive gate voltage (VG), and allowing it to operate easily 

in cell culture medium [269]. This type of systems has undergone extensive 

research for use in biological systems, including biosensing of target chemicals of 

interest when the gate electrode is properly functionalized, studies of cell 

migration and permeability of membranes, ion communication, and in vivo 

measurement of activity in neurons [270]–[272]. The research outlined in this 

dissertation aims to create a platform for the development of both regular and 

tumorous lung cells that is compatible with common multi-well plate culture 

procedures. In these techniques, cells are exposed to mechanical stimulation 

provided by a periodic rise in the hydrostatic pressure within the culture chamber, 

simulating a natural respiratory cycle. On the other hand, a rise in hydrostatic 

pressure raises the partial pressure of gases in the culture chamber, especially 

CO2, which can cause the creation of carbonic acid and a reduction of the pH of 

the culture medium once it has dissolved in the cell culture fluid [273], [274]. In 

order to keep track of pH fluctuations in the medium used for culture during the 

growth of cells and to research the dynamics of this variable while either normal 

and tumor cell lines are exposed to a hydrostatic stimulus, the system is also 

equipped with a number of PEDOT:PSS-based OECTs that operate directly in the 

system.  
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4.2 Materials and Methods 

4.2.1 Culture chamber fabrication 

The cell culture chamber was manufactured employing a numerically controlled 

milling equipment (Benchman VMC 4000) and a 3D CAD program called 

Rhinoceros, developed by Robert McNeel & Associates. The chamber is made of 

three polymethyl methacrylate (PMMA) plates that were layered together and 

fastened with eight steel screws after being hollowed down to fit a multi-well 

plate with standard dimensions. A pair of nitrile-based O-rings that have been 

lubricated with vacuum grease and put in a groove between every pair of plates 

assure the chamber's tightness.  

 

Figure 29 Overview of the PMMA culture chamber fabricated. a) CAD of the 
culture chamber. b) culture chamber assembled with its o-rings and closed with its set of 
screws. c) detail of the feed-through of the temperature sensor, sealed with PDMS. d) 

detail of the lid.  

Three feedthrough apertures on the top portion of the plate allow for the 

connection of the temperature detector, differential pressure gauge, and chamber 

pressure apparatus. As illustrated in Figure 29, a pneumatic connection was used 
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to provide the feedthrough for the temperature gauge, and it was properly sealed 

with PDMS (Sylgard 184, ratio 1:10) to make the chamber airtight. 

4.2.2 Electronic circuit 

To program the platform and control the on/off periods of a diaphragm air pump 

and a solenoid valve and how long they operate, in order to achieve the desired 

pressure in the chamber, an embedded microcontroller (MCU) implemented with 

an Arduino Nano® microcontroller is used. This MCU also manages the data 

from the temperature gauge and the differential pressure gauge connected to the 

culture chamber. In section 3.2, the evolution of electronic systems is extensively 

covered. 

4.2.3 OECTs development 

On a 4'' p-type (100) silicon wafer covered with SiO2, the OECTs were created in 

a clean room setting. The source and drain electrodes were designed with an 

interdigitated geometry in order to produce devices with substantially reduced 

dimensions as well as considerably boost the B/L ratio of the transistors, which in 

this particular instance were designed with W = 9.99 mm and L = 10 μm. This 
was done in consideration of their future application, which will involve 

immersing the devices in the small volumes of cell culture medium of a multiwell 

plate. The transistors' Au source and drain electrodes were made using lift-off and 

e-beam evaporation techniques. Following a well-known approach, an Al2O3 

passivation coating was added on the transistors employing the identical method, 

maintaining a single opening on the conductive pads as well as one on the 

interdigitated source and drain electrodes [275]. Then, using a spin coating 

technique, a PEDOT:PSS coating 200 nm thick was applied, and it was patterned 

using photolithography and reactive ion etching. The supporting information 

includes a full description of the fabrication process. Last but not least, the chip 

and gate electrode are put together in a fluidic system, whereupon the devices 

become subjected to the electrolytic solution by being inserted into the inlet 

port (Fig. 30e). As indicated in Figure 30f, electrical characterization is carried 

out by making contact with the electrical terminals from outside the system. 
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Figure 30 Overview of the OECTs developed. a) single chip with a triplet of devices 
fabricated on its surface. b)-d) detail of the geometry of source and drain electrodes. e)-f) 
CAD and picture of the fluidic chip. 

4.2.4 Cell viability assay 

For the purpose of evaluating cell survival, the human epidermal keratinocyte line 

(HaCaT) and the human foreskin fibroblast line (HFF-1) were chosen as two 

normal cell lines. In addition to 15% fetal bovine serum (Sigma-Aldrich), 1% L-

glutamine, 1% penicillin-streptomycin, and 1% sodium pyruvate (Sigma-Aldrich), 

cells were grown in DMEM GLUTAMAX (Gibco, ThermoFisher Scientific). In a 

96-well plate, 104 cells of HFF1 and 7000 cells of HaCaT were plated in each 

well, respectively. By using the MTT test (thiazolyl blue formazan, Sigma-

Aldrich) to measure metabolic activity at 24 and 72 hours after seeding. 

Following a two-hour incubation with 0.5 mg/ml MTT at 37°C, the salts were 

then submerged in MTT solvent (10% SDS, 0.01 M HCl in H2O) for one hour. 

Using a SynergyTM HTX Multi-Mode Microplate Analyzer (BioTek, Winoosky, 

Vermont, USA), absorption was detected at 570 nm (650 nm reference 

wavelength). 

4.3 Results 

4.3.1 Culture chamber leakage 

The airtightness of the chamber, the reliability of pressure periods over the course 

of time, and the tracking of variations in temperature generated by pressure 

increasing and decreasing phases in comparison to the outside chamber were all 
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tested using the culture chamber equipment and its electronics. In Section 3.3, the 

complete description of the characterizations carried out on the culture chamber is 

covered in depth. 

4.3.2 HaCaT and HFF-1 proliferation tests 

In the culture chamber, preliminary proliferation experiments were conducted 

with pressure cycles lasting 5 s and adjusted at 12 kPa. As a control, cells that had 

been cultivated in the usual manner were utilized. Using an extra-filled well as a 

reference, cultured human epidermal keratinocyte line (HaCaT) as well as human 

foreskin fibroblast line (HFF-1) were developed in duplicates (n=3). Cell 

proliferation was observed by measuring the optical density in both plates after 24 

and 72 hours. By measuring the optical density in both plates, the rate of cell 

multiplication was kept track of.  

 

Figure 31 Overview of the multi-well plate inside the culture chamber (a) and 
proliferation results performed on HaCaT and HFF-1 cell lines inside and outside the 
culture chamber (b). 

It is important to note that there were no changes found when cells were subjected 

to pressure cycling, indicating that there is no impact on cell proliferation. Future 

research will examine different cell types as well as pressure levels to see if such 

variations in culture conditions affect how cells respond in terms of gene 

activation, proliferation, and viability. 

4.3.3 OECTs characterization 

The source, drain, and gate electrodes were connected to a programmed source 

meter (Keysight Technologies B2912A) for the purpose to characterize the 

transistors. The source voltage, that was linked to ground, served as the reference 
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for the gate and drain voltages. Cell culture medium was used as the source of 

electrolytes during tests on the devices using different gate materials. A porous 

Au gate electrode, an Ag/AgCl wire electrode, and an Au electrode evaporated by 

an electron beam were the three distinct gate electrodes employed. In each 

instance, the gate area that was subjected to the electrolyte mixture was 9 mm2. 

The gate voltage was modulated between -0.75 and 1 V with a frequency of 

sampling of 125 mV/s, and the drain voltage was adjusted at -100 mV, in order to 

get the transfer curves. Figure 32 observations illustrate how the various gate 

materials behaved differently. When the gate voltage rises, the drain current of the 

transistor is efficiently reduced by both the porous Au gate as well as the Ag/AgCl 

gate, which turns the device off for VG>0.8 V. When the evaporated Au gate is 

utilized, this does not occur, most likely because in this situation the capacitance 

of the channel-electrolyte barrier (CCH) is significantly greater than that of the gate 

electrolyte one (CG). The fact that porous Au gives an effective area twenty times 

higher than evaporated Au for the identical exposed gate region, resulting in a 

higher CG, is evidence of this phenomenon. The devices' highest 

transconductances were 0.4, 5.0, and 5.2 mS, respectively, and the gate voltages 

that corresponded to those values were 0.9 V corresponding to the evaporated Au 

electrode, 0.49 V for the porous Au gate, and 0.51 V for the Ag/AgCl gate. Since 

Ag/AgCl gate electrodes have a better transconductance and reliability than the 

other two gate materials, stability studies were also carried out on these devices. 

To further confirm the functioning of the transistors in the context of cell growth 

environment, the electrolyte solution for this test was once more the cell culture 

medium. The drain potential was maintained at -100 mV, while the gate potential 

was varied within -0.75 and 1 V at a frequency of sampling of 125 mV/s. The 

various transfer curves were measured in the experiment depicted in Figure 32(c) 

with a 30-minute break in between. At the curve's greatest transconductance point 

(VG=0.51 V), the devices displayed an overall current displacement over time of 

158 A, or a relative current displacement of 7.3%. Table 3 provides an overview 

of the major performance indicators for each of the three gate electrodes. 
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Figure 32 Transfer curve (a) and transconductance curve of the OECTs as a function 
of the gate electrode material. c) stability response of the device with an Ag/AgCl gate 
electrode as a function of time. c)-f) Output curves of the device as a function of the gate 
electrode material. 

Table 3 Overview of the figures of merit of the OECTs. 

Gate electrode gmMAX VG|gmMAX ION/IOFF ΔVG hysteresis 

@gmMAX 

Evaporated 

Au 
0.4 mS 0.9 V - 41 µV 

Porous Au 5.0 mS 0.49 V 3001 195 mV 

Ag/AgCl 5.2 mS 0.51 V 2738 230 mV 

     

4.3.4 pH response of OECTs  

Six distinct solutions having increasing amounts of HCl that ranged from 0.1 M 

(pH 1) to 10-6 M (pH 6) and a predetermined amount of NaCl (0.1 M) were used 

to study the electrical behavior of the transistors within electrolyte solutions with 

varied pH values. The Ag/AgCl gate electrode was used in all experiments, with 
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VG varying from -0.75 to 1 V, VD equal to -100 mV, and a scan rate of 125 mV/s. 

As the pH of the solution lowers, the data shown in Figures 33a and 33b clearly 

demonstrate a change in the transfer profiles (and consequently, the gmMAX) for 

smaller VG values. Table 4 displays the primary performance information for the 

transistors under these circumstances. The variation in the transfer profiles, whose 

is clearly defined by the exact position of the transconductance peak (VG|gmMAX), 

may be used to monitor how the device responds to changes in pH. Table 4 shows 

that as the pH is decreased, the peak location moves to lower gate voltages. This 

behavior was anticipated since the internal amount of dissolved H+ ions rise over 

an order of magnitude for each unit pH as the pH drops.  

 

Figure 33 Response of the transfer curve (a) and the transconductance curve (b) of 
the OECTs as a function of the acidity of the electrolyte solution, using an Ag/AgCl gate 
electrode. Real-time output curve of the device working at its operating point, as a 
function of the acidity of the electrolyte solution fluxed inside the device fluidics (c). 
Resulting sensitivity calculated as a function of the pH (d). 
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Further positive ions were thus injected into the polymer film from the electrolyte 

at a given VG, increasing the polymer film's capacity to stop the drain current. In a 

real-time assessment, VG=400 mV and VD=-100 mV were chosen, and the least 

acidic solution (pH 6) and the most acidic solution (pH 1) were sequentially 

flooded for 360 s at a fluidic flow rate of 100 l/min. Figure 33c depicts the results, 

which demonstrate that the drain current for the last three solutions (second group, 

pH=3, 2, 1) decreased significantly whereas the drain current for the initial three 

solutions (first group, pH = 6, 5, 4) slightly decreased. 

Table 4 Main figures of merit of the OECTs as a function of the acidity of the 
electrolyte solution. 

pH gmMAX VG|gmMAX ION/IOFF ΔVG shift pH 6 

@gmMAX 

6 5.1 mS 0.45 V 474 - 

5 5.2 mS 0.44 V 854 10 mV 

4 5.0 mS 0.40 V 773 50 mV 

3 4.9 mS 0.36 V 669 90 mV 

2 5.0 mS 0.35 V 135 100 mV 

1 5.2 mS 0.33 V 103 120 mV 

 

4.3.5 Absorbance tests on culture media 

An absorbance interference study was carried out in order to show whether the 

presence of the OECTs did not affect the pH of the cell culture medium. A shift in 

the absorbance spectrum in the cell culture medium indicates a change in pH since 

the medium includes phenol red as a marker of pH, which transforms from yellow 

to a light pink throughout the pH range between 6.8 and 8.2. A preliminary 

absorbance alteration assay in cell culture media (RPMI 1640, GlutaMAXTM, 

Gibco ThermoFisher Scientific) was carried out by dipping the chips (non-biased) 

within the medium in three replicates and recording the absorbance of the cell 

culture medium in the wavelength range between 300 and 800 nm every 24 hours 
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(Figure 34a). This was done in consideration of the pH tracking application to 

which the OECTs in this work are intended. After removing from their spectra the 

components of the multiwell plate's own material, which served as a reference, the 

absorbance was evaluated with three replicates of the exact same culture medium. 

Figure 34b shows a consistent peak of absorption with a wavelength of 559 nm 

and no differences in absorption among wells over the course of 7 days. This 

might be as a result of the culture medium pH appearing to remain constant or 

changing in a way that this monitoring method is unable to detect. 

 

Figure 34 Overview of the absorbance test performed on the culture media with and 
without OECTs inside it (a) and resulting absorbance spectrum as a function of time (b). 
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Chapter 5 

Tuning of OECTs performance 

5.1 Introduction 

In this chapter, we focus on the pathway taken to enhance the performance of 

OECTs when employing an Au gate electrode. Our objective is to create a more 

sensitive and versatile device, broadening its potential applications beyond 

monitoring pH values in the culture medium. We aim to explore the possibilities 

of utilizing these devices in the field of biosensing. Initially, we present the 

preliminary biosensing tests conducted using the same devices discussed in 

Chapter 4, employing a biofunctionalized gate electrode. Subsequently, we 

emphasize the efforts invested in optimizing a novel category of devices, in which 

the Au gate electrode performance is improved. These new devices encompass 

improvements in channel geometry, as well as the design of source, drain, and 

gate electrodes to enhance the amplification of drain current at zero gate voltage. 

The performance of such devices are then highlighted and preliminary tests 

performed in acidic solutions have been carried out, showing the device response 

as the pH of the solution decreases.  

5.2 Biosensing tests 

Preliminary biosensing tests have been carried out employing the devices 

described in chapter 4, with a functionalized Au gate electrode. The 

functionalized protocol consists in the growth of a self-assembled pattern of thiols 

on the gate surface, working as functional groups which are able to chemically 



 77 

 
interact with a target molecule, which consisted in bovine serum albumin (BSA), 

thus modifying the potential of the gate electrode and translating this variation 

into a modulation of the drain current. The functionalization protocol, as well as 

the testing protocol, is widely discussed in a previous publication of our research 

group [275], and it consists on the recording of the transfer curves of the devices 

employing two different gold gate electrodes, of which one is functionalized, 

while the second works as a blank. A solution containing BSA with 

concentrations ranging between 1 pM and 1 nM are managed to interact with the 

functionalized gate electrode, while the second gate works with a PBS solution. 

The results, highlighted in Figure 35, shows an uncertain behavior of the device as 

a function of the concentration of the BSA concentration, both when employing 

an Au gate electrode, or a functionalized one. The devices shows a behavior not 

related on the increasing concentration of the analyte, thus making unclear 

whether the variations in the transfer curves are affected by this parameter or by 

external factors, such as the intrinsic relative instability range highlighted in the 

stability tests showed in the previous chapter, or by the degradation of the 

polymer by electrolyte flux occurring through the microfluidic channel 

surrounding it, and needs to be further investigated. Moreover, the very low 

transconductance of the device when utilized with an evaporated Au electrode, 

makes very difficult the investigation of such effects with a functionalized Au 

gate electrode. 

 

Figure 35 Transfer curve of the Au gate electrode as a function of the BSA 
concentration (a) and transfer curves of the same devices when using a functionalized Au 
gate electrode (b). 



78  

 

5.2 Geometry variation 

The results showed in the previous section, as well as the low performances of the 

evaporated Au gate electrode shown in the previous chapter, highlighted the 

necessity to modify the geometry of the gate electrode in order to increase the 

surface area exposed to the electrolyte solution, and thus the associated gate 

capacitance. Moreover, the gate voltage at which the transconductance shown its 

peak must be reduced from the value of 0.9 V highlighted in the previous chapter 

for the evaporated Au, towards values closer to 0 V. As highlighted in Figure 36, 

a new geometry for the device has been designed, in which the gate electrode is 

now fabricated directly into the surface of the device, a solution different from the 

previous ones, in which the gate electrode was separated from the chip. This new 

geometry exhibits a gate surface area exposed to the electrolyte solution of 23.36 

mm2, a value 2.6 times greater than in the previous device. In the zoom 

highlighted in Figure 36a, is shown the detail of the new channel, which exhibits a 

geometry with a W/L ratio of 80, a value 12.5 times smaller than the previous one, 

which turned out to be 999, keeping at the same time the previous channel 

thickness of 80 nm. 

 

Figure 36 New device geometry (a) with the detail of the channel geometry, and 
device assembled in the microfluidic case (b). 

In this scenario, according to the equation for the calculation of ID discussed in 

Chapter 2, the device must exhibit a reduced drain current compared with the 

previous one, with a peak transconductance in correspondence of a lower gate 

bias, as confirmed by the transfer and transconductance curves shown in Figure 

37 [164]. All the tests have been carried out in RPMI culture media. The figure 

illustrates a drastic reduction of the drain current compared to the previous 

devices where an evaporated Au gate was used, showing a drain current at zero 

gate voltage of 0.21 mA, a value 12 times lower than the previous drain current in 
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the same conditions, which turned out to be 2.55 mA. Moreover, also the peak 

transconductance shows a clear reduction towards smaller gate voltages. 

Comparing again the peak transconductance at the same conditions of the 

previous device, the new geometry exhibits a value of gm=0.4 mS with Vd=0.7 V, 

compared to the previous results of gm=0.4 V with Vd=0.9 V. In table 5 are 

summarized the main figures of merit of the new device. 

 

Figure 37 Transfer curve (a) and transconductance curve (b) of the new devices as a 
function of the drain voltage. 

Table 5 Main figures of merit of the new OECTs as a function of the drain voltage 

Vd gmMAX VG|gmMAX ION/IOFF 

-500 mV 1.3 mS 0.64 V 6.60 

-450 mV 1.2 mS 0.65 V 6.37 

-400 mV 1.2 mS 0.65 V 6.88 

-350 mV 1.1 mS 0.65 V 7.09 

-300 mV 1.0 mS 0.66 V 7.16 

-250 mV 

 

0.9 mS 0.68 V 7.26 
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-200 mV 0.3 mS 0.68 V 7.00 

-150 mV 0.6 mS 0.69 V 6.7 

-100 mV 0.4 mS 0.71 V 6.57 

-50 mV 0.2 mS 0.73 V 5.75 

5.3 Porous gold electrodeposition 

Despite the improvements of the device, resulting in lower current and lower peak 

transconductance gate voltages, the gm of the transistor remains very low, making 

it difficult to employ as a functionalized biosensor. Given also the low ION/IOFF 

figure of merit of the new devices, an enhancement of the surface area exposed to 

the electrolyte solution is needed, in order to increase the capacitance associated 

to the gate-electrolyte interface CG, in order to make it dominate over the channel-

electrolyte one CCH. An electrodeposition of porous gold has been grown on the 

planar gate electrode following the procedure highlighted in a previous work of 

our research group [276], aiming to amplify the equivalent surface area exposed 

to the electrolyte solution. The result, highlighted in Figure 38, shows the 

resulting gate electrode with a layer of porous gold grown on its surface.  

 

Figure 38 Transfer curve (a) and transconductance curve (b) of the new devices with 
electrodeposited porous gold on the gate surface, as a function of the drain voltage. 
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The resulting transfer curve and transconductance curve of the device have been 

obtained in the same manner as in the previous discussed cases, with Vd=-100 

mV, employing the cell culture medium as electrolyte solution. The results, 

illustrated in Figure 39, shows a sharp increase in the figure of merit ION/IOFF, 

which turns out to be 46.96 (compared to 6.57 in the previous case), probably due 

to the increase capacitance associated with the gate-electrolyte interface, 

maintaining at the same time a drain current value at zero gate voltage comparable 

with the previous case. Also the transconductance of the device results inevitably 

increased, reaching a maximum of 0.6 mS (compared to the 0.4 mS of the 

previous case), this time with a peak shifted at even lower gate voltages, namely 

0.56 V. 

 

Figure 39 Transfer curve (a) and transconductance curve (b) of the new devices with 
electrodeposited porous gold on the gate surface, as a function of the drain voltage. 
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Conclusions 

This research demonstrates the possibility of employing our system as a cell 

culture chamber where a cyclic rise in hydrostatic pressure may be used without 

harming the cells. It is important to note that the cyclic increase in hydrostatic 

pressure has no effect on cell proliferation while the system is in operation, but it 

may have an impact on cytoskeletal stiffness/rearrangements, which should be 

further investigated during subsequent tests. In order to evaluate the impact of 

cytoskeletal changes on these characteristics, analysis of cell migration and 

wound healing should also be conducted. OECTs have also been shown to operate 

consistently within culture media after being submerged inside it for more than a 

week without affecting its pH. Future experiments will be carried out within the 

chamber while varying the inner hydrostatic pressure, employing human alveolar 

epithelial cells as well as human adenocarcinomic alveolar epithelial cells (A549 

cell line), this time to examine critical growth-related characteristics. This work 

has also opened the pathway in the direction of the non-invasive integration of 

live monitoring sensors inside cell culture media, which should be further 

investigated and developed in future tests. Additional studies should be done on 

the pH response of OECTs, in order to pave the way for the employing of these 

devices to detect chemical, physical and biological parameter shifts during cell 

growth. Upon correct functionalization of the gate electrode, the culture chamber 

and OECTs are both sufficiently adaptable to investigate, in the near future, 

various live monitoring approaches, including pH as well as the detection of 

certain fingerprint analytes associated to tumor cell proliferation. The preliminary 

efforts made in the direction of the improvement of the device geometry deserve 

to be further explored, trying to find the best mechanism to grow a porous Au 

layer on the evaporated Au surface, to maximize its area. The dendritic growth of 

gold is strongly dependent on external factors such as temperature, and the growth 

process should be tuned in a more efficient way to improve the reliability of the 

process. The new flat gate geometry exposed, opens the way to custom-made 
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electrodepositions which are not only limited to porous gold, but also to different 

materials which deserve to be investigated. Given the great electrical response of 

the Ag/AgCl reported in this work, the electrodeposition of Ag and its subsequent 

chlorination should be taken into account for the future, to boost device 

performance. The incredible versatility of the Arduino board makes possible the 

further development of the electronic circuit exposed in this work, in the way to 

control and detect not only the pneumatic system, but also to work as an interface 

to a custom made source meter capable to provide a precise electrical input to the 

OECTs and record their electrical response in live. Overall, this work provided the 

following achievements in the field of dynamic cell cultures and of in-situ 

biosensing: 

➢ Development of a cheap and versatile open-source electronic board for the 

control and investigation of biological experiments, fully compatible with 

standard cell culture growth methodologies. The system can be readily 

adapted to different multi-well culture plates and common in vitro 

systems, to provide a positive or negative hydrostatic pressure stimulus to 

the growing tissues. The final pressure can be easily adjusted as well as the 

duty cycle of the mechanical stimuli, and the temperature can be 

monitored during cell development; 

➢ Demonstration of the biocompatibility of the platform, through cell 

proliferation tests on HaCaT and HFF-1 cell lines, showing an similar 

proliferation trend compared to control group, opening the way to further 

studies involving different cell lines and further development parameters 

to be monitored; 

➢ Design and development of an in-situ pH sensor based on PEDOT:PSS 

Organic Electrochemical Transistors, studied to work in the acidic zone of 

the electrolytic solution under test. The idea behind the development of 

this sensor is its implementation within the electronic platform described 

above, in order to monitor this critical physical quantity during cell culture 

growth; 

➢ Investigation of the response of OECTs with different gate electrode 

materials and geometries, in order to achieve better stability and higher 

sensitivity by increasing the surface area exposed to the electrolytic 

medium, paving the way also to biosensing studies in which the gate 

electrode is functionalized to detect target molecules during cell 

development. 



84  

 

Supporting information 

OECTs fabrication 

The OECTs were fabricated in a clean room environment on a 4’’ SiO2 finished p-

type (100) silicon wafer (resistivity 1-10 Ω·cm). The interdigitated source and 
drain electrodes of the devices (Fig. 30) are obtained by lift-off process. First the 

wafer was dehydrated on a hot plate (120°C, 5 min). An adhesion promoter was 

then spin coated (MicroChemicals® TI PRIME), and baked (120°C, 2 min).  A 

layer of image reversal photoresist (MicroChemicals® AZ5214) was then spin-

coated on the wafer (500 rpm, 5s, then 2400 rpm, 60 s), and soft baked (105°C, 2 

min). The resulting wafer was then exposed with a patterned mask by means of a 

UV source (Neutronix Quintel, NXQ 4006 Mask Aligner, 5 s, 10 mW/cm2) and 

baked again to reverse the tone of the photoresist (105°C, 2 min). The wafer was 

then exposed (flood exposure) a second time with a UV source (20 s, 10 mW/cm2) 

and developed (MicroChemicals® AZ276 MIF) for 35 s, then rinsed in deionized 

water. An electron beam evaporator was employed (Ulvac EBX-14D) to deposit 

on the wafer a 10 nm thick Ti adhesion layer (rate 1.5 Å/s), and a 110 nm thick 

Au layer (rate 1 Å/s). The lift-off process was performed with acetone. The same 

technique has been repeated to deposit a 150 nm passivation layer of Al2O3 on the 

wafer, leaving two windows, one on the pads and one on the interdigitated 

electrodes. The wafer was then rinsed with isopropyl alcohol and dried with 

nitrogen. A (3-glycidyloxypropyl) trimethoxysilane (GOPS) adhesion layer was 

spin coated (4000 rpm, 60 s) on the wafer (22 mM in a 200:1 solution of 

toluene:acetic acid), then baked (120°C, 30 s). A solution of PEDOT:PSS was 

then prepared in the proportion of 93.5% PEDOT:PSS (Heraeus Clevios™), 5% 

ethylene glycol (Sigma Aldrich®), 1% GOPS (Sigma Aldrich®), 0.5 % 4-

dodecylbenzenesulfonic acid (DBSA, Sigma Aldrich®) and spin coated twice on 

the wafer (4000 rpm, 60 s), baking it between the first and the second spin-coating 

process (120°C, 30 s) and baking again after the second one (120°C, 5 min), then 

rinsing in deionized water. The PEDOT:PSS layer was then cross-linked in a 

vacuum oven (150°C, 2 h). The PEDOT:PSS layer resulted in a measured 

thickness of 200 nm (Tencor P-10 Surface Profiler). A 20 µm thick photoresist 

layer was then deposited on the wafer (MicroChemicals® AZ9260) spinning it 

and soft baking it twice (500 rpm for 5s, then 2400 rpm for 60 s, 100°C, 10 min). 
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The resulting photoresist was then left resting for 4 h to rehydratate and avoid 

bubble formation during the UV exposure. The wafer was then UV exposed with 

a mask (80 s @11 mW/cm2) and developed in a 3:1 solution of deionized 

water:developer (MicroChemicals® AZ400K) for 2 min. A dry etching process 

was then used to pattern the PEDOT:PSS through O2 plasma (Electrotech 

Plasmafab 508), with the following parameters: O2 flow 100 sccm, RF frequency 

13.56 MHz, RF power 300 W. The etching process has been divided in 6 different 

etching/cooling steps lasting 30 min each, in order not to make the temperature 

exceeds the value at which the photoresist etching rate becomes significantly 

higher than that of the PEDOT: PSS. The wafer was finally developed in acetone, 

rinsed in isopropyl alcohol and dried with nitrogen, then laser cut to obtain chips 

containing three devices each. 

Arduino sketch 

#include <Wire.h>  

byte fetch_humidity_temperature(unsigned int *p_Humidity, unsigned int 
*p_Temperature); 

void print_float(float f, int num_digits); 

#define TRUE 1; 

#define FALSE 0; 

int analogPin = A3;                                       

int val = 0;                   

int Pressure;  

int timer_p=2500; 

int timer_p=2500; 

int t=0; 

void setup(void) 

{ 

   Serial.begin(9600); 

   Wire.begin(); 

   pinMode(2, OUTPUT); 

   pinMode(4, OUTPUT); 

   pinMode(6, OUTPUT); 
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   pinMode(7, OUTPUT); 

   pinMode(8, OUTPUT); 

   Serial.println(">>>>>>>>>>>>>>>>>>>>>>>>");  

} 

void colore (unsigned char rosso, unsigned char verde, unsigned char blu) 

{ 

 analogWrite(8, rosso);  

 analogWrite(7, blu);  

 analogWrite(6, verde);  

} 

void loop(void) 

{ 

   byte _status; 

   unsigned int H_dat, T_dat; 

   float RH, T_C; 

    

   while(1) 

   {  

      for(t=0;t<timer_p;t++) 

      { 

        digitalWrite(2, HIGH); 

        digitalWrite(4, LOW); 

        colore(0,255,0); 

         

        _status = fetch_humidity_temperature(&H_dat, &T_dat); 

        RH = (float) H_dat * 6.10e-3; 

        T_C = (float) T_dat * 1.007e-2 - 40.0; 

        val = analogRead(analogPin);   

       if (val<38) {val = 38;} 

       if (val>1015) {val = 1015;} 

       Pressure = map (val, 38, 1015, 0, 10000); 
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       Serial.print(Pressure);  

       Serial.print("  "); 

       print_float(T_C, 2); 

       Serial.print("  "); 

       print_float(RH, 1); 

       Serial.println();   

      } 

      for(t=0;t<timer_sv;t++) 

      { 

        digitalWrite(2, LOW); 

        digitalWrite(4, HIGH); 

        colore(0,255,0); 

        _status = fetch_humidity_temperature(&H_dat, &T_dat); 

        RH = (float) H_dat * 6.10e-3; 

        T_C = (float) T_dat * 1.007e-2 - 40.0; 

        val = analogRead(analogPin);   

       if (val<38) {val = 38;} 

       if (val>1015) {val = 1015;} 

       Pressure = map (val, 38, 1015, 0, 10000); 

       Serial.print(Pressure);   

       Serial.print("  "); 

       print_float(T_C, 2); 

       Serial.print("  "); 

       print_float(RH, 1); 

       Serial.println();   

      } 

   } 

} 

byte fetch_humidity_temperature(unsigned int *p_H_dat, unsigned int *p_T_dat) 

{ 

      byte address, Hum_H, Hum_L, Temp_H, Temp_L, _status; 
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      unsigned int H_dat, T_dat; 

      address = 0x27;; 

      Wire.beginTransmission(address);  

      Wire.endTransmission(); 

      delay(100); 

      Wire.requestFrom((int)address, (int) 4); 

      Hum_H = Wire.read(); 

      Hum_L = Wire.read(); 

      Temp_H = Wire.read(); 

      Temp_L = Wire.read(); 

      Wire.endTransmission(); 

      _status = (Hum_H >> 6) & 0x03; 

      Hum_H = Hum_H & 0x3f; 

      H_dat = (((unsigned int)Hum_H) << 8) | Hum_L; 

      T_dat = (((unsigned int)Temp_H) << 8) | Temp_L; 

      T_dat = T_dat / 4; 

      *p_H_dat = H_dat; 

      *p_T_dat = T_dat; 

      return(_status); 

} 

void print_float(float f, int num_digits) 

{ 

    int f_int; 

    int pows_of_ten[4] = {1, 10, 100, 1000}; 

    int multiplier, whole, fract, d, n; 

    multiplier = pows_of_ten[num_digits]; 

    if (f < 0.0) 

    { 

        f = -f; 

        Serial.print("-"); 

    } 
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    whole = (int) f; 

    fract = (int) (multiplier * (f - (float)whole)); 

    Serial.print(whole); 

    Serial.print("."); 

    for (n=num_digits-1; n>=0; n--) // print each digit with no leading zero 
suppression 

    { 

         d = fract / pows_of_ten[n]; 

         Serial.print(d); 

         fract = fract % pows_of_ten[n]; 

    } 

} 
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