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Abstract 

Synaptic plasticity is at the base of learning and memory capabilities of the human brain and lately recent 

studies reported a strong correlation between synaptic dysfunction and neurodegenerative diseases. 

Unfortunately, the complexity of the brain and the nervous system prevents the investigation of mechanisms 

underlying cognitive impairment, and for this reason the possibility to inhibit neurodegeneration at the early 

stage of disease is still far from being concrete. The impossibility to study neuronal cells in their native 

environment pushed the neuroelectronic field towards the implementation of biomimetic in vitro platforms 

which could resemble the main features of biological synapses, like geometrical shape, structure and 

functionalities. At this purpose, in recent years supported lipid bilayers and 3D patterned electrodes 

emerged as promising strategies to mimic neuronal membrane composition and dendritic spines shapes. 

Additionally, the advent of neuromorphic devices based on conductive polymers provided artificial 

synapses exhibiting short and long-term plasticity, while being able to transduce biological ionic signals 

into electrical currents. In this thesis, we present the implementation of biohybrid biomimetic synapses 

which could pave the way for a new class of adaptable in vitro platforms able to trick cells to recognize 

electronic devices as part of their native environment. The first part of the project was focused on 

engineering a biohybrid synapse where a PEDOT:PSS-based OECT acts as artificial post-synaptic neuron 

while cells directly interfaced with the device represent the biological pre-synaptic end. Of note, the OECT 

conductance can be modulated by the oxidation of dopamine directly secreted from cells, demonstrating 

neurotransmitter-mediated short and long-term plasticity. In the second part of the project, the OECT was 

coupled with a synthetic phospholipid bilayer to implement an artificial synapse with biomimetic features. 

Finally, the role of the biomembrane on the short-term plasticity of the OECT was evaluated varying also 

the position of the gate electrode in respect to the neuromorphic channel. Here, the SLB behaving as an 

ionic barrier amplifies the short-term potentiation of the artificial synapse, especially when the top gate 

electrode forces ions to cross the double layer. In light of the results presented in this thesis, biomembrane-

based organic neuromorphic transistor could represent a first step towards the implementation of fully 

biomimetic in vitro systems, which resemble composition and functionalities of neuronal networks and as 

such, could contribute to unwind the complex mechanisms underlying neurodegeneration and synaptic 

plasticity loss. 
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1 Introduction 
 

1.1 The nervous system. 

The brain is the central control system of the body and is responsible for movement, memory formation 

and behavior. In particular the exchange of information from the brain to different parts of the body and 

vice versa takes place through the nervous system, an intricate and complex network of nerves and cells, 

which is usually divided in the central nervous system (CNS) and the peripheral nervous system (PNS): 

here, the CNS is formed by the brain and the spinal cord, while the PNS consists of nerves and other cell 

types branching throughout the rest of the body and communicating with the CNS [1].  

The nervous system is made of two different types of cells: neurons and glia cells. The latter, playing a 

supporting role to the activity of neurons, can be divided in astrocytes, oligodendrocytes and microglia 

found in the CNS, and Schwann cells located in the PNS [2]. Although glia cells represent the major fraction 

of the human brain, the fundamental unit of the nervous system are actually neuronal cells, responsible for 

sending information to other nerve cells, muscle, or gland cells.  

The brain present different types of neurons (i.e., motor, sensory and interneurons), all exhibiting the same 

basic structure with a cell body, called soma, several branches called dendrites and an extra-long branch 

called axon (Figure 1.1). Here, the soma contains the nucleus where neuronal proteins are synthesized, 

while the elongated protrusions are responsible for neuron-to-neuron communication which occurs at 

synapses, the site of transmission between two nerve cells, called pre and post-synaptic terminals. In 

particular, the axon is usually covered with a discontinuous insulating layer called myelin sheet which 

guarantee the rapid transmission of the electrical signal [3]. As ‘command’ center of the human body, 

dysfunction and disease condition in the brain affects the whole body: brain damage indeed can be caused 

by psychiatric conditions, strokes or external trauma caused by accidents or neurotoxic chemicals, all 

resulting in brain cells degeneration and ultimately neuronal death. In general, human brain disorders can 

be divided in two categories: neurodegenerative diseases and neuropsychiatric disorders, both highly 

challenging to understand and incurable, although some medicines, surgery and physical therapies are 

currently available to reduce the progression of the disease and suppress the symptoms [4] . Here, the 

following paragraphs will be focused on neurodegenerative disorders, their pathological causes and 

potential strategies to develop therapeutic treatments able to inhibit neurodegeneration at the early stage of 

disease. 
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Figure 1.1. Neuronal structure. Schematics depicts the main components of biological neurons: cell body 

or soma containing the nucleus, branched dendrites and the axon covered by the myelin sheet. The inset 

shows the synapse structure located at the axon terminal where the communication between the pre- and 

post-synaptic neuron occurs. 

1.2 Neurodegeneration and aging. 

Neurodegenerative diseases, i.e., Parkinson’s (PD), Alzheimer’s (AD) and multiple sclerosis (MS), are age-

related conditions that nowadays affect millions of people worldwide and this number is expected to 

increase: according to the annual report of the Alzheimer's Disease Association, in 2021 the number of the 

American’s with AD is around 6.2 million and is expected that by 2030 1.2 million people in the United 

States could be living with PD [5]. These debilitating pathologies, associated with cognitive deficit and/or 

loss of locomotor functions, are characterized by a progressive decline in brain functions, due to 

degeneration and/or death of nerve cells [6]. Neurodegenerative diseases are strictly related to aging, even 

though multiple risk factors as environmental triggers and genetic components can contribute: however, as 

neurodegeneration involves complex cellular and molecular processes, the isolation and characterization of 

mechanisms underlying cognitive impairment, are highly challenging [7]. 
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1.2.1 Alzheimer’s disease. 

Alzheimer’s disease is a neurodegenerative disorder whose causes are still incompletely understood: it is 

characterized by the loss of cognitive functions and behavioral abilities [8]. AD can exhibit two different 

forms: early-onset familial Alzheimer’s disease (EOFAD) and late-onset Alzheimer’s disease (LOAD). The 

latter is the most common form of AD and usually occurs in people of age 65 or older without a family 

history of dementia; EOFAD, instead can appear even in younger people with genetic mutations in the 

genes of amyloid precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2) [9,10]. 

Historically, the accumulation of amyloid β (Aβ) protein has been recognized as the main cause of neuronal 

cell death and dementia in AD’s patients; however, the unsuccessful trial based on anti-Aβ therapy 

contributed to redefine AD as a multifactorial disorder and highlighted also the limitations of animal 

diseases models: here, indeed, mouse models failed in mimicking human AD pathology lacking neuronal 

loss and proteins tangles [11]. 

1.2.2 Parkinson’s disease. 

Parkinson’s diseases affects 1–2% of individuals above the age of 65, and is the second most common age-

related neurodegenerative disorder after AD [12]. Patients with PD present deep grey matter volume loss due 

to progressive death of dopaminergic neurons: this leads to multiple motor-symptoms like rigidity and 

tremors, but also to dementia and cognitive decline [13]. At neuropathological level, PD is characterized by 

the accumulation of protein inclusions within neuronal cell body: this aggregates, known as Lewis bodies, 

are usually made of insoluble misfolded presynaptic neuronal protein, α–synuclein [14]. Such dysfunction 

might be related to genetic causes, but only in the 5-10% of cases, while other neuropathological 

mechanisms are still unknown: therefore, current treatments, based on chemical drugs (i.e., levodopa) [15], 

or surgical procedures (i.e., deep brain stimulation, DBS) [16], are limited to attenuating motor symptoms. 

 

1.2.3 Multiple sclerosis. 

Multiple sclerosis is an inflammatory disease that usually affects people, and in particular women, between 

20-40 years old [17]. MS is characterized by motor dysfunction, tremors, paralysis, loss of coordination and 

balance, associated to the appearance of demyelinating axons and a reduced population of oligodendrocytes. 

Usually the symptoms are intermittent in the primary relapsing-remitting MS (RRMS) phase of disease, 

with increasing deterioration in the patient’s quality of life during the secondary progressive MS (SPMS) 

phase [18]. Among multiple factors related to the rise of MS, the activation of T cells has been proposed as 

possible mechanism responsible for the inflammation and brain tissue damage [19] . Another hypothesis 

instead identifies a genetic mutation as the primary cause of the disease which leads to the death of 
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oligodendrocytes [20]. Also in this case, due to unclear pathogenic mechanisms, current treatments are 

focused on remyelinating damaged axons to reduce and limit nerve damage, but no drug is able to provide 

a permanent cure [21]. 
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1.3 Pathophysiological mechanisms underlying neurodegeneration. 

Lately, increasing evidence identified synaptopathy, (i.e., synaptic dysfunction), and aberration in neuronal 

membrane as common pathogenic background of several neurodegenerative disorders. Of note, such 

alteration in neuronal structure and functionalities appear at early or initiating stage of disease, and 

degenerate along the clinical-pathological course [22–24]. For this, the investigation of physiological 

mechanisms underlying functional impairment could contribute to implement ad hoc treatments able to 

inhibit  neurodegeneration prior the appearance of the symptoms. 

 

1.3.1 Synapse structure and action potentials propagation. 

Synapses, as the basic information transfer units in the nervous system, are involved in all aspects of 

neuronal physiology; for this, even slight perturbations of synaptic function can lead to brain disorders [25]. 

Nowadays, two main modalities of synaptic transmission are recognized: electrical and chemical. In 

general, neurons have a resting potential (i.e., potential across the membrane) of 60-70 mV, meaning that 

the inner part of the cell is negatively charged compared to the outer part. However, the opening of ion 

channels might cause either a depolarization or hyperpolarization of the membrane, depending whether 

cations (e.g., Na+, Ca2+, K+) or anions (e.g., Cl-) enter the cell.  

During a depolarization event, if the membrane voltage crosses a threshold value ( 55 mV), voltage-gated 

Na+ ion channels sequentially open and induce the generation of a depolarization wave along the axon, 

known as action potential [26] (Figure 1.2 A). In electrical synapses, mostly found in glial cells, when an 

action potential arrives at the distal end of the pre-synaptic neuron, charged ions or small molecules (e.g., 

ATP) are transferred to the post-synaptic terminal crossing small pores known as gap junctions [27]. Unlike 

chemical synapses, in electrical synapses, the neurotransmission can be bidirectional, meaning that the ions 

can flow in either direction across the gap junction (Figure 1.2 B), depending whether the action potential 

is propagated along the pre or post-synaptic neuron. Furthermore, another interesting feature of electrical 

synapses is the fast transmission as the passage of ions across the gap junctions is instantaneous [28].  

The activity of chemical synapses, instead, is based on chemical mediators which enable the transport of 

information from the pre to the post-synaptic neuron. Chemical synapses transduce either excitatory or 

inhibitory signals that increase or decrease the action potentials firing in the target cells, respectively [29]. In 

detail, an action potential at the pre-synaptic neuron (usually located at the axons) causes the depolarization 

of the pre-synaptic membrane and the aperture of voltage-dependent calcium channels with consequent rise 

of intracellular Ca2+ levels [30]. Increased Ca2+ concentration activates the synaptic vesicles protein 

synaptotagmin I which induces the conformational change of the protein complex Soluble NSF Attachment 

Protein Receptors (SNARE), triggering the fusion of vesicles with the plasma ,membrane and release of 
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neurotransmitters (i.e., dopamine, glutamate, serotonin) at the synaptic cleft, a 20 nm space separating the 

pre- and the post-synaptic components [31]. Here, the activation of specific receptors placed at the post-

synaptic membrane allows the influx of ions within the post-synaptic cell and enables the transduction and 

transmission of the electrical signal (Figure 1.2 C): according to the type of neurotransmitters and receptor, 

either the excitatory or inhibitory pathway will be promoted [29].  

 

Figure 1.2. Signal propagation in biological synapses. A) Action potential signal: the influx of sodium 

ions causes membrane depolarization with rise of membrane potential (1); the inactivation of sodium 

channels and activation of potassium channels induces membrane repolarization (2). The subsequent 

closing of potassium channels and efflux of K+ ions leads to the hyperpolarization of neuronal membrane 

(3) until it returns to its resting state 4). B) Schematics reporting the signal propagation mechanism of 

electrical synapses where gap junctions pores guarantee the sealing between pre- and post-synaptic neurons 

and the passage of ions from one cell to the other. C) Schematics depicting the functioning of chemical 

synapses: here neurotransmitters released at the synaptic cleft (1) bind to their receptors placed at the post-

synaptic membrane (2); the subsequent apertures of ion channels enables the influx of ions and 

depolarization of the post-synaptic neuron (3). 

 

Excitatory and inhibitory post-synaptic terminals present also different morphology: excitatory post-

synapses, generally located on dendritic spines, i.e., small protrusions from dendrites, are usually 

asymmetrical displaying a protruding electron-dense structure called post-synaptic density (PSD); on the 

other hand, inhibitory post-synapses, usually formed directly at the soma or dendritic shaft, present a 

symmetrical synaptic junction with a smoother PSD [32]. Furthermore, the shape of dendritic spines is highly 

variable depending on different brain areas, cell type and animal species [33].  

Traditionally, dendritic spines, characterized by a thin neck attached to the dendrite and a head bearing the 

PSD domain, have been classified in four groups according to their morphology: mushroom, thin, stubby, 

and filopodia [34] (Figure 1.3). Mushroom spines present a large head and a small neck (Figure 1.3, blue 

spine), and have been defined as the storage sites of long-term memory since they form strong synaptic 

connections and have the longest lifetime [35]. Thin spines have a structure similar to the mushroom spines, 
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but display a smaller head (Figure 1.3, yellow spine): these spines, called also learning spines, are in charge 

of creating new memories during the synaptic plasticity process [36]. Stubby spines typically do not have a 

neck (Figure 1.3, green spine) and can be usually found in the early stages of postnatal development [37]. 

Finally, filopodia, very mobile and flexible structures, are thin membrane protrusions without a defined 

head (Figure 1.3, red spine): indeed, in most cases these spines do not have PSD which suggests that they 

do not form functional synapses. However, under certain conditions like brain injury, filopodia can be found 

also in mature neurons at the early stage of synaptogenesis [38]. Nonetheless, under physiological conditions, 

the four morphological shapes of dendritic structures are just transitory due to the plasticity of spines which 

constantly undergo reshaping in response to neuronal activity [39]. In particular, filopodia are the most 

dynamic dendritic protrusions as they can appear and disappear within 10 minutes, but can also evolve into 

spines [40]. In contrast, stubby and thin spines are less dynamic than filopodia and can display head 

enlargement and persist over several days [41]. Finally, the least dynamic structures are the mushroom-like 

spines as they can be stable over several months [42]. Spines’ remodeling is associated to brain development, 

but also to learning and experience: for instance, motor learning promotes the growth of new spines and the 

subsequent elimination of the ones existing before training [43]; furthermore, various stimuli like fear or 

stress can cause spines turnover (i.e., formation and elimination) [44,45]. Lately, morphologic abnormalities 

of dendritic spines have been observed in various neurologic diseases [46]: for instance, the hippocampal 

and cortexes areas of AD’s patients revealed spine shrinkage during the early stage of disease, prior the 

appearance of clinical symptoms [47]; similarly, remodeling of glutamatergic synapses has been correlated 

to α–synuclein deposits in Parkinson’s disease [48]. This suggests that balance between spine appearance, 

maturation, elimination, and plasticity is crucial to preserve proper brain function. 
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Figure 1.3. Dendritic spines morphology. Schematics depicting the geometrical features of dendritic 

spines from long, thin filopodia type structures (red) to wide-headed mushroom spines (blue) and the 

occasional branched spine (purple). Adapted from ref. [34].  

 

1.3.1.1 Neurotransmitters and post-synaptic receptors. 

The signal transmission along chemical synapses involves neurotransmitters and post-synaptic receptors, 

which ensure the transduction of pre-synaptic firing into an ionic signal, and then again into an electrical 

post-synaptic action potential. As they play such a crucial role in the brain, neurotransmitters and receptors 

represent critical targets for developing therapeutic drugs to treat psychiatric and neurological disorders [49]. 

As described in the previous paragraph, neurotransmitters are stored within pre-synaptic vesicles until the 

propagation of an action potential induces their release at the synaptic cleft. Here, neurotransmitters that 

activate cationic channels (i.e., acetylcholine, glutamate), and therefore induce depolarization of the post-

synaptic neuron, are classified as excitatory, while neurotransmitters activating anionic channels (i.e., γ 

amino butyric acid, GABA) can be defined as inhibitory [50]. Of note, the excess of released 

neurotransmitters that did not bind to any receptor, is promptly removed from the synaptic cleft to avoid 

their diffusion towards inappropriate synapses. In particular, neurotransmitters inactivation can involve 

specific transporters, as in the case of dopamine, serotonin and glutamate, which mediate the recycling and 

reuptake of the neurotransmitter at the pre-synaptic neuron, or enzymatic degradation, as in the case of 

acetylcholine which is degraded by acetylcholinesterase into acetate molecules and choline; the latter, is 

then reabsorbed into the presynaptic terminal and used in the synthesis of new acetylcholine [51]. 

Furthermore, neurotransmitters like acetylcholine, glutamate and GABA can bind both ionotropic receptors 

and metabotropic ones [52]. These two families of receptors exploit different signal transduction pathways: 
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ionotropic receptors (i.e., α-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) and N-methyl-D-

aspartate (NMDA)) known also as ligand-gated ion channels, combine receptor and channel functions in a 

single protein complex (Figure 1.4 A), while metabotropic ones (i.e., serotonin, dopamine and epinephrine 

receptors), require a multistep process involving the activation of guanine nucleotide-binding proteins (G-

proteins) which modulate ion channels directly or indirectly through intracellular enzymes and second 

messengers [53] (Figure 1.4 B). Unlike ionotropic receptors, in some cases the activation of metabotropic 

ones do not induce variation in membrane potential, but rather activates protein kinases that, 

phosphorylating ion channels, elicit excitatory or inhibitory neurotransmission [54]. Due to their working 

mechanism, ionotropic and metabotropic receptors require different times to elicit a post-synaptic potential: 

ligand-gated ion channel generally mediate rapid post-synaptic effects (within few milliseconds), while G-

protein coupled receptors usually produce slower physiological responses (hundreds of milliseconds to 

minutes) [53].  

 

Figure 1.4. Neurotransmitter receptors. A) Schematics of ligand-gated neurotransmitter receptors: the 

combination of the neurotransmitter binding site and ionic channel in a single protein complex enables the 

direct influx of ions upon the aperture of the ion channel. B) Functioning of metabotropic receptors where 

the neurotransmitter-mediated signal transmission requires the activation of the G-protein complex and 

intracellular messenger in order to trigger the aperture of ion channels. Adapted from ref. [53].  

 

1.3.2 Synaptic dysfunction in neurodegeneration.  

One of the most fascinating properties of the brain is its plasticity, referring to the ability of synapses to 

modify the strength and efficacy of signal transmission according to external stimuli: in particular, the 

potentiation (excitatory pathway) or depression (inhibitory pathway) of the synaptic strength can occur on 

different temporal domains ranging from milliseconds-seconds (short-term plasticity) to hours-days or even 

longer (long-term plasticity) [55]. Furthermore, according to the Hebbian learning principle, the strength of 

synaptic connection is strengthen if the pre-synaptic spike occurs right before the post-synaptic one, while 
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in the reverse timing synaptic connection is weakened: this phenomenon is known as spike-timing 

dependent plasticity (STDP) and can be nicely described as “neurons that wire together, fire together” [56].  

Of note, while early studies identified synaptic plasticity as a post-synaptic mechanisms, nowadays it is 

clear that modification in synaptic strength involves both pre and post-synaptic terminals, modifying either 

post-synaptic receptors (post-synaptic plasticity) or the concentration of neurotransmitters released (pre-

synaptic plasticity) [57]. Short-term plasticity, involved in short-term adaptation and short-lasting forms of 

memory, is initiated by short bursts of activity which cause a transient accumulation of Ca2+ at the pre-

synaptic neuron, enhancing neurotransmitters releasing. In particular, when two stimuli are delivered within 

few milliseconds (paired-pulse stimulation), the synaptic connection can be either enhanced or depressed: 

paired-pulse depression is usually observed within 20 ms and is probably related to the inactivation of 

voltage-dependent sodium or calcium channels. On the other side, paired-pulsed facilitation occurs in 

response to longer interstimulus intervals (20-500 ms) and perhaps involves the activation of protein kinases 

that modulate the activity of presynaptic phosphoproteins [58]. Additionally, trains of stimulation ( 200 ms 

– 5 s) results in prolonged facilitation/depression of synaptic strength, as the concentration of calcium in 

the pre-synaptic terminal continues to build up upon subsequent action potentials, enhancing directly the 

release of neurotransmitters or triggering modifications of pre-synaptic proteins [59].  

Short-term plasticity is involved in multiple fundamental processes, as short-term and working memory 

and decision making, all operations based on the temporary storage and management of information: here, 

neurotransmitters released upon stimulation act as memory trace, which decays over time due to the 

reuptake of neurotransmitters [60]. Long-term plasticity is identified as one of the primary mechanisms for 

learning and memory, as it implies long-lasting modification of synaptic efficacy [61]. Also in this case 

synaptic strength can be either enhanced (long-term potentiation, LTP) or depressed (long-term depression, 

LTD). Usually long-term plasticity is elicited by high-frequency stimulation of the neural pathway or 

repeated pairings of pre and post-synaptic cell firing: here, if pre-synaptic burst occurs before post-synaptic 

one, LTP is generated (Figure 1.5 A), while reversed firing generates LTD [62]. LTP and LTD can be 

generated by both ionotropic and metabotropic receptor activation. In particular, in case of LTP most 

synapses involve glutamate as excitatory neurotransmitter and depend on the activation of NMDA 

receptors. In detail, the increase of Ca2+ concentration triggers intracellular signaling cascades involving 

protein kinases; consequently, new AMPA receptors are incorporated within the PSD domain of the 

dendritic spines. Such mechanism induce structural changes within the synapse as PSD and dendritic spines 

are permanently enlarged [63]. Conversely, in NMDA-mediated inhibitory synapses responsible for LTD, 

the rise of Ca2+ levels triggers protein phosphatases which cause the dissociation and consequent 

endocytosis of AMPA receptors from the PSD: such loss results in shrinkage in size of dendritic spines [64] 

(Figure 1.5 B). Lately, synaptic plasticity alterations have been observed in the early asymptomatic phase 
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of many neurological disorders as AD and PD [65]. For example in case of AD, the accumulation of Aβ 

oligomers causes the anomalous activation of NMDA receptors, Ca2+ dysregulation and cellular stress [66–

68]; furthermore, soluble Aβ affects also the release of neurotransmitters at excitatory synapses causing 

synaptic dysfunction [69]. Interestingly, synaptic alterations seem occur prior extensive neuronal 

degeneration, and therefore are likely responsible for cognitive impairment and memory loss in AD’s 

patients [70]. Similarly, dystrophy of dopaminergic synapses characterizes the early stages of PD: indeed, 

aggregation of α–synuclein causes misfolding of the SNARE protein complex reducing dopamine released 

at the synaptic cleft and inducing neurodegeneration [71]. As synaptic plasticity alterations appear in the 

early asymptomatic phase of neurological diseases, strategies aimed at preventing synapse failure might 

provide great benefits for cognitive decline and motor deficits. In this context, in order to improve 

neuroplasticity, some innovative therapeutic methods like neuropharmacological interventions or brain 

stimulation have been implemented. The latter in particular, exploits bioelectronic devices directly 

interfaced with the brain to alleviate/delay the progressive of clinical deterioration: for example, 

transcranial magnetic stimulation (TMS) exploits brief electrical current produced by a coil placed on the 

surface of the skull, while in case of DBS the electrical current is delivered by an electrode implanted within 

the brain structure [72]. Although these research developments and technological innovations represent a 

promising therapeutic approach to inhibit the progression of the disease, further work is required to identify 

molecular mechanisms underlying neurodegenerative disorders.  
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Figure 1.4. Synaptic plasticity. The schematics depict the mechanisms underlying the plastic behavior of 

biological synapses. A) Long-term potentiation of synaptic connection, triggered by the repeated 

stimulation of the pre-synaptic neurons: high frequency action potentials induce the continuous influx of 

Ca2+ ions at the pre-synaptic terminal (1) and the progressive accumulation of neurotransmitters at the 

synaptic cleft (2), with consequent enhancement of post-synaptic receptors activity (3). The major influx 

of ions within the post-synaptic neuron (4) therefore results in the generation of multiple post-synaptic 

signals strengthening the synaptic connection between the two nerve cells (5). B) Depression of synaptic 

strength following the activation of phosphatases in response to calcium influx (1), which induces the 

withdrawing of post-synaptic receptors (2) with consequent reduction of dendritic spines size (3). 

 

1.3.3 Cell membrane role in neurodegeneration. 

The cell membrane, as the cell first outpost at the interface with the extracellular world, acts as a mechano-

chemical transducer, mediating cell communication with its microenvironment and with neighboring cells: 

indeed, besides merely acting as a physical barrier, the plasma membrane (PM) is a highly dynamic 

structure that can stretch, bend and bud coordinating several processes as the cell interfaces with the 

extracellular matrix (ECM) [73]. PM has a peculiar structure constituted of an asymmetric bilayer where the 

inner and the outer leaflets are made of different lipid molecules [74], while sterols and proteins are 

distributed within the membrane according to their hydrophilic/hydrophobic domains [75] (Figure 1.6). 
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Here, the lipid composition defines also the fluidity, thickness and curvature of PM, crucial parameters to 

enable PM activity.  

Synaptic membranes, for instance, are enriched of poly-unsaturated fatty acids (PUFA) and cholesterols 

which allow the extensive restructure of the membrane required during neurotransmission [76–78]. For 

instance, in the pre-synaptic membrane, the fatty acyl (FA) chain length determines membrane deforming 

ability, as cone-shaped lipids (i.e., lipids with a small head) induce a positive curvature in PM destabilizing 

the bilayer and promoting vesicles fusion. Additionally, even the lipid polar head plays a crucial role in 

signal transmission, as negatively charged lipids as phosphatidylserine present in the pre-synaptic 

membrane mediate the fusion and exocytosis of pre-synaptic vesicles [79,80]. Furthermore, the saturation 

state of FA chains and the percentage of cholesterol regulate the dynamicity of the membrane and therefore 

control proteins activity: PUFA indeed have higher conformational flexibility compared to rigid saturated 

fatty acids, and therefore can better accommodate conformational changes in transmembrane proteins [81]. 

On the other hand, cholesterol reducing membrane fluidity and thanks to its ability to translocate between 

lipid leaflets, is able to release PM stress in the expanded curved leaflet by packing between lipid head 

groups and inducing the formation of lipid rafts, i.e., microdomains rich of cholesterol and sphingomyelin 

involved in the clustering and trafficking of receptors [82,83].  

At the same time, the structure of the post-synaptic membrane is specialized to receive the neurotransmitter 

signal and transduce it into electrical and biochemical changes in the post-synaptic cell. Here, as described 

in Paragraph 1.3.1, PSD domain is the active region containing neurotransmitter receptors, cytoplasmic 

signaling molecules as phosphatases and kinases, and cell adhesion molecules like neural cadherin (N-

cadherin), which guarantee the initial contact and alignment between the pre and the post-synaptic cell [84]. 

Similarly to the pre-synaptic membrane, even PSD present a dynamic structure able to rearrange during 

neurotransmission, to enable for instance the incorporation and removal of the AMPA receptor during LTP 

and LTD: however, the mechanism underlying PSD remodeling is still unclear. As pre- and post-synaptic 

membrane play a crucial role in synaptic transmission, it is not surprisingly that the altered neuronal 

functionalities found in neurodegenerative disorders might be a consequence of membrane dysfunction [85]: 

for instance, seems that aggregates of α-synuclein may form pores at the neuronal membrane leading to 

membrane disruption and neuronal impairments [86]. Additionally, AD patients have shown alterations in 

cholesterol synthesis, transport and uptake and even though the exact mechanism is yet to be defined, seems 

that imbalances in cholesterol levels promote APP accumulation in lipid rafts and the formation of amyloid 

plaques [87,88].  

Considering how much is still unknown and unexplored of mechanisms underlying neurodegeneration, and 

taking into account also the recent failure of clinical trials which has highlighted the limitations of using 

animal disease models in the earliest phases of drug screening, there is a growing interest for implementing 
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in vitro models able to recapitulate all the key aspects of neurodegenerative diseases, and therefore allowing 

the detailed investigation of their pathophysiology, bridging also the gap between current pre-clinical 

animal models and humans [89]. 

 

 

Figure 1.5. Neuronal cell membrane composition. The schematics highlights the complex structure of 

neuronal membranes with proteins and biomolecules embedded within the phospholipids-cholesterol 

double layer.  

  



   
Interactive Biohybrid Synapses – Claudia Lubrano, M.Sc. 

25 
 

1.4 Biomimetic approaches in neuronal-chip coupling 

Neuroelectronics, a broad discipline of bioelectronics, is an interdisciplinary field which aims to establish 

a synergy between electronics and the neural tissue, from individual neurons to large neural networks, 

implementing in vitro platforms and implantable devices which exploit electromagnetic fields at the 

interface with biological systems. therefore here the physical coupling between the electrogenic neuronal 

cells and external devices is essential to enable the recording and stimulation of biological electrical signals. 

As described in Paragraph 1.3.2, neuroengineered implantable devices can be very efficient to treat the 

consequences of neurodegenerative diseases, as in the case of electrical and DBS where artificial devices 

connected with the brain can initiate/inhibit neuronal activity [90]. However, prior to engineering devices for 

in vivo applications, it is crucial implementing in vitro platforms able to transduce, modulate, and decode 

neural signals: such neural interfaces could indeed provide a better knowledge of mechanisms underlying 

neurodegenerative diseases, allowing the development of ad hoc therapeutic treatments [89,91]. Currently, 

different methods are available for recording and stimulating neuronal activity, where patch clamp 

electrophysiology and multi-electrode arrays play the major role for the investigation of intracellular and 

extracellular signals, respectively [92,93]. In detail, patch clamp, the gold standard technique for recording 

action potentials of excitable cells, exploits the suction of the cell membrane into a pipette enabling the 

recording of currents flowing across the membrane [94].  

The monitoring of extracellular signals, instead rely mainly on planar electrodes directly in contact with 

cells, therefore great effort has been deployed to optimize the physical coupling between cells plasma 

membrane and the device surface to reduce the signal-to-noise ratio during stimulation/recording. At this 

purpose, in recent years, the attention of neuroelectronics field has shifted towards biomimetic approaches 

focused on designing components and structures inspired to biological systems [95,96]: indeed, 

functionalizing bioelectronic devices with chemical and physical cues that resemble physiological 

conditions of cell-cell and cell- ECM interactions can effectively disguise conductive materials to ‘trick’ 

cells to recognize artificial platforms as part of their biological environment, thus maximizing cellular 

interactions at the interface [97].  

In this way, artificial electrical components might be seamlessly integrated within biological systems 

leading to the development of biohybrid devices.  

 

1.4.1 Conductive polymers. 

 Cells in contact with electronic materials suffer the mechanical mismatch due to the hardness of the device 

and the cellular/ECM component Young’s modulus( 100 Pa-10 kPa). In fact, recently  organic materials 

like conductive polymers (CPs) (Young’s modulus  20 kPa-3 GPa) have become one of the most popular 
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choices for bioelectronic devices (Figure 1.7), overcoming for some applications, the traditional inorganic 

conductors like metals and silicon (Young’s modulus  45-500 GPa), which have always played a leading 

role in the field [98–100]. In addition to their low modulus, CPs exhibit a peculiar conduction mechanism 

based on ionic-to-electronic current transduction, as such  materials have the intrinsic ability to convert an 

ion flow to different electronic conduction states, unlike inorganic materials which are not permeable to 

ions [101,102].  

 

Figure 1.6. CP-based bioelectronic platforms. A) Microscopic image of a PEDOT:PSS-coated 

microneedle electrode and (B) HL-1 cardiomyocytes plated on the microneedle MEA. Adapted from ref. 

[103]. C) SEM cross-section (focused ion beam) of PEDOT:PSS-coated electrode and (D) Microscopic 

image of rat cortical cells grown on PEDOT:PSS-coated electrodes. Adapted from ref. [104]. E) P3HT-

based photovoltaic pixels integrated into a foldable prosthetic implant for minimally invasive implantation 

into the eye. Adapted from ref. [105]. F) Regenerative peripheral nerve interface (RPNI) based on a scaffold 

of a cellular muscle coated with PEDOT that contains myoblasts and is wrapped around the end of the 

peripheral nerve. Adapted from ref. [106]. G) Optical micrograph of a PEDOT:PSS-based 

electrocorticography (ECoG) probe placed over the somatosensory cortex, with the craniotomy surrounded 

by dashed lines. Scale bar, 1 mm. Adapted from ref. [107]. 
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As shown in Paragraph 1.3.1 also the nervous system operates transducing electrical currents (i.e., action 

potentials) into ionic signals, therefore organics, matching the conduction properties of living systems, 

ensure a straightforward and high-efficient signal transduction at the interface [108]. In detail, the electrical 

conductivity of CPs is attributable to the high conjugation of the polymer backbone: electrons are 

delocalized along the whole chemical structure due to the presence of chemical double bonds which allow 

the free movement of electrons among atoms [109,110]. The electrical conductivity of organic CPs can be 

easily controlled by the addition of chemicals (usually anions) able to dope the polymer as p-type or n-type 

[99].  

Because of their ionic-to-electronic current transduction, organic CPs can be defined as organic mixed 

ionic-electronic conductors (OMIECs), which identify a class of soft electrical (semi-) conductors, often 

polymers, able to transport ionic species under an applied potential [111]. Thanks to their conductive features, 

lately CPs emerged as leading materials in the design of organic electrochemical transistors (OECTs), three-

terminal devices whose electrical operation depends on the injection of ions from an electrolyte into the 

bulk of an organic semiconductor channel [112]. These CP-based OECTs found extensive application as 

biosensors to continuously monitor biological processes at the interface [99]. For instance, the OECT in situ 

signal amplification, improving signal-to-noise ratio, enables fast and precise recordings from electrogenic 

cells [113–115] (Figure 1.8), or the detection of biological molecules, including neurotransmitters [116].  
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Figure 1.7. Conductive polymers-based biosensors. A) Action potentials signals recorded from 

cardiomyocytes (HL-1) cells interfaced with an organic electrochemical transistors. B) Shapes of individual 

action potentials displayed in (A).Adapted from ref. [115]. 

Additionally, CPs offer also the possibility of being functionalized with biomimetic cell-adhesive 

molecules to gain a tighter apposition of cells onto planar substrates [117]. CPs indeed can undergo multiple 

functionalization strategies where proteins like collagen or laminin-derived peptide, can be physically 

adsorbed (Figure 1.9 A) or covalently bound (Figure 1.9 B) on the polymer surface [118,119]. Another route 

to CPs functionalization for biointerface applications is through the incorporation of bio-adhesive 

molecules in the polymer matrix [120,121] (Figure 1.9 C). When polymers are synthesized by oxidation of the 

monomer, the concomitant incorporation of a negatively charged dopant is used to neutralize the positively 

charged polymer, stabilizing its backbone [99,122]. Therefore, biomolecules bearing negative charges like 

ECM-derived glycosaminoglycans, can act as biodopants when embedded into the polymer matrix [123]. 

Although the recent development of CP-based neuroelectronic platforms allowed to reduce the mechanical 

mismatch with neuronal interface and improved cell-chip coupling by means of surface functionalization 

strategies, such platforms still lack biomimetic features which could actually recapitulate the complexity of 

cells native environment. Furthermore, functional neural interfaces require a bidirectional communication 

between biological cells and their artificial counterpart: however, currently available neuroelectronic 

systems act mainly like “passive” devices, able to monitor/stimulate cells, but without providing any 

feedback [124–126]. Here, the following paragraphs present biomimicry strategies exploited to engineer in 

vitro platforms emulating synaptic functionalities, i.e., synaptic plasticity, and resembling neuronal 
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architecture, in terms of geometry and cell membrane composition, in order to achieve an intimate coupling 

between neurons and electrical components.  

 

Figure 1.8. Chemical functionalization strategies of conductive polymers. Schematics depicts the 

multiple approaches to functionalize conductive polymers surface with extracellular matrix proteins 

exploiting either A) electrostatic interactions, B) covalent bindings or C) employing biomolecules as doping 

agents within the polymeric structure. Adapted from ref. [127]. 

 

1.4.2 Functional biomembranes. 

Considering these recent highlights concerning the role of cell membranes in early stages of synaptic 

degeneration, the implementation of lipid-modifying drugs appears as a promising approach to inhibit the 

progression of neurodegenerative disorders [128,129] . However, in order to develop target-specific drugs it is 

crucial clarify mechanisms underlying cell membrane disruption: for this, in vitro biomimetic platforms 

which present the same PM structure and dynamics represent an optimal strategy to replicate some of the 

complexity of the in vivo environment and investigate the role of cholesterol and synaptic proteins in 

neurodegeneration. At this purpose, supported lipid bilayers (SLBs) found widespread use to mimic cell 

membrane structure and to study the physicochemical properties of lipids and the interaction with proteins 

[130]. SLBs are synthetic biomembranes made of lipid molecules assembled on solid supports with a thin 

hydration layer separating polar heads from the substrate surface: as planar two dimensional structure, SLB 

can recapitulate the lateral diffusivity of native membranes. The main advantage of these artificial bilayers 

is that their composition can be easily modified choosing among a multitude of commercially available 

lipids and functionalizing the double layer with analytes and proteins of interest [131]. Among multiple 

techniques available to assemble SLBs on rigid supports, vesicle fusion (VF) is the one that finds major 

application due to its simplicity and versatility. In detail, VF is a two-step process based on membrane 

tension, vesicle-vesicle and vesicle-substrate interactions [132]: here, vesicles are first adsorbed on the 

substrate surface, then once a critical concentration of surface-adhered vesicles is reached, the rupture and 

fusion of the vesicles lead to the formation of a complete SLB (Figure 1.10 A). VF is highly-dependent on 

the lipid composition of the vesicles as lipid polarity, acyl chain length and degree of unsaturation all 
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contribute to ease vesicle rupture [131]. Furthermore, vesicle rupture is a thermally activated process [133]. 

Lipid molecules, characterized by a melting temperature (Tm), can undergo a transition phase passing from 

a liquid disordered state (T> Tm) to a gel ordered phase (T< Tm): the latter, presenting lower lipid mobility, 

impede VF unless the operating temperature is raised above Tm [134]. Similarly, SLB including sphingolipids 

and high percentage of cholesterol (above 33 mol %) present tightly packed liquid ordered domains (i.e., 

lipid rafts) with decreased mobility, therefore a heating step is required to induce vesicles rupture [135,136]. 

However, increasing temperature may not be always an option as in presence of membrane embedded 

proteins. Besides the lipid composition, even vesicles-substrate interactions could be a limiting factor for 

the successful formation of SLB: here, the electrostatic attraction between vesicles and the substrate can be 

enhanced adjusting the buffer pH to modify the lipid charge [137] . At the same time hydrophilic substrates, 

like silica, glass, mica, and quartz, provide the adhesion and hydration forces necessary to promote vesicles 

rupture as well as the formation of a hydration layer fundamental to mimic lipid lateral mobility of native 

cell membranes [138]. Furthermore, the water cushion ( 1-3 nm) separating the SLB from the solid support, 

is often insufficient when studying lipid bilayers with transmembrane proteins, as the cytosolic domain of 

the protein might be altered from the contact with the substrate leading to protein denaturation [139]. At this 

purpose, additional methods which enable SLB formation on various supports as well as the insertion of 

membrane proteins, is the use of anchor spacers to form tethered bilayers, as in the case of thiol groups on 

gold surfaces [140], or alternatively the use of polymeric supports, like poly-ethylene glycol (PEG), whose 

softness is able to reduce the frictional coupling with proteins protruding domain [141]. To overcome the 

limitations of VF method, lately a solvent-assisted lipid bilayer (SALB) technique has been implemented. 

Here, vesicles in a water-miscible organic solvent (usually isopropanol) are incubated into a microfluidic 

channel placed on the substrate. Later, upon the gradual solvent exchange with an aqueous buffer, 

phospholipids undergo a series of phase transitions leading to the formation of micelles, monomers, and 

vesicles in the bulk solution, and the rearrangement of deposited lipid molecules to form the lipid bilayer 

[142,143] (Figure 1.10 B). The SLB assembly depend on lipid vesicles concentration, where low concentration 

leads to the formation of SLB islands, while high concentration induce the formation of additional lipid 

structures protruding from the bilayer surface [144]. Furthermore, even the rate of solvent exchange is crucial 

to guarantee a high-quality bilayer, as high flow rates result in the formation of incomplete SLB because 

the lipid supply is insufficient.  

Of note, SALB technique enable the formation of lipid bilayer on a wide variety of substrates, as graphene 

[145] or gold surfaces where VF failed in assembling SLB with zwitterionic composition [146]; additionally, 

the solvent-exchange procedure allows also the formation of cholesterol-rich bilayers, highly challenging 

with VF [147,148]. Furthermore, the implementation of SALB technique introduced also CPs among possible 

supports for SLB assembly, where VF presented severe limitations due to the hydrophobic nature of CPs 
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and the presence of negatively charged dopants [142,149]. Such biomembrane-based platforms gained 

particular attention in bioelectronics as they are able to promote cell-chip interactions, as cells would ideally 

recognize SLB as part of their native environment ultimately achieving a spontaneous fusion with the 

synthetic membrane [97]. At this purpose, indeed, both VF and SALB are suitable techniques for the 

functionalization of the bilayer with ECM proteins and biomolecules either embedded within the double 

layer [150–152] or covalently tethered to the lipid headgroups [142]. For instance, N-cadherin-functionalized 

SLB was interfaced with primary neuronal cells to evaluate the role of the synaptic modulator on neurite 

extension and synaptogenesis [151]. However, while embedding single proteins within a SLB is a powerful 

tool to investigate specific interactions at the interface, this approach is far from replicating the complex 

structure of actual cell membranes. In this scenario, SLBs can be engineered also with blebs obtained from 

living cells by chemical treatment [153]. The blebbing mechanism is regulated by the mechanical properties 

of the actin cytoskeleton, whose local contraction leads to the formation, growing and detachment of these 

quasi-hemispherical protrusions [154] (Figure 1.10 C). Here, blebs-based SLB enriched with biochemical 

cues, are able to engage tight contact with living systems as recently proven for cardiomyocytes cells, where 

the presence of the biomimetic membrane preserves cell-cell interactions and cardiac cell contraction 

ultimately promoting the formation of a beating tissue [155]. 
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Figure 1.9. Supported lipid bilayers formation strategies. Schematic diagrams depicting the possible 

approaches to obtain artificial membranes. A) vesicle fusion, with vesicles spontaneously fusing on solid 

supports. B) solvent-assisted lipid bilayer, depicting vesicles rupture induced by solvent exchange within 

the microfluidic channel: (1) introduction of water-miscible organic solvent. (2) Addition of lipids dissolved 

in a water-miscible organic solvent (isopropanol). (3) Exchange of the bulk solution with aqueous buffer. 

(4) Measurement after wash with aqueous buffer to remove excess lipid molecules, resulting in the 

formation of a single SLB on the underlying solid support. C) Blebbing, illustrating blebs collection from 

cell plasma membrane and consequent bilayer formation. Adapted from ref. [127]. 
 

The possibility to engineer biomembranes on conductive platforms, like gold or CPs, opened up a new 

scenario in the field of biosensing as these substrates, besides acting as mere support for the SLB, enable 

the direct monitoring of PM-proteins interactions [156–158] and the investigation of pathological mechanisms 
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impairing lipid membrane integrity [159]. Following this approach, recently CPs have been engineered with 

different models of cell membranes as bacterial and mammalian membranes to investigate the effects of 

pore forming toxins and antibiotic compounds [157]. Furthermore, CP-biomembranes exploiting the mixed 

ionic electronic conduction of CPs, enable the direct monitoring of embedded proteins activity, as 

ionotropic receptors, either in their native conformation or upon drug treatments [160]. Recently, the 

possibility to integrate SLBs with OECTs has significantly contributed to the characterization of the 

behavior of membranes and embedded proteins. Such biomimetic transducer has been employed to study 

the activity of the TREK-1 ion channel, (i.e., K+ channel responsible for controlling cell excitability) 

embedded in a SLB [161] (Figure 1.11): in presence of a K+ blocker, the ion channels have a closed 

conformation that inhibits the passage of ions through the artificial bilayer. The different rate of crossing 

ions results in a different modulation of the carrier mobility in the CP channel of the transistor [112]. This 

effect is confirmed by the increased τ of the OECT. On the other hand, by opening the channels with a 

TREK-1 activator (arachidonic acid), the ions can freely diffuse through the SLB thus modulating the 

conductance of the OECT and restoring the initial response time of the device.  

 

 

Figure 1.10. Biomembrane-based OECT. A) Schematics of vesicle fusion process on PEDOT:PSS using 

blebs from the HEK-TREK-1 cell line (TREK-1 ion channels are shown in blue). B) Schematics of an 

OECT device bearing the HEKTREK- 1 membrane. C) Temporal response of the drain current with and 

without the biomembrane. D) FRAP characterization performed simultaneously with the electrical 

measurements from the same OECT channel shown in (B). E) Device response time after application of a 

square gate bias before and after addition of the TREK-1 activator (arachidonic acid, AA). The initial device 

response is shown in gray, and the bilayer with general K+ blocker is shown in orange. Green bars 

corresponds to the addition of AA at 10 μm, 100 μm, and 1 mM. Inset shows the calibration curve of the 

device response to different AA concentrations. Adapted from ref. [161]. 
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1.4.3 Mimicking the synapse architecture to enhance cell-chip coupling. 

Inspired by the shape and geometries found in the ECM with its fibrils, pits and posts, engineered micro- 

and nanoelectrodes, such as nanoholes, grooves and pillars, have recently emerged as promising candidates 

for designing biomimetic neurointerfaces [162–164]. Indeed, the dynamic behavior of synaptic structures like 

dendritic spines and filopodia can be exploited to promote engulfment-like events at the cell-material 

interface, allowing neurons to wrap around purposely designed pseudo-3D electrodes [165–167].  

In this context, one of the first attempt to improve cell-chip coupling tuning substrate topography was 

indeed inspired by dendritic shape and dimensions, leading to the engineering of mushroom-like electrodes: 

here, the stabilization of the cell-electrode interface is guaranteed by the topography-induced reshaping of 

the actin cytoskeleton around the stalk of the engulfed microstructure [162,168–170]. Furthermore, such tight 

interface enabled the recording of “intracellular-like” signal, like those achieved with the patch clamp 

technique [171–173] (Figure 1.12 A). Similarly, also nanoedges and nanovolcano electrodes, recalling the 

peculiar morphology of the synaptic cleft where the pre- and post- synaptic terminals are juxtaposed, 

resulted in a significantly improved electrical seal between neurons and the device itself, also enabling 

long-term recordings at single neuron resolution [163,174] (Figure 1.12 B).  

Additionally, chemical functionalization with engulfment promoting peptides, such as the fibronectin or 

laminin-derived peptides, can be used to promote engulfment-like events and induce stronger connection 

between cells and pseudo-3D electrodes [167,175,176]. Besides providing high-resolution neuroelectronic 

interfaces, engineering the electrode topography has emerged also as valuable strategy to tune neuronal 

processes at the interface promoting for instance neurite outgrowth, synaptogenesis and network formation 

[177]. Here, for instance grooves and fibers, mimicking the native neuronal ECM structure, can be sensed by 

filopodia and provide contact guidance for neurite alignment [178–181]; similarly, even vertical structures with 

an interpillar distance equal to 3 µm, have demonstrated the ability to control neurite directionality [182]. 

Interestingly, the efficiency of guidance appeared to be related to the diameter of the axons; axons with 1 

µm diameters or more exhibited minor alignment than those with smaller diameters, probably due to 

mechanical properties and tensile forces that increase with diameter [183,184]. However, the neurite response 

to grooved patterns does not seem to be uniform, as some studies reported neurite elongation in grooves, 

while others demonstrated neurons affinity for atop ridges [185,186]. On the other hand, vertical structures like 

nanowires and pillars presenting “interrupted” topographical features, have revealed the ability to accelerate 

neuronal network formation eliciting neuritogenesis, neurite elongation and branching [187,188]. Sub-

micrometer beads revealed the ability to trigger synaptogenesis, i.e., formation of synapses: here, 

hippocampal neurons interfaced with the substrate exhibited molecular features that usually exist in pre-

synapses like pre-synaptic vesicles and microtubular structures [189].  
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Figure 1.11. Dendritic spines-inspired 3D structures. A) Schematic representations of a neuron 

engulfing a gold-spine electrode. (i) Electron microscopy cross-section of a gold spine engulfed by a PC-

12 cell. Scale bar: 500 nm ii) Simultaneous action potential recordings (blue) from 8 gold-spine electrodes 

in response to intracellular stimulation of the neuron by a conventional sharp microelectrode (red). Inset, 

schematic of the experimental setup. Adapted from ref. [173]. B-i) SEM image of nanovolcano 

microelectrode inspired by the synaptic cleft geometry. B-ii) Comparison between intracellular recording 

of cardiomyocytes action potentials with a nanovolcano (upper trace) and a planar electrode (lower trace) 

during spontaneous electrical activity. Adapted from ref. [174]. 

 

Although the interface of neuronal cells with micro and nano topographies has been extensively 

investigated using inorganic platforms, recently, significant efforts were devoted in engineering CPs with 

pseudo-3D structures to get organic bioelectronics platforms able to combine topographical cues with the 

intrinsic properties of CPs. Taking advantage of the material composition, CPs can be patterned at the micro 

and nanoscale as similarly achieved with other polymer-based materials [190,191]. In this scenario, diverse 

patterning approaches (i.e., 3D additive manufacturing [103,192], selective etching [193], femtosecond laser 

patterning [194], replica molding [195] have been proposed to enhance the cell-chip coupling aiming to create 

out-of-plane topographies to effectively pin cell membrane domain (Figure 1.13 A). Furthermore, a pioneer 
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work reported the use of CPs to engineer an innovative platform where the polymer is directly polymerized 

around a living neural tissue [196]: here, the polymer is grown along the ECM structure creating an artificial 

network tightly interconnected with the biological one (Figure 1.13 B). The extensive studies conducted 

on 3D electrodes for neuroelectronics demonstrated how ‘neuromimetic’ topographies can engage an 

intimate contact with neuronal tissues, as well as elicit cell processes at the interface enhancing 

neuritogenesis and synaptogenesis. Such platforms therefore appear as ideal candidates both for in vivo 

applications providing structural support for neuronal cell growth and guiding nerve regeneration during 

the repair of nerve injuries, but also for in vitro systems enabling the investigation of mechanisms 

underlying the formation of functional neuronal networks. 

 

 

Figure 1.12. Conductive polymer-based 3D electrodes. A) Schematics of cell membrane reshaping and 

local ruffling induced by the grooved PEDOT:PSS substrate: the FIB-SEM cross section highlights the tight 

interface between HL-1 cell membrane (orange line) and the PEDOT:PSS substrate (blue line). Scale bar: 

1 µm. Adapted from ref. (REF). B) Schematics depicting PEDOT:PSS directly electropolymerized around 

living neurons. i) Optical images of neuron templated PEDOT on Au/Pd electrodes where the tight interface 

between PEDOT and cells enables the visualization of micro and nano-filopodia. Scale bar: 10 µm. Adapted 

from ref. [196]. 
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1.5 Neuromorphic devices to mimic electrical neuronal functionalities. 

As most bioelectronic platforms act as “passive” devices limited to stimulate and record cells activity but 

without providing any feedback, in the last decade, many researchers have attempted to implement adaptive 

neuronal interfaces which could represent a tremendous breakthrough in neuroscience field and also in the 

treatment of neurodegenerative diseases: therefore taking inspiration from the brain, neuromorphic devices 

were engineered to mimic neuronal functionalities and brain information processing [197]. Furthermore, 

besides biomedical applications, neuromorphic devices found extensive use in brain-inspired computing 

and contributed to the development of artificial neural networks (ANNs) [198]: however, this paragraph will 

mainly describe the use of neuromorphics as biomimetic in vitro platforms which, besides merely 

monitoring biological signals, are able to provide a bidirectional communication with living systems. 

Furthermore, particular attention will be addressed on CP-based neuromorphic devices, as they present 

unique features in terms of Young’s modulus and conduction mechanism (Paragraph 1.4.1) which enable 

efficient biological signal transduction. At this purpose, although different types of artificial neurons were 

developed with silicon technology, nowadays organic materials gained the leading role in the neuromorphic 

field, as they offer many advantages compared to inorganic-based devices, especially when it comes to 

neuroprosthetics and implantable applications [199–202]: indeed, organic synapses present high 

biocompatibility, excellent mechanical flexibility, and small energy consumption, comparable to that of a 

biological synapse (∼1−10 fJ/synaptic event) [203]. Such artificial synapses can be classified as two-terminal 

devices like organic memristors [204], and three-terminal devices, like electrolyte-gated organic transistors 

(EGTs) [205]. Both categories have proven excellent abilities in mimicking synaptic functionalities such as 

long and short-term plasticity as well as STDP: just like biological synapses, neuromorphic devices have 

the ability to modify their conductive state upon an external stimulation, and retained this altered state over 

long time according to the history of the applied stimulation [206].  

 

1.5.1 Two-terminal neuromorphic devices. 

Memristors, resistive-switching devices consisting of two metal electrodes and a switching layer in 

between, exhibit continuously adjustable resistive states: therefore, unlike other devices displaying only a 

bistable change between ON (high resistance) and OFF (low resistance) states, memristors can provide 

volatile and non-volatile memory [207]. The latter, necessary to store information, is enabled by the ability 

of the switching layer to retain the resistive state even after removal of the applied switching stimuli (i.e., 

electricity, light, heat) [208]. In case of CP-based memristors, the conductivity of the organic semiconductor 

is tuned by an external electric field, and depends on the concentration and mobility of the charge carriers 

[209]: here, several mechanisms have been proposed to explain polymer conductance changes as donor-
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acceptor charge transfer, charge trapping due to redox reaction, and modulation of dopant in conjugated 

polymer [210–212]. Furthermore, according to the chemical structure of the polymer, different memory and 

switching mechanisms can be achieved: for instance, in case of conjugated polymers, presenting electron 

donor and acceptor macromolecules, and non-conjugated polymers, displaying functional side chains, 

charge transfer can be induced to achieve memory effect [213]. On the other hand, polymer composite can 

present multiple switching mechanisms: for instance, in case of poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS), where the introduction of PSS into PEDOT matrix enhances the 

polymer conductivity by proton doping, the resistive change has been correlated both to the redox reaction, 

which reduces PEDOT0 to PEDOT+, and to the phase separation of PSS regions [214]. PEDOT:PSS has been 

often presented as the new golden standard for neuroelectronic interfaces thanks to its biocompatibility, 

electronic-ionic conductivity, commercial availability, flexibility, and optical transparency, and indeed 

even the neuromorphic field embraced this new trend as multiple devices exhibit PEDOT:PSS as active 

layer [215].  

For instance, an all polymer-based memristor was fabricated using PEDOT:PSS both as switching layer 

and electrodes [216]. In detail, commercial PEDOT:PSS film (conductivity: 1–3 S/cm) is used as active layer, 

while highly conductive PEDOT:PSS (conductivity > 900 S/cm), prepared by addition of dimethyl 

sulfoxide (DMSO), replaces the metal electrodes: here, the voltage applied triggers the accumulation of 

PSS-chains at the electrode/polymer interface with consequence switch from the initial low-resistance state 

(ON state) to the high-resistance one (OFF state); interestingly, the device exhibited long memory retention 

(> 10000 s) and good stability over 3 months. Furthermore, PEDOT:PSS-based neuromorphic devices were 

lately used to implement an artificial synapse where PEDOT:PSS, partially reduced with 

poly(ethylenimine) (PEI), was used as post-synaptic electrode interfaced with a PEDOT:PSS pre-synaptic 

terminal via a Nafion electrolyte [217] (Figure 1.14 ). In detail, the application of a positive voltage at the 

pre-synaptic electrode induces the injection of cations into the post-synaptic terminal reducing the amine: 

here, the protonated PEI partially compensate the negative charges of PSS-, consequently reducing PEDOT 

and resulting in a decreased polymer conductivity; such reaction can then be reversed applying a negative 

voltage at the pre-synaptic electrode (Figure 1.14 A). In addition, the Nafion electrolyte acts also as barrier 

to ensure the retention of the electrode conductance state after the pre-synaptic stimulus is applied, and 

indeed the device is able to emulate some of the synaptic functions like short-term potentiation (STP) and 

paired pulse facilitation (Figure 1.14 B, C).  
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Figure 1.13. Synaptic plasticity in organic memristors. A) Schematics of the PEDOT:PSS-based two-

terminal device where the amine (PEI)-dedoped layer acts as post-synaptic terminal while the PEDOT:PSS 

film emulate the pre-synaptic end; the synaptic cleft is represented by an electrolyte layer transporting 

ions/protons (red spheres). Here the application of a positive bias at the pre-synaptic terminal drives protons 

into the postsynaptic electrode, which results in the compensation of some negative charges of PSS by the 

protonated amine. This reaction causes the reduction of PEDOT in the same electrode due to charge 

neutrality, which eliminates a polaron (in red) and decreases the polymer conductivity. The reaction is 

reversed upon applying a negative bias at the pre-synaptic terminal. B) Long-term potentiation and 

depression of the organic memristor following the application of voltage pulses. The inset is a zoom-in 

showing the individual states. C) STP and paired pulse facilitation elicited by voltage pulses with varying 

time interval (Δt) between two short pulses, as shown in the inset. Adapted from ref. [217]. 

 

1.5.2 Three-terminal neuromorphic devices. 

CPs found extensive application as active layer also in EGTs, three-terminal devices where the presence of 

an additional third-gate electrode enables low-energy neuromorphic operations [218]. In detail, EGTs are 

based on a semiconducting channel connected to the gate electrode via an ionic conducting and electronic 

insulating electrolyte, which can be either liquid or solid. These devices present an architecture very similar 

to biological synapses, where the gate electrode resembles the pre-synaptic neuron, the electrolyte can be 

considered as the synaptic cleft, while the semiconductor channel acts like post-synaptic neuron: therefore 
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the channel conductivity can be considered as the equivalent of the biological synaptic strength. In general, 

EGTs use ions in the electrolyte to modulate the channel conductance, although they can exhibit two 

different operation mechanisms based either on electrostatic modulation or on electrochemical doping [219]. 

In case of electrostatic modulation, the application of a gate voltage lower than the threshold value (i.e., the 

minimum gate voltage needed to allow a minimum flow of current inside the channel, VT), induces the 

migration and accumulation of ions at the gate/electrolyte and the semiconductor/electrolyte interfaces. For 

instance, upon the application of a positive gate voltage (Vg<VT), anions from the electrolyte migrates at 

the gate/electrolyte interface; at the same time, cations will accumulate at the electrolyte/semiconductor 

interface. The so-formed electric double layer (EDL), which acts like a capacitor, induces the accumulation 

of electrons inside the semiconductors at the solid part of the interface, therefore varying the voltage applied 

at the gate, the channel resistance can be modulated varying the number of charges accumulated at the 

semiconductor side of the interface [220]. However the electrostatic operation mechanism elicits only a 

volatile memory as the channel conductance modulation is temporary: indeed, once the gate voltage is 

removed the EDL will disappear in few seconds and the semiconductor recovers its initial conductive state. 

On the other hand, when the EGT operates in electrochemical doping mode, the channel conductance 

changes are non-volatile, and therefore these devices can simulate also the long-term memory of biological 

synapses [205]. EGT operating in electrochemical mode are called electrochemical transistor (ECT) and 

present a ion permeable semiconductor channel, therefore here the application of a gate voltage higher than 

the threshold (Vg>VT) induces the injection of small ions (i.e. H+, Li+) into the bulk of the semiconductor 

material changing its doping level and therefore modulating its conductance [221,222]. As the operation of 

ECTs involves the entire volume of the semiconductive film, here small changes in the gate voltage induce 

large modulation of channel current, making ECTs powerful amplifiers [223].  

Among different channel materials investigated in ECTs, organic semiconductors received increasing 

attention thanks to their biocompatibility, low fabrication cost, flexibility and low power consumption 

[217,224–228]: here, according to the type of polymer (n-type or p-type), the OECT can operate either in 

accumulation or depletion mode. The latter is observed in PEDOT:PSS-based OECTs, a p-type polymer 

where the PEDOT conjugated backbone represents the redox active moiety responsible for the electronic 

transport, while the negatively charged insulating PSS domains are responsible for the ionic conduction 

[229,230]. PEDOT:PSS can undergo to electrochemical redox reaction switching between the conducting 

(oxidized) PEDOT+ to the insulating (neutral) PEDOT0. Here, the application of a positive bias at the gate 

electrode, drives cations from the electrolyte into the bulk of the organic semiconductor, neutralizing the 

sulfonic acid groups of PSS, while PEDOT+ is reduced to PEDOT0: such electrochemical de-doping induces 

the polymer switching to a less conductive state and therefore the conductance of the OECT channel is 

decreased [231]. The doped/dedoped states of PEDOT:PSS were exploited to mimic synaptic functionalities, 
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like STP [232] (Figure 1.15): indeed, applying positive pre-synaptic voltage pulses at the gate electrode, 

cations from the electrolyte induce the de-doping of the neuromorphic PEDOT:PSS channel inducing 

decrease in OECT conductance and an inhibitory post-synaptic current. Removing the bias from the gate 

instead, allows cations to return into the electrolyte therefore restoring the doped state of the polymer with 

consequence recovery of initial high conductive state: such reversible conductance modulation recalls the 

short-term depressive behavior of biological synapses. Furthermore, the application of two consecutive 

pulses at the gate emulates the paired-pulses depression: here tuning the time interval between pulses 

modulates the channel conductance (i.e., synaptic strength) with high frequency pulses inducing higher 

conductance decrease (i.e., enhanced depressive behavior). The neuromorphic functions of OECTs indeed 

depend also on its response time (τ), which describes the ability of the device in switching from the doped 

(ON-state) to the de-doped state (OFF-state) and vice versa [233]: therefore, if the time interval between two 

consecutive pulses is equal or shorter than τ, the OECT retains memory of the first pulse for a certain period 

of time.  

 

Figure 1.14. Short-term plasticity in PEDOT:PSS-based OECT. A) Schematics of the three-terminal 

ECT where the gold electrode acts as pre-synaptic neuron while the PEDOT:PSS channel emulates the 

post-synaptic end. Here, paired-pulsed depression (PPD) can be emulated applying a pair of voltage pulses 

(Vpre) at the gate electrode (recalling biological pre-synaptic stimuli) while monitoring the post-synaptic 

channel current (Ipost). B) Distinctive features of the pre-synaptic stimulus characterized by the pulse 

amplitude (Vp), pulse duration (tp) and time interval between pulses (Δt). C) Modulation of the post-synaptic 

current induced by the application of two consecutive pulses at the gate: the depressive behavior depends 

on the time interval between pulses. Adapted from ref. [232].  
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As the ions injection/extraction in the semiconductor channel is a reversible process, the emulation of the 

long-term plasticity with OECTs is very challenging [234]. For instance, modifying the electronic structure 

of the neuromorphic channel enabled the non-volatile conductance tuning [235] as observed in case of the 

poly(3,4-ethylenedioxythiophene):tosylate (PEDOT:Tos)/ Polytetrahydrofuran (PTHF) composite where 

the application of a sequence of gate voltage pulses with high amplitude (Vg = 0.7 V) induced a long-term 

conductance modulation [236], as the reduction process causes conformational changes in the polymeric 

structure and only with a reverse bias the organic semiconductor can recover its initial structure and 

conductivity [237]. Alternatively, even the use of physical barriers limiting the ions movement have 

successfully improved the long-term features of OECT synapses, as lately observed for a PEDOT:PSS-

based neuromorphic device presenting a Nafion membrane between the gate and the channel: such cations 

exchange membrane enhances the retention of Na+ ions into the PEDOT:PSS channel therefore enabling 

the long-term conductance modulation [238] (Figure 1.16).  

Furthermore, the chemical modification of PEDOT:PSS structure with additive molecules can shift the 

operation mode of the OECT from depletion to enhancement mode: recently indeed aliphatic polyamine 

have demonstrated the ability to de-dope PEDOT:PSS to a very low conductive state, due to electron and 

proton transfer reactions [239]: here the application of a gate voltage higher than the threshold (where VT 

now is shifted towards negative values) switches the polymer from the initial low conductive state (dedoped 

OFF state) to a more conductive one (doped ON state) [240]. Finally, the modification of the PEDOT 

backbone with an alchyl side chain ending with a sulfonate group (similar to the PSS structure), provided 

an hybrid OECT where the active channel is able to operate both in depletion and accumulation mode as 

the sulfonate groups is insufficient to fully dope the polymer [241]. In fact, the application of a negative 

voltage at the gate induces the penetration of anions into the bulk of the channel volume and the 

simultaneous extraction of cations which compensate the charge on the sulfonate group: such ionic doping 

therefore results in increased channel conductance (accumulation mode) while the application of a positive 

bias causes a decrease in channel current (depletion mode). Of note, upon the application of consecutive 

pulses at the gate, such neuromorphic device is able to emulate both synaptic potentiation and depression 

depending whether anions are accumulated or depleted from the channel.  

Lately, the short-term plasticity of a PEDOT:PSS-based OECT was also modulated by the addition of 

dopamine in the electrolyte solution: here, the neurotransmitter present in its cationic form at the operational 

pH (7.2), establish strong electrostatic interactions with negatively charged PSS domains placed at the 

surface of the PEDOT:PSS channel, therefore the ionic movement in and out PEDOT:PSS exhibits a slower 

dynamics and induces short-term plasticity with longer timescale compared to the one obtained in presence 

of other metabolites [242].  
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Figure 1.15. Long-term plasticity in PEDOT:PSS-based OECT. A) Schematics of the OECT structure 

with a Nafion membrane placed above the PEDOT:PSS channel by means of PDMS supports. B) 

Mechanism of doping/de-doping process of the neuromorphic channel: the application of a positive bias at 

the gate electrode pushes cations (Na+) from the electrolyte into the PEDOT:PSS film inducing the de-

doping of the polymer and decrease of its conductivity. Such process can be reversed applying a negative 

voltage at the gate. Of note, the presence of the membrane makes the Na+ ions transport into and out of the 

channel sluggish, therefore enhancing the conductance modulation of the OECT. C) Output channel current 

showing the initial value IDS0 (before gate pulsing) and the final current IDSa measured 10 s after removal of 

gate pulsing. Adapted from ref. [238]. 

 

1.5.3 Towards biohybrid neurointerfaces. 

Since both memristors and EGTs proved excellent capability of mimicking synaptic plasticity, in the last 

decade great efforts were addressed to interface such neuromorphic devices with biological cells. To this 

end, an organic memristor was used as artificial synapse to connect through an electronic circuit two live 

neurons, where the artificial synaptic strength (i.e., memristor resistance) was regulated by the neuronal 

activity [243] (Figure 1.17 A-C). On the other hand, EGTs (in particular OECTs) have been directly coupled 

with biological cells although the neuromorphic device was mainly used as biosensor to monitor biological 

processes, as cell adhesion and proliferation [244] but also more complex mechanisms as the formation and 

disruption of tight junctions in cell-barrier tissues [245]. Here cells seeded on the neuromorphic channel act 

as a barrier to the passage of ions therefore causing an increase in the OECT response time (τ); on the other 
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hand, the disruption of tight junction proteins, through the ethanol-induced poration within the cell layered, 

enabled the complete recovery of the initial τ (Figure 1.17 D).  

Although neuromorphic devices have extensively demonstrated the ability to emulate the learning process 

of neurons, these artificial synapses still lack biomimetic features such as neurotransmitters receptors and 

post-synaptic regulators which could recapitulate the same architecture of biological synapses promoting 

the seamless integration of organic neuromorphic devices within the neuronal network. 

 

 

Figure 1.16. Hybrid neuronal networks. A) Electrical scheme of two patch-clamp amplifier headstages 

used to connect an organic memristor to biological neurons: 1,3—patch-clamp holding inputs; 2,4—patch-

clamp primary outputs. i) Infrared differential interference contrast microphotograph of a rat brain slice 

with visually identified L5/6 neocortical cells (Cell1,2) recorded simultaneously. Scale bar: 20 µm. B,C) 

Traces of current-clamp recordings from cells 1 and 2 before (B) and after (C) organic memristor-coupling. 

Adapted from ref. [243]. D) Electrical modulation of an OECT response mediated by cell monolayer 

formation: the presence of tight junctions inhibits ionic flow into the neuromorphic channel therefore 

enhancing the time response of the device. Adapted from ref [245]. 
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1.6 Our study. 

The aim of this PhD thesis is to engineer biohybrid biomimetic synapses to implement a new class of 

adaptive in vitro platforms for the investigation of neuronal processes. In particular, the learning core of the 

neuromimetic system is provided by a PEDOT:PSS-based OECT, whose neuromorphic features make it an 

ideal candidate to emulate neuronal functionalities. In the first part of the project the OECT was directly 

interfaced with biological cells to engineer a biohybrid platform where the device act as post-synaptic 

terminal, while cells represent the pre-synaptic end. Here, the neuromorphic device exhibited a chemically 

specific resistance-based adaptation mechanism that mimics the behavior of a biological synaptic cleft. In 

detail, in response to dopamine oxidation the device is able to modulate its conductivity and retain this 

altered state over time, emulating in this way the short and long-term neurotransmitter-mediated plasticity 

of biological neurons. The subsequent coupling of the artificial synapse with a dopaminergic cell line 

provided a hybrid system where cells stimuli (i.e., dopamine release) modulate the synaptic strength (i.e., 

OECT conductance) of the neuromorphic platform, demonstrating for the first time the adaptive behavior 

of neuroelectronic devices in response to biological signals. Although displaying the same memory 

capabilities of the nervous system, the biohybrid synapse still lack biomimetic feature which could resemble 

the same learning mechanism of neuronal cells, where chemical synapses modulation involves 

neurotransmitter receptors and ion channels at the post-synaptic terminal to enable the propagation of the 

action potential. For this reason, the second part of the project was focused on engineering a biomimetic 

artificial synapse coupling OECT with SLBs resembling the native composition of cell membrane. In 

particular, as first proof of concept a fluid homogenous bilayer was assembled on the surface of the 

neuromorphic device. Later, the role of the synthetic membrane on the OECT short-term plasticity was 

investigated, varying also the position of the gate electrode in respect to the neuromorphic channel. Here, 

the membrane acting as In ionic barrier hinders the passage of ions from the gate towards the channel 

therefore enhancing the short-term plasticity and acting as modulator of the synaptic strength in the artificial 

synapse. The adaptive behavior exhibited by the biomembrane-based OECT, confirms these biomimetic 

devices as a valuable strategy to mimic the physiological mechanisms of the nervous system in in vitro 

platforms which could contribute to unwind the complex processes underlying neurodegenerative disorders.  
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2  Materials and Methods  

2.1 Fabrication of the artificial synapse for the dopamine-mediated biohybrid interface. 

The OECT was fabricated in collaboration with the Salleo research group at the Department of Materials 

Science and Engineering of Stanford University (USA), by means of a photolithographic technique on a 

silicon wafers with 200 nm thermal oxide following a previously reported procedure [246] (Figure 2.1 A). 

First of all, the gold interconnects (contact pads, feedlines, gate, source and drain electrodes) were obtained 

using a standard lift-off process where 100 nm of gold (Au) were deposited on a 5 nm layer of titanium (Ti) 

to enhance the adhesion of Au on the silicon wafer (Figure 2.1 A-i). Then the substrate was coated with an 

insulating layer of 1.5 μm of [poly(para-chloroxylylene)] (Parylene-C), which was chosen not only for its 

dielectric barrier properties but also because of its stability in physiological conditions and its 

biocompatibility. Parylene-C was crosslinked using 3‐(trimethoxysilyl)propyl methacrylate to promote 

adhesion to the wafer. Following the first Parylene-C layer, a dilute soap (3% Micro-90 in deionized water) 

solution was spin-cast on top forming a thin layer that acts as an anti-adhesive, followed by deposition of a 

second Parylene-C layer, later used as a peel-off layer (Figure 2.1 A-ii). The wafers were then coated with 

75 nm of Ti using an e-beam evaporation process, photolithographically patterned and dry etched to define 

the neuromorphic channel and gate areas (Figure 2.1 A-iii). The wafer dies were cleaned with isopropanol 

sonication followed by UV-ozone cleaning before spin-coating the polymer layer. PEDOT:PSS aqueous 

solution was prepared by adding 6 vol% ethylene glycol to increase the PEDOT:PSS conductivity [247], 0.1 

vol% dodecylbenzene sulfonic acid (DBSA) as a surfactant [248], and 1 vol% (3-

glycidyloxypropyl)trimethoxysilane (GOPS) as a crosslinking agent to improve mechanical stability [249]. 

PEDOT:PSS solution was spun on the wafer die at 1000 round per minute (RPM) for 2 minutes and 

annealed at 120 °C for 20 minutes (Figure 2.1 A-iv). The top Parylene-C layer was then peeled off to retain 

PEDOT:PSS only in the photolithographically defined neuromorphic channel and gate areas (Figure 2.1 

A-v). The wafer dies were gently rinsed in deionized water to eliminate residual soap and were subsequently 

dried at 120 °C for 5 minutes. The OECT was then coupled with a PDMS microfluidic channel prepared 

using a photolithographically patterned mold in SU-8 (ca. 1 mm thick) on a undoped silicon wafer. PDMS 

is mixed with a crosslinker in a ratio of 10:1 wt./wt. and degassed in a vacuum chamber before pouring 

onto the wafer containing the mold and heated to 80 °C for 3 hours to cure. A 1.2 mm diameter biopsy 

punch is used to create the holes for the two inlets and the outlet which consist of Teflon tubing (0.813 mm 

outer diameter, 1.32 mm outer diameter). A small amount of uncured PDMS is used to stick the bottom 

surface of the PDMS microfluidic channel onto the neuromorphic device, and subsequently baked at 80°C 

for 1 hour (Figure 2.1 B).  
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Figure 2.1. OECT architecture for the biohybrid synapse. A) Schematic depicting the main steps of the 

photolithography-based process to obtain the PEDOT:PSS based OECT. Adapted from ref. [246]. B) 

Layout of OECT and PDMS microfluidic channel.  
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2.2 Fabrication of the artificial synapse for the lipid bilayer-based biomimetic platform. 

 The organic electrochemical transistor was fabricated by means of a dry etching procedure (Figure 2.2) 

using customized glass substrates (25 x 25 mm) with four squares (10 x 10 mm) of Indium Tin Oxide (ITO) 

at each corner which act as contact pads for the gate and the neuromorphic channel. The substrates were 

treated with oxygen plasma for 2 minutes at 20 W. PEDOT:PSS aqueous solution was prepared by adding 

5 vol% ethylene glycol, 0.02 vol% DBSA, and 1 vol% GOPS. Subsequently the PEDOT:PSS solution was 

spun on the glass substrates at 2000 RPM for 2 minutes and annealed at 140 °C for 20 minutes (Figure 2.2 

A-i). The PEDOT:PSS gate and channel were patterned through oxygen plasma dry etching technique 

performed for 15 minutes at 100 W (Figure 2.2 A-ii): here, in order to define the gate and channel electrode 

area, the spin-coated PEDOT:PSS film was masked with polydimethylsiloxane (PDMS) physical masks, 

obtained mixing the elastomer with its curing agent in a ratio 10:1 wt./wt. and then cured at 80 °C for 3 

hours. The etching procedure returns an OECT with two symmetrical PEDOT:PSS stripes 7x17 mm wide, 

2 mm apart (Figure 2.2 A-iii). The devices were then immersed in milli-Q water for 1 hour to allow the 

swelling of the PEDOT:PSS film. The OECT was then coupled with a PDMS microfluidic channel prepared 

using a micro-milling patterned mold 17 mm long, 4 mm wide and 0.4 mm thick. PDMS is mixed with a 

crosslinker in a ratio of 10:1 wt./wt. and degassed in a vacuum chamber before pouring onto the mold and 

heated to 80 °C for 3 hours to cure. A 1.2 mm diameter biopsy punch was used to create the holes for the 

inlet and the outlet which consist of Teflon tubing (0.813 mm outer diameter, 1.32 mm outer diameter, 

Figure 2.2 B). 

 

Figure 2.2. OECT architecture for the biomimetic synapse. A) Fabrication process of the dry etching 

procedure employed to pattern the large PEDOT:PSS OECT. B) Layout of OECT and microfluidic channel. 
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2.3 Electrical characterization of the organic neuromorphic devices. 

Neuromorphic devices were characterized using a commercial platform (ARKEO) composed by a thermal 

controlled stage, two-channel source meter units and two synchronized microfluidic pumps. Spring contact 

probes were used to access the gate and drain electrodes. Furthermore, for the implementation of the lipid 

bilayer-based biomimetic synapse a top gate configuration was also investigated: here, the neuromorphic 

device is made of two OECTs sandwiched together: the one placed on the bottom constitutes the 

neuromorphic channel, while the one on top, contacted with a wired probe, was used as gate electrode. The 

electrical measurements were performed using different electrolytes (i.e., cell medium, 

Tris(hydroxymethyl)aminomethane buffer (TRIS)-NaCl).  The characteristic curves (transfer and output) 

were taken by sweeping the gate voltage from 0.8 V to -0.2 V and the channel potential from -0.6 V to 0.1 

V. The neuromorphic operation was investigated applying a pulsed voltage at the gate electrode (Vgate = 

+0.3 V, variable PW and Δt) while monitoring the output channel current at a fixed potential (Vch = -0.2 

V). 
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2.4 Calibration with dopamine of the artificial post-synaptic device. 

2.4.1 Characterization of the electrochemical oxidation of dopamine. 

The electrochemical oxidation of dopamine on the PEDOT:PSS electrode was characterized by means of 

cyclic voltammetry (CV), a versatile electroanalytical technique used to study electroactive species and 

electrochemical reactions. Such electrochemical measurement employs a three-terminal potentiostatic setup 

and is based on the scan of the potential of the working electrode (WE) in cyclic phases. The potential is 

measured between the working and the reference electrode, while the resulting current is measured between 

the working and the counter electrode. One of the crucial parameter for the analysis is the scan rate  (volt 

per second): faster scan rates result in higher and broader current peaks, whereas lower scan rates decrease 

the current intensity but provide well-resolved redox peaks [250]. Here, an Autolab PGSTAT302N 

potentiostat/galvanostat interfaced with a personal computer, equipped with the NOVA software, was used 

for the electrochemical characterization. The postsynaptic PEDOT:PSS electrode was used as working 

electrode, while a saturated Ag/AgCl and a platinum (Pt) wire were employed as reference and counter 

electrodes, respectively. Dopamine solutions were prepared immediately before measurements to avoid 

degradation due to UV exposure [251], by dissolving dopamine hydrochloride into cell culture media (pH= 

7.2-7.4, Paragraph 2.6) at a concentration of 1 mM; the stock solution was then diluted to obtain dopamine 

solutions at different concentrations (20-500 μM). For all solutions the current of the WE was measured 

while scanning the potential between -0.2 V and 0.6 V at a scan rate of 10 mV/s. 

2.4.2 Investigation of the dopamine-mediated neuromorphic behavior. 

To monitor the OECT response to oxidation of increasing dopamine, the concentration of neurotransmitter 

in the electrolyte solution was controlled by the two inlets of the microfluidic channel, mixing a solution 

with no dopamine with the 1 mM stock solution (Paragraph 2.4.1), at a constant flow rate of 200 μL per 

minute. The microfluidic fluid flow across the device was controlled using two microfluidic pumps 

controlled by a custom LabView software. The transfer characteristics were obtained by sweeping the gate 

voltage from 0.8 V to -0.2 V and the channel potential from -0.6 V to 0.1 V.  The electrochemical oxidation 

of dopamine was performed applying a pulsed voltage at the gate electrode (Vpost = +0.3 V, PW= 2 seconds, 

Δt = 2 seconds) while monitoring the post-synaptic current at a fixed potential (Vch = -0.1 V).  
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2.5 Characterization of the cell-material interface in the dopamine-mediated biohybrid 

synapse. 

The biohybrid interface between dopaminergic PC-12 cells and the artificial platform was characterized by 

means of optical and electron microscopy techniques. First of all, the production and secretion of dopamine 

from cells seeded on PEDOT:PSS spin-coated films, was verified by means of immunohistochemistry and 

SEM/FIB imaging. Then, the cytotoxicity of the neuromorphic device was investigated performing a 

biocompatibility assay: here, cells confined on the gate/channel area of the OECT by means of a 

microfluidic channel (Paragraph 2.1), were directly imaged on the device. 

 

2.5.1 Preparation of PEDOT:PSS films as control substrate for cell culture. 

The PEDOT:PSS solution was prepared with the same formulation used for the fabrication of the 

neuromorphic device (Paragraph 2.1.1). Glass microslides (25 mm × 25 mm) were cleaned in an ultrasonic 

bath at 40 °C in deionized water, followed by non-ionic detergent, deionized water, acetone and ethanol. 

Each step had a duration of 10 minutes until a final drying under a nitrogen flow was performed. 

PEDOT:PSS films were deposited by spin coating technique carried at 1000 RPM for 2 minutes, followed 

by annealing at 120 °C for 20 minutes. 

2.5.2 Substrate sterilization and coating for cell culture.  

The PEDOT:PSS spin-coated films and the neuromorphic device were first sterilized with repeated washes 

of 70% ethanol (2 minutes) and sterile milli-Q water (2 minutes), and let dried under a laminar flow of a 

biological sterile hood. In order to enhance cell adhesion on the substrates, two different protein coatings 

were tested:  

 an aqueous solution of 0.1% collagen-IV from human placenta. Here, as in biological environment 

collagen is one of the components of the ECM, the cell-substrate interaction relies on the interaction 

between integrins and receptors placed at the cell membrane and collagen fibers [252]. 

 an aqueous solution of 0.01% Poly-L-lysine (PLL, molecular weight 70000-150000) which 

promotes electrostatic interactions between polycationic molecules present in PLL and the anionic 

sites on cell membrane [253]. 

Both cell-adhesive coatings were incubated on the samples for 1 hour at 37 °C, 5% CO2 and 95% humidity, 

and then washed with sterile milli-Q water. 
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2.6 Cell culture. 

The experiments were performed using a catecholamine-containing rat pheochromocytoma cell line (PC-

12). Frozen cells were thawed and plated on a collagen-IV coated T25 flask/neuromorphic device. Cells 

were maintained in supplemented medium containing Dulbecco′s Modified Eagle′s Medium (DMEM)-high 

glucose, 10% of fetal bovine serum, (CF = 100 units penicillin/mL and 100 µg streptomycin/mL), 1% L-

glutamine (CF = 2mM). During cell culture, the medium was changed approximatively every 2-3 days and 

cells were grown in the incubator at 37 °C, 5% CO2 and 95% humidity.  Confluent PC-12 cells were gently 

detached using 0.25% Trypsin-EDTA with an incubation of 5 minutes at 37 °C, 5% CO2 and 95% humidity. 

Cells were observed under a microscope to ensure their detachment from the substrate. Pre-warmed 

complete growth media was added to the cell suspension in Trypsin with two-fold higher volumes to 

inactivate the enzymatic action and the whole cell suspension was then transferred into a tube for 

centrifugation with 1000 RPM for 5 minutes. The supernatant was then removed, and the cell pellet was 

resuspended in pre-warmed complete growth medium. Cell density of viable cells was determined by using 

Countess II Automated Cell Counter for the plating. Two different cell densities were tested: a high cell 

density of 1,540,000 cells/cm2 and a low cell density of 770,000 cells/cm2.  
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2.7 Biocompatibility assay.  

The neuromorphic device cytotoxicity and cells viability were evaluated by a live/dead assay using Calcein 

acetoxymethyl (Calcein-AM) and Propidium Iodide dyes after 1 day-in-vitro (DIV) and right after applying 

the pulsed bias at the gate. Calcein-AM is a non-fluorescent cell-permanent dye that selectively labels living 

cells. Here, once incubated in cell culture, the Calcein-AM in converted in green-fluorescent calcein after 

the hydrolysis of acetoxymethyl ester by intracellular esterases. Calcein is well-retained in the cell 

cytoplasm and once excited at λEX 488 nm, it fluorescently emits in λEM 495/515 nm wavelength range. On 

the contrary, propidium iodide (λEX/EM = 535/617 nm) is a cell-impermeable dye used to detect dead or 

apoptotic cells as it is able to bind DNA by intercalating between the bases. After removing the culture 

media and wash the cells with PBS, the staining solution (CF = 1 µg/mL for Calcein AM and 10 µg/mL for 

Propidium Iodide) was added to the cell culture and incubated for 15 minutes at 37 °C, 5% CO2 and 95% 

humidity. Afterwards, cells were rinsed in PBS for de-esterification of the intracellular AM esters and 

images were acquired at microscope, using an inverted microscope (Axio Vario, Zeiss) operated through 

epifluorescence employing a 10 dry objective. Exemplary frames of live and dead cells are shown in 

Figure 2.3, A and B, respectively.  

 

Figure 2.3. Live/dead cells labelling. A) Exemplary micrograph of PC-12 cells labelled with  

Calcein-AM where the green fluorescence denotes live cells. B) Exemplary micrograph of PC-12 cells 

labelled with Propidium Iodide where the red spots correspond to dead cells. 
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2.8 Immunohistochemistry. 

The immunolabelling procedure allows the detection and spatial localization of a protein/molecule of 

interest within a cell. This targeting might occur using (1) primary and secondary antibodies (Ab I and Ab 

II, respectively) or (2) conjugated dyes displaying high specificity for the protein of interest. Here, 

dopamine secretion was verified labelling PC-12 cells (seeded on PEDOT:PSS spin-coated films, 

Paragraph 2.5.1) against dopamine primary antibody (mouse) followed by incubation with Ab II Alexa 

Fluor 488 anti-mouse (λEX/EM = 495/518 nm), while cell morphology was analyzed staining actin 

cytoskeleton with Phalloidin-647 conjugated dye (λEX/EM = 650/668 nm), and nuclei with nuclear marker 

Hoechst (λEX/EM = 350/461nm). In detail, for the staining procedure at the desired time point for the 

investigation, the cell culture media was removed and washed once with warm PBS, to remove dead cells 

or debris in suspension. Then, cells were fixed with pre-warmed 4% paraformaldehyde (PFA) in PBS (pH 

7.2) for 15 minutes and then gently washed 2 times with PBS at room temperature. Cell membranes were 

permeabilized to provide antibody access to targets into the nucleus or other organelles with 0.1% Triton-

X 100 in PBS for 5 minutes at room temperature and then washed 2 times with PBS. To prevent any non-

specific binding of the antibody, specimens were incubated in 2% bovine serum albumin (BSA) in PBS for 

45 minutes at room temperature. Substrates were then incubated for 1 hour at room temperature with 

dopamine primary antibody, which was diluted 1:100 in 2% BSA in PBS to get CF = 0.2 µg/mL. After 

washing the samples 3 times with 2% BSA (diluted in PBS), cells were simultaneously incubated with Ab 

II anti-mouse diluted 1:500 in 2% BSA in PBS to get CF = 0.2 µg/mL, and with Phalloidin-647 diluted 

1:1000 in 2% BSA in PBS to get a 1x as CF: both dyes were incubated for 30 minutes at room temperature, 

followed by 3 washes with 2% BSA (diluted in PBS). Finally, the nuclei staining was performed incubating 

the samples for 15 minutes at room temperature with Hoechst diluted 1:5000 in PBS to get a CF = 2 µg/mL. 

Samples were shielded from light until imaging. The substrates were imaged with a widefield fluorescence 

microscope (Axio Oberver Z1), Zeiss) operated through epifluorescence a 40 oil objective. Figure 2.4 

depicts representative images of F-actin, nuclear and dopamine immunohistochemistry labelling. 



   
Interactive Biohybrid Synapses – Claudia Lubrano, M.Sc. 

55 
 

 

Figure 2.4. Exemplary images of PC-12 cells immunohistochemistry. Exemplary confocal micrographs 

of PC-12 cells that underwent immunohistochemistry staining: A) dopamine molecules labelled by its 

specific antibody (in green); B) F-actin cytoskeleton labelled with phalloidin (in red); C) cells nuclei 

labelled with Hoechst (in blue). D) Merged micrograph. Scale bar 50 µm. 
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2.9 Ultra-thin resin embedding procedure for SEM and SEM/FIB. 

The scanning electron miscopy technique coupled with focused ion beam requires an ad hoc procedure 

known as ultrathin plasticization method (UTP) [254,255] which allows to preserve biological samples during 

imaging. Cells were firstly rinsed with PBS and then washed in 0.1 M sodium cacodylate buffer 

(C2H6AsNaO2) at physiological pH for 5 minutes before being fixed in 2.5% glutaraldehyde diluted in the 

same buffer at room temperature (Figure 2.5 A). Fixation is performed to block any cellular degeneration 

processes and preserve morphological shape from shrinkage and swelling (osmotic damages). Therefore, 

glutaraldehyde stabilizes cellular ultrastructures via permanent cross-linking which occurs between its -

CHO groups and any protein nitrogen [256]. However, this strong and irreversible fixative effect only 

involves protein structures. Lipidic structures must undergo a secondary fixation to retain their structures 

during the entire method. After the fixative incubation, samples were transferred on ice (4 °C) and washed 

3 times for 5 minutes with buffer. Unreacted aldehyde groups, not bound to anything, were quenched with 

20 mM glycine solution in 0.1 M buffer solution for 20 minutes at 4 °C. Specimens were then washed 3 

times with buffer (5 minutes each) at 4 °C. To preserve lipidic membranes and fix glycogen, a second 

fixative step is performed by incubating cells with 2% osmium tetroxide and 2% potassium ferrocyanide 

for 1 hour at 4 °C. This post-fixative adds density and contrast to the cell as staining solution [255]. Samples 

were then washed 3 times with buffer solution at 4 °C. Prior thiocarbohydrazide (TCH) step, cells were 

gently washed with deionized (DI) water at room temperature (to prevent TCH salt precipitation). 

Afterwards, samples were immersed in 1% filtered TCH in DI water for 20 minutes at room temperature. 

TCH solution profoundly enhanced the contrast of the osmiophilic cell components.  

Specimens were washed 3 times with DI water for 5 minutes and subsequently immersed in 2% tetroxide 

osmium solution for 30 minutes at room temperature (Figure 2.5 B). This entire procedure of staining is 

also known as RO-T-O because it includes solutions of potassium ferrocyanide-reduced osmium (RO step), 

TCH (T step) and osmium (O step). Afterwards, specimens were washed with DI water 3 times for 5 

minutes and incubated overnight in 4% filtered uranyl acetate at 4 °C. Uranyl acetate reacts with phosphate 

and amino groups (i.e., nucleic acid, proteins, mitochondria). Then, samples were washed 3 times with DI 

water and incubated with 0.15% tannic acid for 3 minutes at 4 °C and then washed 2 times with DI water. 

Dehydration was carried out with a series of ethanol dilutions (30, 50, 75, 95, 100% v/v ethanol in water) 

for 10 minutes each at 4 °C. 100% ethanol was exchanged 2 times at room temperature. Specimens were 

then gradually embedded in resin (25 mL of NSA, 8 mL D.E.R. 736, 10 mL of ERL 4221, 301 µL of 

DMAE) with an ethanol : resin ratio (1:3 for 3 hours, 1:1 overnight, absolute resin for at least other 8 hours 

(Figure 2.5 C). Minimal resin covering on the cells was achieved by upright positioning the samples and 

let the resin drain by gravity for 2 hours (Figure 2.5 D). In addition, to significantly reduce the final resin 

layer, samples were quickly rinsed with 100% ethanol for less than 2 minutes prior to polymerization. 
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However, absolute ethanol flushing step might introduce some artefacts. Indeed, longer washes cause 

complete exposition and potential dehydration of cellular bodies and processes. Finally, resin was 

polymerized in the oven at 70 °C for 12-24 hours. Samples were mounted onto aluminum pin stubs 

(diameter 3.2 mm) using silver conductive paste and sputtered with 5 nm-thick gold layer prior to imaging. 

 

 

Figure 2.5. . Ultra-thin plasticization method. Schematic depicting the procedure of biological sample 

preparation for electron microscopy: A) fixation of cell culture with glutaraldehyde; B) heavy metals 

staining to add density and contrast to the cells; C) resin embedding; D) removal of exceeding resin by 

upright positioning of the sample. 
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2.10 Focused ion beam sectioning/scanning electron microscopy of cross sections. 

Specimens were loaded in a dual-beam microscope which supports both an electron beam column (e-beam) 

and a Ga+ ions focused beam column (FIB or i-beam).  The cell-material contact area was exposed through 

FIB milling and imaging was then performed with SEM.  Here, after identified a region of interest (ROI) 

(Figure 2.6 A), a double Pt layer was deposited to preserve the sample structures from the ensuing 

destructive cross-sectioning steps. First, a 0.5 µm-thick Pt layer was deposited by e-beam assisted 

deposition by fixing the voltage of the electron beam at 3 kV and the current at 0.69 – 2.7 nA (Figure 2.6 

B). Then, a second layer (~1 µm nominal thickness) was deposited by ion beam-assisted deposition (Figure 

2.6 C), fixing at 30.0 kV and 0.79 nA the ion beam voltage and current, respectively. Afterwards, by fixing 

the ion beam voltage and current at 30 kV and 0.79 nA, respectively, a large amount of material can be 

removed by milling, allowing precise exposition of cell-material interface (Figure 2.6 D). Notably, the 

nominal depth (as for silicon) was set to ~ 5 μm and the milling profile used was the ramp. The resulting 

surface was then further polished avoiding curtaining effects with the ion beam voltage and current at 30.0 

kV and 80 pA, respectively. Once the cross section was created, the images were acquired with a 

backscattered detector [255]. 
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Figure 2.6. FIB/SEM cross-sectioning and imaging procedure. A) ROI identification; B) deposition of 

first layer of Pt with e-beam.-C) deposition of the second Pt layer i-beam; D) i-beam assisted milling to 

expose the cross section, and backscattered imaging. 
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2.11 Dopamine detection measurements with PC-12 cells. 

PC-12 cells were seeded on the neuromorphic device at two different cell densities as described in 

Paragraph 2.6. The electrochemical oxidation under static conditions was performed applying a pulsed 

bias at the gate every 2 hours to monitor the dopamine secretion process.  

For dynamic microfluidic flow measurements instead, PC-12 cells were plated with a low density (770,000 

cells/cm2) and incubated at 37 °C, 5% CO2 and 95% humidity for 4 hours prior performing the 

measurement. Microfluidic flow of warm (37 °C) complete DMEM cell medium (Paragraph 2.6) was 

controlled using custom LabView software and manually updated during the measurement.  

For KCl stimulation PC-12 cells were plated at low cell density (770,000 cells/cm2) and incubated at 37 °C, 

5% CO2 and 95% humidity for 4 hours prior performing the stimulation: here, the cell medium in the 

microfluidic channel was removed and the channel was washed with fresh DMEM cell medium 

(Paragraph 2.6) before adding a stimulating solution of composition (in mM): KCl 60 or KCl 120, NaCl 

50, CaCl2 2, MgCl2 0.7, NaH2PO4 1, HEPES 10 (pH 7.4). The pulsed bias was applied at the gate electrode 

(Paragraph 2.3) immediately following the addition of the KCl solution.  
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2.12 Supported lipid bilayer assembly and characterization. 

2.12.1 Lipids vesicles preparation. 

Lipid vesicles were obtained mixing 100 mol % of 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-phosphocholine 

(POPC) and 0.5% (mol/mol) of 1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine, 

Triethylammonium  salt (Texas Red) as a fluorescent probe ( λEX/EM= 595/615 nm). The lipids were mixed 

in chloroform at a desired concentration. The chloroform was firstly evaporated under a nitrogen stream, 

and then in a desiccator under vacuum for 2 hours to remove residual traces of solvent. The resulted lipid 

thin film was rehydrated with a mixture of 70% v/v of milli-Q water and 30% v/v of isopropanol to obtain 

a final concentration of lipid vesicles of 5 mg/mL. Here, the liposome solution was gently vortexed and 

sonicated on ice for 25 minutes to promote the resuspension of the lipid film. Finally, the lipid suspension 

was extruded 15 times through a 100 nm pore polycarbonate membrane by using a mini extruder to 

guarantee the formation of lipid vesicles with homogeneous size.  

2.12.2 Lipid bilayer formation. 

The assembly of lipid bilayers on soft organic polymers requires an ad hoc technique based on a solvent-

assisted procedure (SALB), where the organic solvent mixture, in which the lipids are suspended, is slowly 

replaced with an aqueous buffer [142]. Prior the membrane formation, the OECT was treated with oxygen 

plasma for 2 minutes at 20 W to enhance the surface wettability of the PEDOT:PSS film and promote the 

lipid vesicles absorption. Then, to enable the subsequent solvent exchange, a PDMS microfluidic channel 

(Paragraph 2.2) was stick on the neuromorphic device to confine SLB on the gate/channel area. In 

particular, the microfluidic channel was attached using a two component silicone glue, which allows a fast 

sealing and therefore allows to preserve the surface activation obtained after oxygen plasma. The liposome 

solution (Paragraph 2.12.1) was subsequently diluted with a mixture of 70% v/v of milli-Q water and 30% 

v/v of isopropanol to a final concentration of 0.5 mg/mL and incubated for 30 minutes in the microfluidic 

chamber to enable vesicles adsorption on the PEDOT:PSS surface. Later, an aqueous buffer solution made 

of TRIS (10 mM) and NaCl (100 mM) at pH 7.5, was delivered into the microfluidic channel with a flow 

rate of 50 µL/min for 2 hours to enable the SLB planar assembling and remove exceeding un-ruptured 

vesicles. 
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2.12.3  SLB characterization with fluorescence recovery after photobleaching. 

Fluorescence recovery after photobleaching (FRAP) is a microscopy-based method used to study 

membrane dynamics, as it allows to characterize the mobility of fluorescent molecules within cell 

membranes. In general, a ROI is bleached by a high-intensity laser source: if the fluorescent species is 

mobile, the bleached molecules within the ROI will be exchanged by fluorescent molecules diffusing from 

surrounding regions, therefore the time required to recover the initial fluorescent intensity depends on the 

fluidity of the membrane. The resulting fluorescence recovery curve, fitted with an appropriate model, 

provides information about the fraction of mobile molecules and the half time of recovery (𝜏1 2⁄ ), i.e., the 

time required to recover half of the final fluorescence intensity [257]. In case of SLBs, 𝜏1 2⁄  can be used to 

calculate the diffusion coefficient of the lipid molecules providing information on the fluidity of the double 

layer, as lower values of  𝜏1 2⁄   corresponds to a fluid and homogeneous bilayer. Here, the optical 

transparency of the neuromorphic device (Paragraph 2.2) enabled the direct monitoring of SLB 

fluorescence recovery. In particular, FRAP experiment was performed using a Leica TCS SP5 gated STED 

microscope equipped with a 25 water immersion objective. A 20 µm wide circular spot was bleached by 

114 mW 592 nm laser beam for 1.3 seconds (Figure 2.7 A-i). The recovery of the photobleached spot was 

then monitored for 5 minutes (Figure 2.7 A-i-ii). The fluorescence intensity of the spot was measured and 

normalized to a reference spot (Figure 2.7 B, inset). The normalized fluorescence intensity is fit with a 

Bessel function of the first order [258] (Figure 2.7 B). The images were analyzed with ImageJ Radial profile 

tool which allows the quantification of the fluorescence intensity along the radius of a selected area. The 

fluorescence intensity profiles at three different time points after bleaching (0 second, 60 seconds and 5 

minutes), were obtained by drawing a circle around the bleached area (Figure 2.7 C). The diffusion 

coefficient was obtained from the following equation:  

𝐷 =
𝜔2

4𝜏1 2⁄
 

where ω is the radius of the bleached spot. 
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Figure 2.7. FRAP images and data analysis. A) Exemplary micrographs of the photobleached area in the 

POPC lipid bilayer showing the progressive recovery of fluorescence at fixed time points (i-iii). B) Graph 

reporting the fluorescence intensity of the bleached ROI (ROI 1) and the reference ROI (ROI 2) as function 

of time. C) Fluorescence intensity profiles obtained from the Radial profile analysis of the FRAP 

micrographs taken at t= 0, 60 s and 5 minutes after bleaching. 
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2.12.4 SLB characterization with atomic force microscopy. 

Atomic Force microscopy is a high-resolution (order of fractions of a nanometer) non-optical imaging 

technique based on a scanning-probe microscope which allows accurate and non-destructive measurements 

of the topographical, optical and mechanical properties of a sample surface in air, liquids or ultrahigh 

vacuum [259]. AFM consists of a sharp tip with a diameter approximately around 10-20 nm which is attached 

to a cantilever. The tip moves in response to tip–surface interactions, and this movement is measured by 

focusing a laser beam with a photodiode. AFM can be operated in two basic modes:  in the contact mode 

the tip is in continuous contact with the surface applying a constant force on the sample, while the tapping 

mode is based on the vibration of the cantilever above the sample surface so that the tip is only in 

intermittent contact with the surface [260]. The latter is preferred when scanning soft materials like polymers 

and biological samples as it prevents possible damages of the sample [261], therefore here the surface profile 

of the bilayer and of the OECT (prior SLB assembly) were investigated using the tapping mode technique 

in liquid (Figure 2.8 A): the hydrated condition indeed is essential to preserve the structure of the double 

layer and the correct assembly of the amphiphilic lipid molecules. In particular, AFM measurements were 

carried out on Bruker Dimension Icon microscope employing a ScanAsyst-Fluid probe, with a spring 

constant of 0.7 N/m, a tip radius of 5–20 nm, and resonance frequency of about 150 kHz. The scan rate was 

set at 2 Hz for 256×256 pixels images and the gain was optimized to reduce the noise. The root mean-

square (RMS) roughness (Rq) was determined using the provided analysis software Nanoscope Analysis 

2.0. The images were plane fitted at order 0 and flattened at order 2 (Figure 2.8 B). The average roughness 

parameters were calculated over 2 µm x 2 µm areas.  
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Figure 2.8. AFM images analysis. A) Schematics depicting the AFM setup used to perform the SLB scan 

in aqueous environment. B) Processing of AFM images to obtain a flatten image which allows the 

quantification of surface roughness. 
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2.13  Frequency response characterization of the lipid bilayer-based biomimetic synapse. 

Impedance spectroscopy is a powerful technique used to measure the frequency response and surface-

dependent properties of a system upon the application of alternate potentials [262]. In particular, 

electrochemical impedance spectroscopy (EIS), performed in aqueous environment and with a two-

electrode configuration, allows to investigate diffusion, electron transfer rate or absorption mechanisms at 

the working electrode/electrolyte interface. EIS found extensive application in investigating biological 

processes, as cell adhesion and proliferation [263,264]: indeed, cell membranes and more in general biological 

tissues, consist of insulating layers that behaves like leaky capacitors, i.e., devices that accumulate charges 

on the surface, while still allowing for a leakage current to cross the layer itself [265], therefore any variation 

in the cell monolayer (due to cell-cell or cell-substrate interactions) influence the number of ions that freely 

reach the electrode surface, modulating the resistive component of EIS [263]. Similarly, the formation of lipid 

bilayers on conductive substrates (i.e., conductive polymers) can be validated by monitoring variations in 

impedance components [157,158,160,161]. Usually, impedance data can be visualized either as Nyquist plot, 

where the real part of the impedance is plotted on the X-axis and the imaginary part is plotted on the Y-axis 

of a chart (Figure 2.9 A), or as Bode plot where the impedance is plotted with log frequency on the X-axis 

and both the absolute values of the impedance and the phase-shift are displayed on the Y-axis (Figure 2.9 

B). Impedance data can then be analyzed by fitting the Nyquist or Bode curves with an equivalent electrical 

circuit model where each component (i.e., resistors, capacitors and inductors) describe a physical process 

happening in the electrochemical cell. For instance, phenomena of ionic (or molecular) diffusion, which 

cause the appearance of a diagonal line with a slope of 45° in the Nyquist plot, can be modelled introducing 

a Warburg element in the modeling circuit [262]. Furthermore, the electrolyte resistance, depending on the 

ionic concentration, type of ions, temperature, and the geometry of the area in which the current is 

measured, can be expressed as a resistor, while the electrical double layer formed at the interface between 

the electrode and its surrounding electrolyte can be described as a capacitor where the adsorbed charged 

ions are separated from the electrode surface by an insulating space [262]. Here, the frequency response of 

the biomembrane-based OECT was characterized performing EIS and a planar frequency measurement: the 

use of these two configurations enables the investigation of the biomembrane electrical behavior in response 

to a longitudinal (planar measurement) or transverse (EIS) ionic current. Both measurements were carried 

out using an Autolab PGSTAT302N potentiostat/galvanostat interfaced with a personal computer, equipped 

with NOVA software; the impedance was recorded in the range 10-1-106 Hz, using a sinusoidal input 

voltage with amplitude of 50 mV, with 0 V offset. EIS was performed using a saturated silver/silver chloride 

(sat’d Ag/AgCl) as reference electrode while the PEDOT:PSS neuromorphic channel was used as working 

electrode (Figure 2.9 C). A buffer solution made of TRIS (10 mM) and NaCl (100 mM) at pH 7.5 (same 

buffer used to form lipid bilayer, Paragraph 2.12.2) was used as electrolyte. In the planar frequency 
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response measurement instead the PEDOT:PSS gate and channel were used as reference and working 

electrodes, using two wired measurements probes to connect the device without the electrolyte (Figure 2.9 

D). 

 

 

Figure 2.9. Frequency response analysis and measurement setup. A) Nyquist plot reporting the real and 

the imaginary values of impedance. B) Bode plot depicting the modulus and phase of impedance as function 

of frequency. C) Schematics of the measurement setup used to perform EIS with a top Ag/AgCl reference 

electrode. D) Schematics of the measurement setup used to perform planar impedance, where the 

PEDOT:PSS film itself was used as reference electrode. 
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2.14 Image processing and data analysis. 

2.14.1 Live/dead cell populations analysis. 

Acquired images were processed with Image J software (NIH, USA) to perform cell counting of live and 

dead cells populations. The analysis was performed on each frame derived by the Calcein-AM and 

Propidium Iodide labelling (Paragraph 2.7). The main analysis steps are described in Figure 2.10. In 

details, the red and green fluorescence channels were split in two separated images (Figure 2.10 A), and 

the uneven background was removed from the fluorescence microscopy images (Figure 2.10 B). 

Afterwards, an intensity threshold was applied to highlight all cells to count, so that the algorithm Find 

Maxima is able to find local maxima of fluorescent intensity: in this way each cell was considered as a 

particle and automatically counted (Figure 2.10 C).  

 

 

Figure 2.10. Live/dead image analysis. Schematic of the semi-automatic cell counts for viability 

quantification. A) Opening of green and red frames separately; B) image background removal;  

C) setting of the fluorescence-dependent threshold to identify single cells.  

 

Viability was determined by acquiring 10 frames per experiment from 3 independent cell preparations 

(thereby N = 3 is the statistical sample) collected randomly over the material surface. Each experimental 

condition was studied in triplicate (n = 3). The percentage of cells viability was evaluated using the 

following formula: 

% Viability =
(Live cells)

(Live cells + Dead cells)
 x 100 

 

2.14.2 Data processing and analysis. 

The pulse conductance modulation and the integration of the gate current for the biohybrid and biomimetic 

OECTs, as well as the EIS data analysis and fittings were carried out through SciPy and NumPy Python 
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libraries. Additionally, the numerical computation of the time response τ, was performed through custom 

made MATLAB scripts. See Annex C, D and E for detailed scripts.  
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3 Results and Discussion 

3.1 Engineering a dopamine-mediated biohybrid synapse 

The first part of the project was focused on engineering a functional biohybrid synapse with an organic 

electrochemical transistor acting as post-synaptic neuron, and dopaminergic cells, directly interfaced with 

the artificial platform, representing the biological pre-synaptic terminal. Here, the oxidation of dopamine 

secreted from cells is able to modulate the conductance of the OECT inducing a neurotransmitter-mediated 

long-term potentiation which emulates the synaptic plasticity of neurons. 

3.1.1 Characterization of the organic neuromorphic device artificial synapse. 

The OECT was fabricated by means of photolithography (Materials and Methods 2.1) to obtain a three-

terminal device with both gate and neuromorphic channel made of PEDOT:PSS. The platform was coupled 

with a microfluidic PDMS channel (Materials and Methods 2.1) to support the continuous flow of the 

electrolyte solution in contact with the device (Figure 3.1 A). The variation of the OECT channel current 

in response to gate voltage applied is given by the output and transfer characteristic curves which were 

acquired sweeping the gate (from 0.8 V to -0.2 V) and the channel voltage (from -0.6 V to 0.1 V) 

simultaneously (Materials and Methods 2.3). Figure 3.1 B reports the output curves which show the 

variation of the channel current (Ipost) as function of the output voltage (Vch). Here, three operating regions 

of the OECT can be identified: 1) the active region of the transistor, where the output current is almost 

constant and independent from the output voltage; 2) the saturation region, where a slight increase in output 

voltage causes a rapid increase in the output channel current and 3) the cut-off region, where the output 

current is almost zero even at higher Vch. Figure 3.1 C instead displays the transfer curves, where the output 

current (Ipost) is represented vs. the input gate voltage (Vpost), and the transconductance (gm), defined as the 

derivative of the channel current with respect to the gate voltage, which describes the ability of the OECT 

in amplifying the input voltage signal applied at the gate electrode. Furthermore, the neuromorphic 

functions of the OECT were investigated applying a sequence of voltage pulses at the post-synaptic gate 

electrode while monitoring the output channel current at a fixed potential (Vch = - 0.1 V, Materials and 

Methods 2.3). In particular, as PEDOT:PSS-based OECTs operate in depletion mode [266], the application 

of a positive bias at the gate terminal drives cations from the electrolyte into the neuromorphic channel, 

inducing the de-doping of the organic semiconductor; when the voltage gate is switched back to o (Vpost = 

0V), cations can freely return into the electrolyte restoring the initial conductive state of the PEDOT:PSS 

channel (Figure 3.1 D). Such reversible (short-term) conductance modulation recalls the STP of biological 

synapses. 
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Figure 3.1. Characterization of the organic neuromorphic device. A) Schematic showing the 

neuromorphic device array coupled to the polydimethylsiloxane (PDMS) microfluidic channel and inset 

showing the single device structure. B) Output curves for the postsynaptic gate voltage Vpost from +0.8 V 

(red) to -0.2 V (purple) with 0.1 V increments. C) Transfer characteristics obtained by sweeping the voltage 

of the postsynaptic PEDOT:PSS gate electrode Vpost. D) Pulsing curves of the PEDOT:PSS neuromorphic 

device showing that the postsynaptic current returns to the original level after a sequence of postsynaptic 

voltage pulses in the absence of dopamine with a short-term modulation of ~0.5 mS due to ionic currents. 

Adapted from ref. [267]. 

 

3.1.2 Characterization of the electrochemical oxidation of dopamine. 

As the first part of the project is focused on tuning the neuromorphic properties of OECTs exploiting 

dopamine oxidation, the electrochemical reaction of the neurotransmitter at the PEDOT:PSS post-synaptic 

electrode was investigated by means of cyclic voltammetry (CV, Materials and Methods 2.4.1). The 

expected mechanism is a two-electron transfer reaction where dopamine is oxidized to dopamine-o-quinone 

releasing two protons and two electrons (Figure 3.2 A) [268]. The voltammograms in Figure 3.2 B report, 

for different concentration of dopamine, the current measured at working electrode as function of the 

voltage scanned during the analysis. Here, for low concentrations of dopamine (20-200 mM), the 

voltammogram shows an oxidation peak at 100 mV, which slightly shifts towards higher potential ( 200-
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300 mV) when increasing the neurotransmitter concentration (0.5-1 mM). Interestingly, no reduction peak 

is observed in the reverse scan, meaning that the reaction is irreversible. 

 

Figure 3.2. Characterization of dopamine electrochemical oxidation. A) Schematic of dopamine 

oxidation reaction at the postsynaptic electrode which controls the change in conductance of the 

postsynaptic channel. B) Cyclic voltammograms of PEDOT:PSS in solutions with varying dopamine 

concentration (CDA) using a three terminal half-cell measurement with Ag/AgCl as a reference electrode 

and a Pt mesh as the counter electrode. Adapted from ref. [267]. 

  

3.1.3 Calibration of the organic neuromorphic device with increasing dopamine concentration 

(steady-state measurements).  

As OECTs conduction mechanism is based on the ionic to electronic current transduction of conductive 

polymers, electrochemical reactions releasing ionic species in solution can modulate the conductivity of 

such devices. In particular, in order to characterize the OECT response to the dopamine oxidation, the 

microfluidic channel was used to vary the concentration of neurotransmitter by using the two inlets to mix 

two different solutions: one without dopamine and the other containing 1 mM dopamine (Materials and 

Methods 2.4.2). The characteristic curves of the neuromorphic platform were then obtained by monitoring 

the post-synaptic current (Ipost) while sweeping the voltage at the gate electrode (where dopamine is actually 

oxidized) in presence of varying concentrations of dopamine (Figure 3.3 A). Here, the transfer curves 

exhibit decreasing values of output current as the dopamine concentration is increased. Similarly, the 

transconductance (gm) curves (Figure 3.3 B) reveal how, in correspondence of the oxidation potential of 

dopamine (Vpost= +0.2 V), the transconductance peak increases linearly with the neurotransmitter 

concentration until reaching a plateau at higher dopamine concentration (ca. 0.1 mM), as shown also in 

Figure 3.3 C. The hypothesized mechanism to explain the OECT behavior in response to dopamine 
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oxidation is shown in Figure 3.3 D where an oxidizing potential is applied at the post-synaptic gate 

electrode and the conversion of dopamine into dopamine-o-quinone induces the release of two electrons 

and two protons. Here, electrons are able to reduce the PEDOT in the two PEDOT:PSS electrodes (gate 

and channel), while protons compensate the remaining negative charges on the sulfonate groups of the PSS 

to maintain charge neutrality in the polymeric film [269]. Considering that both the post-synaptic electrode 

and channel are de-doped by the oxidation of dopamine, a decreased conductivity was observed in the two 

PEDOT:PSS films after the oxidization reaction (Figure 3.3 E) [270]. 

 

Figure 3.3.Calibration of the OECT response varying dopamine concentration. A) Transfer curves 

measured with varied dopamine concentration; B) transconductance curves acquired at different dopamine 

concentration in the microfluidic channel. C) Calibration curve showing the peak transconductance during 

transfer measurements as a function of increasing dopamine concentration. D) Mechanisms underlying 

dopamine-mediated conductance modulation: when dopamine (DA, pink circles) is oxidized to dopamine 

o-quinone (DQ, yellow circles), the oxidation products (2e-, 2 H+) can compensate the electronic and ionic 

charges in doped PEDOT:PSS, thereby de-doping the channel and gate ; this reaction at the gate electrode 

(1) changes its potential, resulting in effective gating of the PEDOT:PSS postsynaptic channel, and results 

in a transfer of an electron and a proton to the postsynaptic channel (2) to maintain a potential drop of Vpost 

E) Conductance modulation of gate and channel electrodes as a result of dopamine oxidation. Adapted from 

ref. [267]. 
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3.1.4 Dopamine-mediated synaptic plasticity.  

In order to emulate the biological mechanism of synapses where the periodic stimulation of the pre-synaptic 

neuron induces the release of neurotransmitters at the synaptic cleft causing the strengthening (or 

weakening) of the synaptic connection and a long-term potentiation (or depression) of the post-synaptic site 

[26], here post-synaptic voltage pulses were applied at the gate electrode to characterize the plasticity 

response at the post-synaptic channel (Figure 3.4 A, Materials and Methods 2.4.3). In particular, the 

sequence of pulses had an amplitude of 0.3 V (Vpost) to enable the oxidation of dopamine, a pulse width 

(PW) of 2 seconds and an interval time between pulses (Δt) of 2 seconds. As shown in Paragraph 3.1.1, 

such PW and Δt allow the reversible ON/OFF switching of the OECT as the 2 seconds delay between pulses 

enables the ionic discharge of the PEDOT:PSS channel restoring the initial conductive state. Furthermore, 

the electrical measurements were performed flowing the electrolyte solution at a constant rate into the 

microfluidic channel to facilitate the recycling of dopamine at the post-synaptic gate surface while 

preventing the fouling of the electrode due to deposition of oxidation byproducts (i.e., polydopamine [271]).  

As shown in Paragraph 3.1.1 (Figure 3.1 D), when a pulsed voltage is applied at the gate, the 

neuromorphic channel undergoes a reversible and temporary de-doping (without dopamine). Instead, when 

the dopamine is present in the electrolyte, protons produce by the oxidation reaction at the gate electrode 

contribute to the de-doping of the post-synaptic channel [269]. In this case, due to the irreversible nature of 

dopamine oxidation, the PEDOT:PSS conductance variation (ΔGpost) is permanently retained as protons 

injected into the polymeric film under an applied potential (Vpost), are not able to return into the electrolyte 

even if Vpost is switched back to 0 V.  

To further characterize the dopamine-mediated neuromorphic behavior of the OECT, the concentration of 

the neurotransmitter in solution was varied using the microfluidic mixing described earlier (Materials and 

Methods 2.4.2). Similar to the response observed in the transconductance curves (Figure 3.3 B), also the 

conductance modulation Gpost is dependent on dopamine concentration (Figure 3.4 B, C) as more dopamine 

is oxidized at the gate electrode more protons accumulate in the electrolyte and therefore contribute to the 

cumulative de-doping of the PEDOT:PSS channel. 

. The dopamine-mediated plasticity observed in the artificial synapse emulates both short and long-term 

potentiation of biological synapses, where the reversible modulation of Gpost during pulsing recalls the STP, 

while the permanent change in Gpost following pulsing is analog to LTP (Figure 3.4 D).  

As in biological systems the synaptic strength can be enhanced with high-frequency presynaptic pulses [62], 

here the pulse-time dependence of the device was investigated applying at the gate electrode sequence of 

pulses with different pulse width. As shown in Figure 3.4 E, the minimum pulse width resulting in a change 
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in post-synaptic conductance (LTP) also depends on the dopamine concentration; at 0.02 mM the pulse 

width must be higher than 100 ms to elicit a response, whereas at 0.2 mM a pulse width of 10 ms is sufficient 

to cause LTP: taking into account also the diffusion of dopamine into the electrolyte, perhaps at higher 

concentration a larger number of dopamine molecules are available at the gate electrode for being oxidized. 

 

 

Figure 3.4. Dopamine-mediated synaptic plasticity in artificial synapse. A) Schematics depicting how 

the application of post-synaptic pulses at the gate electrode induces dopamine oxidation and consequent 

modulation of the post-synaptic current. B) Conductance modulation Gpost elicited by three consecutive 

postsynaptic pulses ((Vpost = +0.3 V, tpost = 2 s) as a function of the dopamine concentration in the 

microfluidic channel. C) Calibration curve of conductance variation as function of dopamine: enhanced 

long-term modulation is observed with increasing dopamine D) Short-term and long-term modulation of 

the postsynaptic conductance (Gpost) under dopamine flow (in the absence of cells). E) Postsynaptic channel 

conductance update as a function of gate voltage pulse width with varied dopamine concentrations showing 

a nearly linear time dependence for all concentrations. Adapted from ref. [267]. 

 

3.1.5 Characterization of PC-12 cells-OECT interface.  

In order to establish a biohybrid synapse, where the neuromorphic device responds to stimuli coming from 

a biological system, PC-12 neuron-like cells were plated onto PEDOT:PSS gate/channel electrodes using 

the microfluidic channel (Materials and Methods 2.1, 2.6). Here the OECT acts as artificial post-synaptic 

terminal, while the cell monolayer collectively constitutes the pre-synaptic domain. PC-12 cells, derived 
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from a pheochromocytoma of the rat adrenal medulla, are widely used in neurobiological studies as model 

system to investigate neuroinflammation, synaptogenesis and neurosecretion, thanks to their tendency to 

generate vesicles of dopamine and release them spontaneously [272,273]. First of all, cells’ viability on 

PEDOT:PSS films was investigated by a live/dead assay (Materials and Methods 2.7) where live and dead 

cells populations were labelled with green and red fluorescence markers, respectively (Figure 3.5 A). Two 

different protein coatings (Collagen-IV and Poly-L-lysine) were tested to enhance cells’ adhesion on the 

polymeric film (Materials and Methods 2.5.2): as the statistical analysis performed on the live/dead assay 

images (Materials and Methods 2.14.1) revealed a higher percentage of living cells on Collagen-IV-coated 

substrate (Figure 3.5 B), such protein coating was employed in the following experiments. Furthermore, 

the presence of dopamine vesicles in PC-12 cells seeded on PEDOT:PSS film was verified by means of 

immunohistochemistry (Materials and Methods 2.8, Figure 3.5 C), labelling dopamine with a specific 

antibody (green), while the F-actin cytoskeleton and nuclei were visualized with phalloidin (red) and 

Hoechst (blue), respectively. Here, the green fluorescence signal confirmed the presence of dopamine 

vesicles locally at the cell membrane, showing that dopamine is produced in vesicles in the PC-12 cells and 

then released.  

To characterize the physical coupling between the cell monolayer and the neuromorphic device, the junction 

between PC-12 cells and the surface of the post-synaptic gate electrode was investigated using cross-

sectional scanning electron microscopy with focused ion-beam milling (FIB/SEM, Materials and Methods 

2.9, 2.10). The interspace between the plasma membrane of dopaminergic cells (pre-synaptic domain) and 

the PEDOT:PSS electrode (post-synaptic domain) constitutes the biohybrid synaptic cleft with an average 

spacing of 100 nm and minimum distance points of 5 – 10 nm, which is comparable to previous reports 

(REF) and similar size to biological neuronal synapses (5-10 nm, Figure 3.5 D) [274]. 
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Figure 3.5. Characterization of the biohybrid interface. A) The viability of PC-12 cells was tested by 

staining live cells with calcein-AM (green) and dead cells with propidium iodide (red) for PEDOT:PSS 

electrodes coated with , collagen IV and poly-L-lysine films. B) Statistical analysis of cells viability on 

collagen-IV and PLL-coated PEDOT:PSS substrates. C) Immunohistochemistry of PC-12 cells seeded on 

PEDOT substrate, where dopamine is labelled in green, cell cytoskeleton in red and nuclei in blue. Scale 

bar: 50 µm. D) SEM/FIB cross sectional image of a PC-12 cell (pre-synaptic terminal) plated on 

PEDOT:PSS (post-synaptic terminal) with inset highlighting the cell membrane (orange) to electrode 

(white) interface. Adapted from ref. [267]. 

 

 

3.1.6 Detection of dopamine release from PC-12 cells. 

To initially characterize the response of the biohybrid synapse to dopamine, the transfer curves of the 

neuromorphic device coupled with PC-12 cells were measured. In detail, cells were plated at two different 

cell densities (Materials and Methods 2.6),labelled after 2 hours with with Calcein-AM and propidium 

iodide (Materials and Methods 2.7), and observed via fluorescence imaging (Figure 3.6 A, B) Here, the 

higher cell density show a total coverage of the neuromorphic channel area. Furthermore, the presence of a 

high number of cells causes an increase in the transconductance peak gm, due to the higher amount of 

dopamine molecules released at the cell-electrode interface (Figure 3.6 C). However, when measuring the 

dopamine-mediated modulation of the biohybrid synapse in response to a sequence of post-synaptic voltage 

pulses (Vpost = 0.3 V, PW = 2 s), the higher cell density induced a physical “barrier” effect due to the dense 
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network of cells preventing the efficient oxidation of dopamine at the post-synaptic electrode. Therefore, 

the conductance modulation observed in case of a highly packed cell layer (Figure 3.6 D) is lower compared 

to the low cell density condition (Figure 3.6 E).  

After the first sequence of gate voltage pulses, the device was returned to the incubator for 2 hours: 

interestingly, the conductance state of the OECT remained nearly at the same level reached during the 

previous measurement due to the long-term plasticity effect. In fact, during the 2-hours incubation time,  

dopamine continued to accumulate at the post-synaptic electrode and the application of another sequence 

of post-synaptic voltage pulses resulted in a 40% larger (long-term potentiation) ΔGpost. From the calibration 

curve shown in Paragraph 3.1.4 (Figure 3.4 C), the concentration of dopamine released from PC-12 cells 

at the synaptic cleft was estimated as 10 – 15 µM and 15 – 20 µM after 2 and 4 hours of incubation, 

respectively.  
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Figure 3.6.Dopamine-mediated plasticity in the biohybrid synapse. The figure reports a comparison 

between low and high cell density. A) Live/dead staining performed on PC- 12 cells inside the microfluidic 

channel: the fluorescence micrographs provide an idea of the packed area of the channel. B) 

Transconductance of the neuromorphic device measured with low (light blue) and high (dark blue) PC-12 

cell densities. C) Channel conductance modulation elicited by the application of pulsed bias at the gate in 

presence of high cell density on the neuromorphic channel. D) Channel conductance modulation elicited 

by the application of pulsed bias at the gate in presence of low cell density on the neuromorphic channel. 

Adapted from ref. [267]. 

 
After applying the pulsed bias at the gate electrode, a biocompatibility assay was performed as described 

in Materials and Methods 2.7 to investigate the possible cytotoxicity of the neuromorphic device (Figure 

3.7 A): the low number of dead cells confirms the high biocompatibility of the substrates and demonstrates 
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that the electrical measurements do not negatively affect the cell viability as previously reported [275,276]. 

Finally, the long-term stability of the biohybrid platform was investigated (Figure 3.7 B): the device 

remained responsive even after 24 hours in the incubator confirming both the high stability of PEDOT:PSS 

electrodes in biological media, as well as the excellent biocompatibility of the device surface. 

 

Figure 3.7.Long-term stability of the biohybrid synapse. A) Live/dead staining performed on PC-12 

cells inside the microfluidic channel after applying repeated pulsed bias at the gate electrode: the green 

fluorescence confirms no alteration of cell viability from the electrical measurements. B) Comparison of 

conductance modulation elicited in the biohybrid synapse after 2 hours (light blue line) and after 24 hours 

(blue line) following cell plating. The efficiency of the device remains unaltered since synaptic plasticity 

behavior from dopamine oxidation is retained following extended exposure to the cell culture media. 

Adapted from ref. [267]. 

 

 

3.1.7 Dynamic response of the biohybrid synapse. 

In biological synapses, once the information has been transmitted from the pre to the post-synaptic neuron, 

the neurotransmitters are cleared from the synapse through enzymatic degradation or re-uptake by specific 

transporters (Figure 3.8 A). In order to emulate the neurotransmitter recycling process [277] and characterize 

the dynamic response of the biohybrid synapse, the microfluidic system was used to refresh the electrolyte 

solution at the cell-device interface. Here, during steady-state measurements (Vpost = 0.3 V, Vch = -0.2 V) 

low flow rate (200 μL/min) allowed the continuous accumulation and oxidation of dopamine released at 

the cell/PEDOT:PSS interface with the consequent decrease of post-synaptic conductance Gpost (Figure 3.8 

B, light blue area). On the other hand, at high flow rate (300 μL/min) dopamine is washed away from the 

synaptic cleft before it can oxidize, emulating endocytosis. Furthermore, a memory recovery and increased 

Gpost is observed (Figure 3.8 B, dark blue area): such behavior is the result of the competing effects of 

dopamine oxidation and reduction of oxygen dissolved in the electrolyte solution. Here, two protons and 

two electrons can be donated from neutral PEDOT to oxygen to form water, according to the following 

reaction [235,278]: 

2𝑃𝐸𝐷𝑂𝑇0 + 2𝑃𝑆𝑆𝐻 +
1

2
𝑂2 → 2𝑃𝐸𝐷𝑂𝑇+: 𝑃𝑆𝑆− + 𝐻2𝑂 
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where PEDOT is oxidized to its conductive state and therefore Gpost increases. Additionally, performing 

measurements under microfluidic conditions enhances such memory recovery as the fresh solution contains 

dissolved oxygen which is constantly replenished at the interface.  

 

Figure 3.8. Dynamic response of the biohybrid synapse. A) Schematics depicting the exocytosis and 

endocytosis of neurotransmitter at the synaptic cleft in biological synapses. B) Channel conductance 

modulation of the biohybrid platform measured under a constant postsynaptic gate voltage (Vpost = +0.3 V) 

and under microfluidic flow to emulate neurotransmitter endocytosis. Adapted from ref. [267]. 

 

3.1.8 Characterization of the lower limit response of the biohybrid synapse. 

In biological synapses the initiation of LTP can take place also in a short period of time (milliseconds to 

few minutes) as the dopamine at the synaptic cleft is immediately uptaken from the post-synaptic receptors 

[279,280]. To emulate this, PC-12 cells were stimulated with KCl solution to elicit the instantaneous release 

of dopamine and monitor the device response to post-synaptic pulses (Materials and Methods 2.11). 

Indeed, it has been demonstrated that KCl causes cell membrane depolarization inducing the aperture of 

voltage-gated ion channels: the consequent influx of Ca2+ ions within the membrane triggers the exocytosis 

of dopamine [281,282].  

As shown in Figure 3.9, when dispensing 60 mM KCl), the dopamine released at the interface in the short 

time scale of the measurement ( 2 mins) is not sufficient to elicit the device response during gate voltage 

pulsing (Figure 3.9 A). On the other hand, when exposed to 120 mM KCl, PC-12 cells release dopamine 

at a faster rate so that it can accumulate at the interface and the application of post-synaptic voltage pulses 
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induces long-term potentiation of the biohybrid synapse (Figure 3.9 B). As in biological systems synaptic 

strength can be modulated even by few vesicle release events (several dozen) [280], here the sensitivity of 

the neuromorphic device to dopamine was achieved by adjusting the geometrical parameters of the device: 

reducing the area of the PEDOT:PSS channel, a lower number of charges and oxidation events can produce 

a response in the device. Indeed, PEDOT:PSS has a fixed charge (hole) carrier density, p = ca. 5x1020 holes 

cm-3, whereas the change in conductivity of PEDOT:PSS elicited by dopamine oxidation is related to the 

absolute number of charges by the following equation: 

 

∆𝐺 = ∆𝑝 ∗ 𝑒 ∗ 𝜇 ∗
𝑑 ∗ 𝑊

𝐿
=

∆𝑃

𝑑 ∗ 𝑊 ∗ 𝐿
∗ 𝑒 ∗ 𝜇 ∗

𝑑 ∗ 𝑊

𝐿
=

𝑃0 − ∫ 𝐼𝑜𝑥,𝐷𝐴𝑑𝑡

𝐿2
∗ 𝑒 ∗ 𝜇 

 

where G is the variation of channel conductance, p is the variation of charge carriers (hole) density, e is 

the elementary charge (1.602 x 10-19 C),  is the mobility of charges in PEDOT:PSS, d is the PEDOT:PSS 

film thickness, W is the device width, L is the device length, P0 is the absolute number of charge carriers 

equal by 𝑃0 = 5𝑥1020 ∗ 𝑡 ∗ 𝑊 ∗ 𝐿, and Iox,DA is the oxidation current during a voltage pulse at the gate 

electrode which is integrated over the time dt to obtain the number of injected charges. Therefore, reducing 

the device dimensions W and L, the same integrated oxidation current induces a larger variation in carrier 

concentration p, resulting in enhanced channel conductance modulation G. As expected, for a fixed 

dopamine concentration (i.e., 10-5 M), neuromorphic devices with a smaller channel area  (Figure 3.9 C, 

red curve) displays enhanced conductance change compared to the OECT with larger channel  (Figure 3.9 

C, grey curve). Finally, decreasing the channel dimension at 300 μm2 (Figure 3.9 C, blue curve) reduces 

the detection limits of the device up to 100 nM dopamine solution as also previously reported [283–285]. 

 

 

Figure 3.9. Lower limit response of the biohybrid synapse. A) Conductance modulation elicited by 

postsynaptic voltage pulses applied at the gate electrode after PC-12 cells stimulation with 60 mM KCl 
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solution. B) Conductance modulation in response to postsynaptic voltage pulses applied when PC-12 cells 

are stimulated with 120 mM KC solution. C) Dopamine-mediated conductance modulation of scaled 

neuromorphic devices: the conductance change is measured per pulse (Vpulse = 0.3 V, tpulse = 2 s). 

Measurements are performed in the absence of microfluidic flow. Adapted from ref. [267]. 
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3.2 Engineering a lipid bilayer-based biomimetic synapse 

As discussed earlier (Paragraph 3.1), OECTs might emulate the learning process of neurons showing 

dopamine-mediated long-lasting memory upon periodic stimulation [267]. However, such artificial synapses 

still lack biomimetic features, which could promote their seamless integration within the neuronal network. 

For this, the second part of this thesis project was focused on the coupling of an organic neuromorphic 

device with supported lipid bilayers (SLBs) to engineer a biomimetic in-vitro synapse. In particular, the 

role of the synthetic membrane on the OECT short-term plasticity was investigated, exploring also different 

positioning of the gate electrode to explore whether this could facilitate or further inhibit the ions flow 

through the membrane with consequent effects on the short-term memory. 

3.2.1 Investigation of the gate role on OECT short-term potentiation. 

S Here, an organic neuromorphic device made of PEDOT:PSS was fabricated using a glass substrate with 

ITO pads to contact the source, drain and gate electrodes; the PEDOT:PSS active layer was deposited 

through a selective dry etching procedure (Materials and Methods 2.2). The neuromorphic operation of 

the OECT was characterized applying a sequence of positive voltage pulses at the gate electrode, while 

monitoring the output channel current (Materials and Methods 2.3). Furthermore, in order to evaluate if 

the gate positioning might affect the STP of the artificial synapse, two different configurations of the OECT 

were explored, varying the position of the PEDOT:PSS gate electrode in respect to the neuromorphic 

channel to obtain a planar and a top-gate OECT (Figure 3.10 A).  

In both configurations, the sequence of pulses applied at the gate electrode was varied to modulate the 

PEDOT:PSS channel conductance. The pulsed input indeed, is characterized by the voltage amplitude (A) 

which drives the ions from the electrolyte into the PEDOT:PSS channel, the pulse width (PW) and the time 

interval between consecutive pulses (Δt) (Figure 3.10 B). The latter, in particular, has emerged as 

fundamental parameter for modulating the OECT conductance: the application of the pulsed voltage at the 

gate electrode induces a reversible de-doping of the PEDOT:PSS channel due to cations injected into the 

bulk of the polymer film [112]. When Δt is long enough to allow charge equilibrium before the application 

of a second pulse, the polymer is doped to its initial state; high frequency pulses, instead, force cations to 

remain trapped in the PEDOT:PSS channel causing a cumulative de-doping intended as a ‘memory effect’ 

which recalls the STP of biological synapses [232]. Therefore, the temporal response of the neuromorphic 

device in the planar and top configurations was investigated upon the application of a 6-pulses gate bias 

(fixed amplitude and width) with decreasing Δt. Here, when Δt = 7 seconds a reversible de-doping of the 

PEDOT:PSS channel is observed, inducing a complete recovery of the initial channel conductance (Figure 

3.10 C-i), therefore no memory effect is observed. For Δt = 1 second, the device starts displaying STP 

(Figure 3.10 C-ii) as Δt is insufficient to allow cations injected in the polymeric channel to return into the 
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electrolyte before the application of the subsequent pulse. Here, the conductance modulation ΔG is further 

enhanced when decreasing Δt from 1 to 0,5 seconds (Figure 3.10 C-iii). Interestingly, at a given Δt, the 

planar and top-gate OECT elicit the same conductance modulation confirming that the gate position does 

not have any relevant effect on the OECT short-term memory (Figure 3.10 D). 

 

Figure 3.10. Short-term potentiation of planar and top-gate unfunctionalized OECT. A) Schematics 

of OECT architectures with planar gate electrode and PEDOT:PSS top gate. B) Graph of the voltage pulsed 

input applied at the gate electrode, showing the pulse amplitude, duration of the pulse (PW) and delay 

between pulses (Δt). C, D) Conductance modulation elicited in the planar and top gate configurations by 

gate voltage pulses with variable Δt. Mean ΔG calculated from 3 independent experiments. Adapted from 

ref. [286]. 

 

In order to investigate the ionic mechanism behind the conductance modulation elicited by the two gate 

configurations during the application of a 6-pulses gate bias, the gate current (i.e., the current measured 

between the gate and source electrodes) was integrated to calculate the number of cations injected from the 

gate and retained in the neuromorphic channel during each pulse. In particular, the percentage of retained 

charge was calculated as follows: 
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(𝑟𝑒𝑡𝑢𝑟𝑛𝑖𝑛𝑔 𝑐ℎ𝑎𝑟𝑔𝑒𝑠 − 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑐ℎ𝑎𝑟𝑔𝑒𝑠)

𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑐ℎ𝑎𝑟𝑔𝑒𝑠
 × 100 

 

 

where the returning and injected charges were obtained integrating the discharge (Figure 3.11, orange line) 

and charge current (Figure 3.11,light blue line) respectively. Figure 3.12 reports the charge analysis of a 

single exemplary experiment for gate voltage pulses with Δt = 7 seconds (left column), Δt = 1 second 

(middle column), Δt = 0.5 seconds (right column). Here, the graphs depicts howthe number of injected 

charges (Figure 3.12 A-i-ii-iii) is approximately the same when decreasing the pulse delay, while the 

number of cations retained in the PEDOT:PSS channel increases (Figure 3.12 B-i-ii-iii), resulting in a 

conductance modulation (Figure 3.12 C-i-ii-iii).  

Interestingly, the highest amount of charges is retained during the first pulse when the PEDOT:PSS channel 

is completely doped and therefore all negative charges of the PSS molecules can be compensated by cations 

entering the bulk of the polymer [232]. During the subsequent voltage pulses instead, since the neuromorphic 

channel is already partially de-doped, the number of ions retained in the polymeric film is lower. As 

expected, for each pulse delay, the two different gate configurations exhibit the same behavior with same 

amount of injected and retained charges; furthermore, in agreement with the working mechanisms of 

OECTs where the conductivity of the PEDOT:PSS channel is modulated by the number of cations trapped 

in the bulk of the polymer [231], here the ΔG values follow the same behavior of the charge retention, 

confirming that the planar and top gate elicit the same conductance modulation. 

 

Figure 3.11. Gate current integration. Graph displaying gate current measured during the application of 

gate voltage pulses: the light blue line corresponds to the current measured during the ON phase of the 

pulse (charge current), while the orange line is the current measured during the OFF phase of the pulse 

(discharge current). Adapted from ref. 
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Figure 3.12. Ionic charge analysis in the unfunctionalized OECT. Graphs report data obtained from the 

integration of the gate current measured during the application of gate voltage pulses (6 pulses) with varying 

Δt. A) Number of charges injected from the gate (during the ON pulse phase); B) percentage of charges 

retained into the PEDOT:PSS channel after pulse removal; C) Conductance modulation calculated for every 

single pulse of the gate voltage applied. Graphs report data of a single exemplary experiment. Adapted from 

ref. [286]. 

 

3.2.2 Investigation of pulse delays to enhance short-term potentiation. 

As discussed in Paragraph 3.2.1, the STP of the artificial synapse can be modulated varying Δt in the 

applied gate input. Here, we investigated the influence of Δt in order to increase the ions migration from 

the electrolyte into the neuromorphic channel and consequently enhance the STP of the artificial synapse. 

In OECTs, the movement of ionic species can be modelled through an equivalent ionic RC circuit where 

the resistor and the capacitor are connected in series (Figure 3.13 A) [112,287]. Here, the resistive part accounts 

for the ion flow through the electrolyte, while the capacitance models the accumulation of charges inside 

the bulk of the conducting polymer. Therefore, the electrochemical doping/de-doping of the PEDOT:PSS 

channel can be described as the charge/discharge of the equivalent RC circuit and is characterized by a time 

constant (τ). In particular, such parameter also refers to the time needed to charge the equivalent circuit 
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from the discharged state to the 63.2% of its maximum charge, or equivalently, as the time needed to 

discharge about 37% of its fully-charged state [288]. Furthermore, such electrical RC circuit can be fully 

charged/discharged after 5τ (see Annex F for detailed numerical computation), suggesting that the time 

constant τ might be exploited to tune the neuromorphic properties of artificial synapses. For this, here 

different sequences of voltage pulses were applied at the gate electrode varying Δt as multiple values of τ 

to modulate the conductivity (and STP) of the PEDOT:PSS channel switching the polymer from fully to 

partial de-doped state.  

First of all, as τ strongly depends on the dimensions and geometry of the neuromorphic platform [287], here 

the numerical value of τOECT was calculated both for the planar and top configurations, applying a sequence 

of voltage pulses at the gate electrode and then setting a threshold in the channel current during the post-

processing (Materials and Methods 2.14.2) to identify the time needed to charge the neuromorphic 

channel up to the 63% (Figure 3.13 B). The top gate OECT exhibited slightly higher time constant (τOECT-

top= 0.429 ± 0.049 seconds) compared to its planar counterpart (τOECT-planar= 0.32 ± 0.01 seconds) probably 

due to the higher volume of electrolyte that connects the gate and channel in the top configuration: indeed, 

this might influence the response time of the device as the migration of ions into the PEDOT:PSS channel 

requires longer time [289]. 

 

Figure 3.13. Electrical modelling and time response of the unfunctionalized OECT. A) Schematics of 

the electrical circuit modelling ionic conduction in OECTs. B) Channel current response for planar and top 

gate configurations elicited by the application of gate voltage pulse with Δt = 7 s: the dashed horizontal 

lines represent the current threshold set to calculate the time response of the device. Adapted from ref. 

[286]. 

  

Then, in order to investigate how τOECT could modulate the STP of the artificial synapse, voltage pulses 

with Δt equal to multiple values of τOECT (from 1 τOECT to 5 τOECT) were applied at the gate electrode (both 

in planar and top configurations), while monitoring the output channel current. As shown in Figure 3.14, 

both gate configurations show a relevant conductance decrease for Δt equal to 1 τOECT (Figure 3.14 A-i and 
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B-i) and 2 τOECT (Figure 3.14 A-ii and B-ii) where the short delays between pulses do not allow the ionic 

discharge of the PEDOT:PSS channel and therefore induces a STP in the OECT. On the other side instead, 

pulse delays equal to 3 τOECT (Figure 3.14 A-iii and B-iii), 4 τOECT (Figure 3.14 A-iv and B-iv) and 5 τOECT 

(Figure 3.14 A-v and B-v) allowing charge equilibrium, enable almost the complete recovery of 

PEDOT:PSS initial conductance, in agreement with literature where the RC circuit which models the ionic 

conductivity in OECTs is completely charged/discharged after 5 τ [288]. 

 

Figure 3.14. Short-term potentiation of the unfunctionalized OECT in response to gate voltage pulses 

with Δt set as multiple values of τOECT. A) Conductance modulation for planar unfunctionalized OECT 

elicited by gate voltage pulses with Δt set as multiple values of τOECT ranging from 1 to 5 τOECT. B) 

Conductance modulation for the top gate unfunctionalized OECT elicited by gate voltage pulses with Δt 

set as multiple values of τOECT ranging from 1 to 5 τOECT. Adapted from ref. [286]. 

 

3.2.3 Formation and characterization of the supported lipid bilayer. 

As described in Paragraph 1.4.2 SLBs offer an optimal approach to engineer biomimetic in-vitro 

platforms, as they present the same lipid composition of biological membranes. Here the artificial synapse 

was functionalized with a phosphatidylcholine -based supported lipid bilayer assembled from POPC that is 

one of the major component of biological membranes and facilitates the formation of a fluid and 
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homogeneous bilayer. In particular, as the formation of SLBs on conductive polymers requires a solvent-

assisted procedure (SALB) [142], the OECT was coupled with a microfluidic channel which enables both the 

confinement of POPC liposomes at the gate/channel area and the solvent exchange needed to induce 

vesicles rupture (Materials and Methods 2.12.2). Then, as the SLB assembled on the OECT interfaces 

both the rigid glass and the PEDOT:PSS gate and channel, to investigate how these alternating surfaces 

affect the SLB formation, its outward architecture and uniformity, the bilayer fluidity and its surface profile 

were characterized using FRAP and AFM techniques. 

Fluidity and homogeneity of the lipid bilayer were validated by means of FRAP (Materials and Methods 

2.12.3). As shown in the fluorescence intensity profiles reported in Figure 3.15, the complete fluorescence 

intensity is recovered within 5 minutes and the POPC lipid molecules exhibit high lateral mobility when 

the SLB is formed both on PEDOT:PSS (Figure 3.15 A) and glass (Figure 3.15 B). Additionally, 

fluorescence intensity profiles show a maximum value (Fmax) that is lower when the bilayer is formed on 

the polymeric film (Fmax-PEDOT:PSS  30, Fmax-glass  80). This suggests that the presence of the conductive 

polymer might attenuate the fluorophore activity inserted within the SLB: indeed, lipid molecules were 

labelled with Texas Red (Materials and Methods 2.12.1), a red fluorophore with λEM= 615 nm, and, as 

reported from previous studies, the transmittance of PEDOT:PSS films is maximum for incident light with 

wavelengths in the blue region of the visible spectrum, while it decreases when moving into the red region 

[290]. 
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Figure 3.15. FRAP characterization of POPC SLB on OECT surface. A) FRAP snapshots and 

fluorescence intensity profiles at different time points after photobleaching for the POPC bilayer assembled 

on PEDOT:PSS. B) FRAP snapshots and fluorescence intensity profiles at different time points after 

photobleaching for the POPC bilayer assembled on glass (B). Scale bar: 50 µm. Adapted from ref. [286]. 

 

Furthermore, the estimation of the SLB diffusion coefficients (Table 3.1) suggests that the different surface 

morphology and rigidity might affect the lipid mobility within the membrane: indeed, the area of the SLBs 

which interfaces the PEDOT:PSS film presented higher fluidity, compared to bilayer regions in contact 

with the rigid glass, suggesting a ‘cushion effect’ of the polymer which reduces the frictional coupling 

between the lipid membrane and the underlying substrate [291].  

 

Surface Diffusivity [μm²/s ] 

POPC on PEDOT:PSS 1.58± 0.18 

POPC on glass 1.30± 0.18 

Table 3.1. Diffusion coefficients of POPC bilayer on PEDOT:PSS and glass. 
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The local roughness of the SLB and its surface profile were determined using tapping mode AFM in in 

liquid (Materials and Methods 2.12.4). As shown in Figure 3.16 A-i, the PEDOT:PSS films prior to the 

SLB assembly, display a characteristic fuzzy surface morphology with sharp-cornered structures [292,293]; 

after the bilayer formation instead, the indented surface texture became smoother, suggesting an 

homogeneous lipid coverage (Figure 3.16 A-ii). On the other hand, bare glass exhibits a coarse morphology 

(Figure 3.16 B-i), whose domains become more defined and sphere-like after the bilayer formation (Figure 

3.16 B-ii).  

 

Figure 3.16. AFM characterization of POPC SLB on OECT surface. A) AFM 3D images of the surface 

morphology of bare PEDOT:PSS; B) AFM 3D images of the surface morphology of POPC bilayer formed 

on PEDOT:PSS; C) AFM 3D images of the surface morphology of bare glass; D) AFM 3D images of the 

surface morphology of POPC assembled on glass. Adapted from ref. [286]. 

 

Interestingly, the analysis of the RMS roughness (Rq) (Materials and Methods 2.14.2) highlighted a less 

predominant unevenness of the bilayer structure when formed on PEDOT:PSS (Rq=27%) than in the case 
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of glass surfaces (Rq=31%), demonstrating how the substrate morphology affects the SLB structure (Table 

3.2) [294].  

 

 

 

 

 

 

 

 

3.2.4 Investigation of the gate role on the short-term potentiation in the biomimetic synapse. 

As the structural and morphological characterization of the SLB confirmed the formation of a homogeneous 

and fluid bilayer on the OECT, the STP of the biomimetic synapse was investigated applying gate voltage 

pulses with different Δt as described in Paragraph 3.2.1, both in planar and top gate configurations. Of 

note, in the case of planar OECTs, the SLB covers both gate and channel (Figure 3.17 A), while in the top 

configuration the gate surface is not hindered by the membrane (Figure 3.17 B). Furthermore, the top gate 

allows to replicate the mechanism of ions migration of biological systems, where the ions exchange from 

different cell compartments takes place across the lipid membranes with a transverse flow [295]; similarly, 

here ions are forced to cross the SLB when injected from the gate to the neuromorphic channel.  

 

Figure 3.17. Schematics of biomimetic synapse configurations. A) Schematic of biomembrane-based 

OECT architecture with planar gate electrode B) Schematic of biomembrane-based OECT architecture with 

PEDOT:PSS top gate (B). Adapted from ref. [286]. 

 

Surface Rq [nm] 

PEDOT:PSS 2.27 ± 0.24 

POPC on PEDOT:PSS 1.64 ± 0.18 

Glass  1.70 ± 0.58 

POPC on glass 2.23 ±0.46 

Table 3.2. Roughness values of POPC bilayer on PEDOT:PSS and glass. 
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Figure 3.18 reports the channel conductance modulation elicited in the biomembrane-based OECT upon 

the application of a 6-pulses voltage gate bias. Similarly to the unfunctionalized device (Paragraph 3.2.1), 

also in this case the device displays a STP when Δt is decreased from 7 seconds (Figure 3.18 A-i) to 1 

second (Figure 3.18 A-ii) and 0.5 seconds (Figure 3.18 A-iii) as the short time interval between pulses 

does not allow for a reversible doping of the organic polymer before the application of the subsequent pulse. 

Interestingly, unlike the unfunctionalized device where the gate positioning does not affect the STP of the 

OECT (Paragraph 3.2.1), here in presence of the POPC bilayer the top gate exhibits higher conductance 

modulation compared to the planar case (Figure 3.18 B).  

 

Figure 3.18. Short-term potentiation for planar and top-gate biomimetic synapse. A, B) Conductance 

modulation of the POPC-coated OECT elicited in the planar and top gate configurations by gate voltage 

pulses with variable Δt. Mean ΔG were calculated from 3 independent experiments. Adapted from ref. 

[286]. 

 

In order to investigate the ionic mechanism underlying the STP of the biomembrane-based OECT, the 

number of injected/retained cations was calculated integrating the gate current measured during the 

application of a 6-pulses voltage gate bias (Paragraph 3.2.1). Here, as shown in Figure 3.19, in the planar 

configuration the presence of the bilayer at the gate electrode causes a decrease in the number of cations 

injected from the gate (Figure 3.19 A-i, ii, iii); on the other hand, for short pulse delays (Δt = 1 second and 

0.5 seconds) in the top gate OECT, the SLB enhances the charge retention into the PEDOT:PSS channel 

(Figure 3.19 B-i, ii, iii), therefore eliciting higher conductance modulation (Figure 3.19 C-i, ii, iii). 
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Figure 3.19. . Ionic charge analysis in the biomimetic synapse. Graphs report data of the biomembrane-

based OECT obtained from the integration of the gate current measured during the application of gate 

voltage pulses (6 pulses) with varying Δt. A) Number of charges injected from the gate during the ON pulse 

phase; B) percentage of charges retained into the PEDOT:PSS channel after pulse removal. C), 

Conductance modulation calculated for every single pulse of the gate voltage applied. Graphs report data 

of a single exemplary experiment. Adapted from ref. [286]. 

 

3.2.5 Frequency response characterization of the biomimetic synapse. 

To further investigate the different ionic paths promoted by the presence of the biomembrane, the frequency 

response of the neuromorphic device was investigated by means of  EIS and planar impedance: the latter in 

particular accounts for the resistive paths between the gate and channel of the OECT neglecting the 

electrolyte resistance (Materials and Methods 2.13). In particular EIS was performed using an Ag/AgCl 

reference electrode placed above the SLB, while the neuromorphic channel was used as working electrode. 

Here, the Nyquist plots corresponding to bare (blue curve) and POPC-functionalized PEDOT:PSS (pink 

curve) films show how the presence of the SLB leads to an increase of the real value of the impedance, with 

the subsequent shift of the curve along the x-axis, and to the formation of a semicircle at high frequency 
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(Figure 3.20 A). These two phenomena denote an increased resistance in the path of ions and a slower 

charge accumulation at the electrode/electrolyte interface, respectively [121].  

In addition, the frequency response of the neuromorphic device using a planar measurement setup 

(Materials and Methods 2.14) was investigated: here, the impedance measured using the PEDOT:PSS 

gate and channel as reference and working electrodes, revealed that the presence of the bilayer causes a 

variation in the slope of the curve shown in the Nyquist plot suggesting spherical diffusion regime [121] 

(Figure 3.20 B). Impedance data referred to both EIS and planar frequency response characterizations, 

were fitted using the equivalent electrical circuit shown in Figure 3.20 C: here the resistance RS accounts 

for the electrolyte solution resistance, RDL and CDL describe the membrane/electrode interface, while the 

Warburg element ZW resolves the non-idealities of the conducting polymer electrodes, such as non-

uniformity of the film thickness, ionic relaxation processes, swelling and interaction between redox sites 

and experimental artifacts [296]. Numerical values of RS, RDL and CDL computed through curve fitting are 

listed in Table 3.3: here, values obtained prior the formation of the bilayer describe the capacitive behavior 

of planar PEDOT:PSS electrode (first and third columns), which is reduced after SLB assembly as shown 

from decreased CDL values observed both for EIS and planar frequency measurements. This findings 

describe the incorporation of the insulating bilayer between the electrode and the electrolyte [297]. 

Additionally, the SLB assembly might cause an increase in RDL resistance in both measurements suggesting 

that the bilayer is correctly formed and, as expected, it behaves like a barrier, hindering the passage of ions. 

Interestingly, the RDL extracted from the EIS doubles the one calculated from the planar frequency 

measurement, suggesting that cations are forced to cross the SLB when the reference electrode is positioned 

on top of the bilayer, and therefore account for a more resistive path. The marked SLB-resistive behavior 

found from EIS investigation supports the results obtained from the charge analysis shown in Paragraph 

3.2.4, where, in the top gate configuration, the biomembrane enhances the percentage of charges retained 

in the neuromorphic channel, hindering the ionic discharge and the reversible doping of the organic 

polymer. 
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Figure 3.20. Frequency response characterization of the biomembrane-based OECT. A) EIS Nyquist 

plots, where the blue curve corresponds to bare PEDOT:PSS and the pink curve is given by the POPC-

functionalized PEDOT:PSS. Dots represent the data fitting. B) Planar impedance Nyquist plots, where the 

blue curve corresponds to bare PEDOT:PSS and the pink curve is given by the POPC-functionalized 

PEDOT:PSS. Dots represent the data fitting. C) Equivalent electrical circuit used to fit the frequency 

response data. Adapted from ref. [286]. 

 

 EIS – PEDOT EIS – SLB IMPEDANCE – 

PEDOT 

IMPEDANCE – 

SLB 

RS [kΩ] 15.8 ± 2.1 27.1 ± 10.5 0.5 ± 0.1 1.2 ± 0.2 

RDL [Ω] 356.3 ± 197.9 2230.0 ± 208.8 215.7 ± 39.1 1156.7 ± 89.6 

CDL [μF] 8.1 ± 0.6 4.8 ± 2.3 10.6 ± 1.8 6.4 ± 2.3 

Table 3.3. Numerical data of frequency response measurements obtained through circuital fitting. 

 

3.2.6 Investigation of pulse delays to enhance short-term potentiation in the biomimetic synapse. 

As shown in Paragraph 3.24, the resistive properties of the SLB influence the ionic conduction of the 

OECT according to the gate positioning. Here we investigated if the presence of the biomembrane affects 

also the time constant of the neuromorphic device, calculating the numerical value of τ for the biomimetic 

synapse (named as τOECT-SLB), both for the planar and top configurations (Materials and Methods 2.14.2). 

As shown in Figure 3.21 A-B, in presence of the POPC membrane the pulse shape of the output channel 

current is smoother compared to the ones obtained for the unfunctionalized OECT, for both planar (Figure 

3.21 A) and top configurations (Figure 3.21 B), suggesting a delay in the output current caused by the 

artificial membrane. Indeed, the computation of OECT-SLB revealed higher time response both for planar and 

top gate OECTs compared to their unfunctionalized counterparts (Figure 3.21 C); interestingly, such 
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increment is emphasized when the gate terminal is placed in the top configuration. This result additionally 

supports the hypothesis that the position of the gate electrode might elicit diverse ionic paths through the 

bilayer where cations are forced to cross the SLB barrier to reach the PEDOT:PSS channel, causing a 

significant delay in the top gate OECT response (  increases of 45%). On the other hand, in the planar gate 

device, ions might move in the aqueous cushion placed at the interface between the lipid bilayer and the 

PEDOT:PSS channel where the hindrance caused by the SLB slightly affects the response time of the device 

(increases of 25%). 

 

Figure 3.21. Time response of the biomimetic synapse. A) Channel current response elicited by the 

application of voltage pulses (Δt = 7 s) at the planar gate electrode in the biomembrane-based OECT. 

Dashed horizontal lines represent the current threshold set to calculate the time response of the device. B) 

Channel current response elicited by the application of voltage pulses (Δt = 7 s) at the top gate electrode in 

the biomembrane-based OECT. Dashed horizontal lines represent the current threshold set to calculate the 

time response of the device. C) Mean values of τOECT-SLB calculated from 3 independents experiments for 

planar and top gate configurations with and without the lipid bilayer. Adapted from ref. [286]. 

 

Then, to investigate if the increased response time of the biomembrane-based OECT affects the 

neuromorphic functions of the device, a sequence of voltage pulses with Δt equal to multiple values of 

OECT-SLB (from 1 to 5 OECT-SLB ) was applied at the gate electrode. Similarly to the unfunctionalized device 

(Paragraph 3.2.2), also in this case the highest conductance modulation is elicited by gate pulses with Δt 

= 1 OECT-SLB, with ΔG= 490 µS for planar OECT (Figure 3.22 A-i) and ΔG= 600 µS for the top gate 

configuration (Figure 3.22 B-i). Extending the time interval between pulses (up to Δt = 5 OECT-SLB), instead, 

enables the cations discharge of the PEDOT:PSS channel and therefore the polymer partly recovers its 

initial conductivity, even if a slight memory effect is still visible in both configurations, with ΔG= 371 µS 

in case of planar gate electrode (Figure 3.22 A-v) and ΔG= 420 µS for the top gate OECT (Figure 3.22 B-

v).  
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Figure 3.22. Short/term potentiation of the biomimetic synapse in response to gate voltage pulses with 

Δt set as multiple values of τOECT-SLB. A) Conductance modulation elicited in the planar gate biomembrane-

based OECT upon the application of gate voltage pulses with Δt set as multiple values of τOECT-SLB  ranging 

from 1 to 5 τOECT-SLB. B) Conductance modulation elicited in the top gate biomembrane-based OECT upon 

the application of gate voltage pulses with Δt set as multiple values of τOECT-SLB  ranging from 1 to 5 τOECT-

SLB. Adapted from ref. [286]. 

 

Furthermore, the comparison of the mean conductance variation elicited by gate voltage pulses with Δt 

ranging from 1 to 5 τ for both gate configurations with and without SLB, highlights how in presence of the 

POPC-bilayer the biomimetic synapse exhibited amplified STP for both gate configurations and for all 

voltage pulses sequences (1 τ, 2 τ, 3 τ, 4 τ and 5 τ, Figure 3.23 A). This result further confirms that the 

presence of the SLB hinders the ionic discharge of the PEDOT:PSS channel, therefore enhancing 

neuromorphic behavior.  

As mentioned in Paragraph 3.2.2, indeed, according to the RC model circuit, Δt = 1 τ should elicit a 

discharge of the polymeric channel of 37%, therefore, at a given Δt, the unfunctionalized OECT and the 

biomimetic synapse should exhibit the same conductance modulation. However, the calculation based on 

the integration of the gate current highlights that the presence of the bilayer Δt = 1 τ induces a lower ionic 

discharge. Here, the biomembrane enhances the number of charges trapped in the neuromorphic channel in 
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case of the top gate device (Figure 3.23 B-C), amplifying the STP. In fact, the doping/de-doping of OECTs 

coupled with lipid bilayers cannot be defined as the charge and discharge of a simple RC circuit, but a more 

sophisticated electrical modelling is required in order to describe the complex ionic processes of biomimetic 

neuromorphic devices. 

 

 

Figure 3.23. Comparison of the short-term potentiation elicited in the unfunctionalized OECT and 

biomimetic synapse. A) Mean conductance variation obtained from three independent experiments, 

elicited by gate voltage pulses with Δt ranging from 1 to 5 τ for both gate configurations with and without 

SLB. B) Percentage of charge retained in the neuromorphic channel per pulse in the unfunctionalized 

OECT. C) Percentage of charge retained in the neuromorphic channel per pulse in the biomimetic synapse 

(C). Adapted from ref. [286]. 
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4 Conclusions 

Neurodegenerative diseases affect millions of people worldwide and, although scientific research has made 

tremendous progress in the field, hindering the progression of the disease is still highly challenging. Lately, 

alterations in synaptic functioning and neuronal membrane composition have been revealed in the early 

stage of disease, suggesting they might be among the main causes of neurodegeneration. The complexity 

of the brain and the nervous system, however, prevents the characterization of mechanisms underlying 

cognitive impairment and inhibit the development of therapeutic treatments able to hamper 

neurodegeneration prior the appearance of the symptoms. The impossibility to investigate the degeneration 

of neuronal cells in their native environment, lead to a growing interest for in vitro biomimetic 

neuroelectronic platforms which, on one hand resemble simplified models of the nervous system thus 

facilitating experimental studies, and on the other hand exhibit all the fundamental features of the human 

brain so that all mechanisms involved in synaptic dysfunction might be thoroughly characterized. At this 

purpose in recent years more and more neuroelectronic platforms have been engineered with biomimetic 

features resembling neuronal architecture: from here, the development of artificial biomembranes able to 

recapitulate native cell membrane composition, and 3D electrodes presenting surface topographies recalling 

dendritic spines shape. Furthermore, the attempt to mimic also the biomechanical properties of neuronal 

tissues, placed conductive polymers as leading materials for neuroelectronic devices as they display low 

Young’s modulus comparable to that of the human brain, as well as a peculiar conduction mechanism as 

they can transduce ionic currents into electrical signals similarly to biological synapses. Taking advantage 

of such ionic-electronic conduction and inspired by the learning abilities of the brain, in the last decade 

researchers exploited conductive polymers for developing OECTs which can act as neuromorphic devices, 

artificial platforms able to exhibit an adaptive behavior recalling synaptic plasticity. Here, in the first part 

of the project, a biohybrid platform was engineered by the direct coupling of a PEDOT:PSS-based organic 

neuromorphic device with PC-12 cells: the so-formed synapse presents an artificial post-synaptic terminal 

and a biological pre-synaptic end. Furthermore, exploiting the ability of cells to spontaneously secrete 

dopamine, a neurotransmitter-mediated plasticity was demonstrated. Here, the application of square voltage 

pulses at the gate electrode induces the electrochemical oxidation of dopamine, and protons and electrons 

produced from the reaction contribute to the conductance modulation of the neuromorphic channel. Of note, 

the artificial post-synaptic neurons is able to retain memory of dopamine-based stimulation exhibiting a 

short and a long-term plasticity with retention time extended up to 24 hours. The biohybrid interface was 

furtherly investigated by means of optical and electron microscopy which confirmed not only the presence 

of dopamine vesicles at the pre-synaptic site, but validated also the excellent biocompatibility of the 

artificial device, as cells viability did not show any alterations even after performing the electrochemical 
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measurements. Additionally, the neurotransmitter recycling was mimicked operating the device under 

microfluidic flow that, removing dopamine from the artificial synaptic cleft is able to restore the initial 

conductive state of the neuromorphic device. Finally, the Hebbian learning principle is emulated my means 

of chemical stimulation of the pre-synaptic terminal: here, dopamine releasing can be triggered exposing 

PC-12 cells to a KCl solution which elicit synaptic modulation even in a short time-scale. Once validated 

the neurotransmitter-mediated plasticity of the organic neuromorphic device, in the second part of the 

project the biomimetic features of the artificial synapse were improved, coupling the device with supported 

lipid bilayers. In particular, a homogeneous fluid phospholipid bilayer was assembled on the surface of the 

OECT to recapitulate cell membrane composition. Here, the outward architecture and uniformity of the 

SLB were characterized by means of FRAP and AFM, which validated the high lateral mobility of lipid 

molecules and the integrity of the double layer. Later, the influence of such synthetic membrane on the 

short-term plasticity of the neuromorphic device was investigated testing also two different configurations 

of the gate electrode, a planar and a top one. Of note, while in absence of the SLB the position of the gate 

electrode is irrelevant for the OECT functions, the presence of the biomembrane splits the two 

configurations, enhancing the top gate-modulated plasticity. As support of this result, the quantification of 

cations trapped into the neuromorphic channel revealed that the SLB behaves like a barrier hindering the 

discharge of the PEDOT:PSS channel and therefore enhancing the short-term conductance modulation: 

such ionic hindrance is amplified in case of the top gate configuration, i.e., when ions moving from the gate 

to the channel and vice versa need to cross the double layer. Additionally, the biomembrane enhances the 

time response of the device in agreement with previous reported studies: however such variation is again 

enhanced in the top gate OECT. All these findings therefore suggest that the lipid double layer might 

modulate the ionic flow in a different way, depending whether ions need to cross the membrane or can 

freely move in the aqueous cushion placed at the device-SLB interface. Although the ionic pathways require 

further investigation, it is clear that biomembrane-based OECTs exhibit enhanced synaptic behavior, 

appearing as promising candidates for in vitro synapses resembling both the outward architecture and 

functionalities of biological neurons. The biomimetic device here implemented presents a very simplified 

model of cell membranes as the double layer was formed using a single phospholipid molecule. Further 

studies will be addressed on increasing the complexity of the artificial membrane assembling a SLB with 

sphingolipids and cholesterol and embedding neurotransmitter receptors within the double layer: with such 

biomimetic features the neuromorphic device could indeed resemble the physiological mechanism of 

chemical synapses as in presence of neurotransmitters binding to their receptors, ions could freely diffuse 

into the neuromorphic channel modulating the synaptic strength (i.e., OECT conductance) of the artificial 

synapse. As future perspective, the introduction of neuromimetic topographical cues on the OECT surface 

would provide an artificial synapse whose architecture, geometry and functionalities recall the ones of 
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biological neurons. Here, the surface modifications of the device can lead to a spontaneous coupling of the 

cellular and electronic platform into a symbiotic unit, while also improving the neuromorphic functions of 

the OECT mimicking post-synaptic membrane composition. Furthermore, the neurotransmitter-mediated 

plasticity of neuromorphic devices open up a wealth of possibilities for the investigation of 

neurodegenerative disorders such as Parkinson’s disease in which the dopaminergic pathways are disrupted, 

and more in general to untangle pathophysiological mechanisms involving synaptic plasticity loss. 
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Annex A 

Equipment 

Item Specification Company Catalog number 

Arkeo  Cicci research  

Autolab PGSTAT302N  Metrohm  

Axio Observer Z1 Zeiss Widefield fluorescence Zeiss  

Bruker Dimension Icon microscope  Bruker  

Countess II Automated Cell Counter  Thermo Fisher Scientific A27977 

Dual beam microscope (SEM/FIB) Helios Nanolab 600i and 650 Thermo Fisher Scientific  

Leica TCS SP5 Zeiss gated with STED microscope Zeiss  

Microfluidic pumping system  Cicci research PR2008-0199 

Mini-Extruder  Sigma Aldrich 610000-1EA 

Scanning electron microscopy (SEM) ULTRAPLUSS ZEISS field 

emission fun (FEG) 

ZEISS  

Zeiss Axio Imager Vario upright microscope Zeiss  
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Annex B 

Chemicals 

Item Specification Company Catalog number 

1,2-Dihexadecanoyl-sn-Glycero-3-

Phosphoethanolamine, Triethylammonium 

Salt (Texas Red DHPE) 

 Life Technologies T1395MP 

2-Oleoyl-1-palmitoyl-sn-glycero-3-

phosphocholine 
 Sigma Aldrich 42773-100MG 

2-propanol  Sigma Aldrich 33539-2.5L-M 

3-glycidyloxypropyl)trimethoxysilane  Sigma Aldrich 440167-100ML 

4-Dodecylbenzenesulfonic acid   Sigma Aldrich 44198-250ML 

Acetone  Merck Life Science 32201-2.5L-M 

Alexa Fluor 488 
Anti-mouse, 2 

mg/mL 
Thermo Fisher Scientific A11029 

Bovine Serum Albumin BSA  Euroclone SPA CHB3057401 

Calcein-AM  Sigma Aldrich 17783 

Collagen-IV from human placenta  Sigma Aldrich C5533-5MG 

Dopamine hydrochloride  Sigma Aldrich H8502 

Dopamine monoclonal antibody  Thermo Fisher Scientific MA1-26966 

Dulbecco’s Modified Eagle’s Medium  Sigma Aldrich D6546 

Ethanol  Sigma Aldrich 24105-2.5L-M 

Ethylen glycol  Sigma Aldrich 102466-1L-M 

Fetal Bovine Serum  Sigma Aldrich F7524 

Glass coverslips 12 mm diameter Thermo Scientific 11856933 

Glass coverslips 25x25 mm square Thermo Scientific 13246778 

Gluteraldehyde  Società Italiana Chimici 16220 

Hoechst 10 mg/mL Thermo Fisher Scientific H3570 

L-glutamine 200 mM Sigma Aldrich G8541 

N-2-hydroxyethylpiperazine-N-2-ethane 

sulfonic acid  (HEPES) 
1 M Life Technologies 15630056 

Osmium tetroxide  Società Italiana Chimici 19190 

Paraformaldehyde 
16 % in aqueous 

solution 
Società Italiana Chimici 15710 

Penicillin-Stroptomycin 

10,000 units 

penicillin and 10 

mg 

streptomycin/mL 

Sigma Aldrich P4333 

Phalloidin-X 647 conjugated dyes  Thermo Fisher Scientific A22287 

Phosphate Buffer Saline  Sigma Aldrich D8537 

poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate 
 Heraeus 81076212 

Polycarbonate membranes 
0.1µm pore, 19 mm 

diameter 
Sigma Aldrich 610005-1EA 

Poly-L-lysine 0.1% (w/v) H2O Sigma Aldrich P8920 

Polymethylmethacrylate PMMA 950 A4 MicroChem  

Potassium chloride  Sigma Aldrich P3911-500G 

Potassium ferrocyanide  Società Italiana Chimici 25102-20 

Propidium iodide  Thermo Fisher Scientific P1304MP 

Resin  Società Italiana Chimici 14300 

Silver conductive paste  RS component 1863593 

Sodium cacodylate buffer  Società Italiana Chimici 11652 

Sylgard 184  Farnell 101697 

Tannic acid  Sigma Aldrich 403040 
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Thiocarbohydrazide (TCH)  Società Italiana Chimici 21900 

Tris(hydroxymethyl)aminomethane buffer 100 mM, pH 7.4 Sigma Aldrich 648315-100ML 

Trypsin-EDTA 

 2.5 g porcine 

trypsin and 0.2 g 

EDTA 

Sigma Aldrich T4049-100ML 

Tryton-X  Sigma Aldrich T9284-1L 
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Annex C 

Pulse conductance variation. 

import numpy as np 

import matplotlib.pyplot as plt 

%matplotlib inline 

import pandas as pd 

import matplotlib.pyplot as plt 

import numpy as np 

%matplotlib inline 

 

# Import all the libraries 

import os 

import numpy as np 

import numpy as np 

import matplotlib.pyplot as plt 

 

# Load data/ 

 

path_raw = 'may/2021_05_18/transistor/planar/tau 

exp/Z11_planar_PD=3tau_re3/Pulsed_Transistor/' 

raw_data = sorted([x for x in os.listdir(path_raw) if x.endswith('.txt')]) 

file_index = 0 

data=pd.read_csv(path_raw+raw_data[0], sep='\t') 

raw_data[0] 

 

# Plot data/ 

v_ga = data['I Channel (A)'] 

plt.plot(v_ga) 
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# cut single pulse first pulse 

 

plt.plot(v_ga[3:37]) 

 

a=3; 

b=37; 

 

# calculation of channel current variation 

 

t=data.keys()[0] 

ich=data.keys()[4] 

 

time=np.asarray(data[t]) 

I_channel=np.asarray(data[ich]) 

 

I_channel[a]/1e-6 

I_channel[b]/1e-6 

# delta channel 

delta_ch = I_channel[b]-I_channel[a] 

delta_ch/1e-6 
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Annex D 

Gate current integration. 

import numpy as np 

import matplotlib.pyplot as plt 

%matplotlib inline 

import pandas as pd 

import matplotlib.pyplot as plt 

import numpy as np 

%matplotlib inline 

 

# Import all the libraries 

import os 

import numpy as np 

import numpy as np 

import matplotlib.pyplot as plt 

 

# Load data 

path_raw = 'File name/' 

raw_data = sorted([x for x in os.listdir(path_raw) if 

x.endswith('resampled.txt')]) 

file_index = 0 

data=pd.read_csv(path_raw+raw_data[file_index], sep='\t') 

raw_data 

 

v_ga = data['V gate (V)'] 

plt.plot(v_ga) 
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#plt.plot(v_ga[0:3000]) 

 

plt.plot(v_ga[12:191]) 

plt.plot(v_ga[192:228]) 

 

plt.plot(v_ga[228:407]) 

plt.plot(v_ga[408:444]) 

 

plt.plot(v_ga[444:623]) 

plt.plot(v_ga[624:660]) 

 

plt.plot(v_ga[660:839]) 

plt.plot(v_ga[840:876]) 

 

plt.plot(v_ga[876:1055]) 

plt.plot(v_ga[1056:1092]) 

 

#plt.plot(v_ga[1092:1271]) 

#plt.plot(v_ga[1272:1296]) 

 

plt.plot(v_ga[1296:1475]) 

plt.plot(v_ga[1476:1512]) 

 

plt.plot(v_ga[1512:1691]) 

plt.plot(v_ga[1692:1728]) 

 

a = 1296 

b = 1475 

c = 1476 

d = 1512 
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t=data.keys()[0] 

iG=data.keys()[2] 

 

time=np.asarray(data[t]) 

I_gate=np.asarray(data[iG]) 

 

plt.figure(figsize=(10,8)) 

#plt.plot(time,I_gate, '-') 

plt.plot(time[a:b],I_gate[a:b], '-') 

plt.plot(time[c:d],I_gate[c:d], '-') 

plt.xlabel('Time [s]',fontsize=18) 

plt.ylabel('I_gate [A]',fontsize=18) 

plt.title('') 

 

# gate current integration with simpson method 

from scipy.integrate import simps 

 

sum_car = simps(I_gate[a:b], time[a:b]) 

sum_scar = simps(I_gate[c:d], time[c:d]) 

 

sum_car/1e-6 

sum_scar/1e-6 

diff = sum_car + sum_scar 

diff/1e-6 
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Annex E 

Computation of time response of OECT. 

Load Data 

%Load data 

data = load('File name.txt'); 

% Plot channel current Time (s)    V gate (V)    I gate (A)    V Channel (V)    I 

Channel (A) 

time = data(:,1); 

Vgat = data(:,2); 

Igat = data(:,3); 

Vcha = data(:,4); 

Icha = data(:,5); 

plot(Icha) 
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Cut Data 

t_cut = time(29:200); 

t_cut = t_cut - t_cut(1); 

i_cut = Icha(29:200); 

i_cut = i_cut - i_cut(1); 

plot(t_cut, i_cut) 

 

 
Resample Data 

t_res = t_cut(1):0.001:t_cut(end); 

I_res = interp1(t_cut, i_cut, t_res); 

plot(t_cut,i_cut,'o',t_res,I_res,':.'); 

title('(Default) Linear Interpolation'); 
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Tau calculation 

amp = 0.0001526     

threshold = (amp/100)*63.2; 

plot(t_res, I_res) 

% plot(t_cut, i_cut) 

hold on 

yline(threshold, 'linewidth', 2) 

idx = find(abs(I_res-threshold)<=(amp*10^-2)); 

tau = t_res(idx(1)) 
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Final data 

% tau values 

tau = 0.2060    % planar OECT 

tau = 0.3520    % top OECT_ 

tau = 0.7550    % top OECT with SLB 

tau = 0.6140    % planar OECT with SLB 
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Annex F 

Analytical derivation of time constant τ. 

To show the impact of the time constant on an RC circuit, it is possible to consider a resistance and a 

capacitance connected in series. Applying a voltage input 𝑉𝑖𝑛(𝑡) as shown in the following figure, it is 

possible to compute the voltage fall on the resistance (𝑉𝑟) and on the capacitance (𝑉𝑐), through a voltage 

divider in the Laplace domain.  

 

 

Called 𝐴 the value of the applied voltage, it results: 

𝑉𝑖𝑛(𝑠) = 𝐴 ∗
1

𝑠
  

Accounting for: 

𝑉𝑟(𝑠) =
𝑠𝑅𝐶

1+𝑠𝑅𝐶
∗ 𝐴 ∗

1

𝑠
  

𝑉𝑐(𝑠) =
1

1+𝑠𝑅𝐶
∗ 𝐴 ∗

1

𝑠
  

 

By applying the inverse Laplace transform, it is possible to obtain the time domain expression of the above-

mentioned voltages. In particular: 

𝑉𝑟(𝑡) = 𝐴𝑒
−

𝑡

𝑅𝐶  

𝑉𝑐(𝑡) = 𝐴 (1 − 𝑒
−

𝑡

𝑅𝐶)  
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These equations are obtained in the case of the charge of the capacitance (i.e., 𝑉𝑖𝑛(𝑡) = 0 when 𝑡 = 0, and 

𝑉𝑖𝑛(𝑡) = 𝐴 ∀𝑡 > 0). The equations of the discharge phase can be obtained by switching the expression of 

the resistance and the capacitance. 

Defined 𝜏 = 𝑅𝐶, when 𝑡 = 1𝜏: 

𝑉𝑐(𝑡) = 𝐴(1 − 𝑒−1) → 𝑉𝑐(𝑡) = 𝐴 (1 −
1

𝑒
) → 𝑉𝑐(𝑡) = 𝐴(0.632) → 𝑉𝑐(𝑡) = 63.2%𝐴  

 Meaning that, after a time interval of 1𝜏, the capacitor charges to about 63.2%. Repeating the same 

operations, with 𝑡 = 5𝜏: 

𝑉𝑐(𝑡) = 𝐴(1 − 𝑒−5) → 𝑉𝑐(𝑡) = 𝐴 (1 −
1

𝑒5) → 𝑉𝑐(𝑡) = 𝐴(0.993) → 𝑉𝑐(𝑡) = 99.3%𝐴  

Meaning that the capacitance is fully charged after 𝑡 = 5𝜏. 
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