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RESUMO 
A deteção precoce de biomarcadores clinicamente relevantes é um dos principais desafios no diagnostico 

de doenças. Os avanços mais recentes na microeletrónica abriram caminho para o desenvolvimento de 

biossensores eletrónicos, em que é possível alcançar dispositivos de elevada sensibilidade e velocidade. 

Em particular, os biossensores baseados em transístores de efeito de campo têm potencial para a 

miniaturização e integração em processos de fabricação eletrónica, ao mesmo tempo permitindo deteção 

rápida, paralela e sem marcação. Este potencial pode ser explorado para desenvolver ferramentas de 

diagnostico mais eficazes para a avaliação de pacientes de AVC isquémico. O AVC isquémico é uma das 

maiores causas de morte e incapacidade no mundo e a aplicação de tratamento é condicionada pelo 

curto espaço de tempo em que o tratamento com o Ativador do plasminogénio tecidual pode ser aplicado. 

Assim sendo, o desenvolvimento de um biossensor para analise rápida do estado do paciente pode 

proporcionar estratificação para a aplicação terapêutica atempada, podendo aumentar o número de 

pacientes tratados e reduzindo o risco de transformação hemorrágica nos pacientes tratados. 

Com esta problemática em mente, o trabalho apresentado focou-se no desenvolvimento de transístores 

de efeito de campo baseados em materiais 2D para a deteção de biomarcadores relevantes para a 

estratificação de pacientes com AVC isquémico. Transístores de efeito de campo com grafeno como 

material do canal foram testados e otimizados para interação com biomoléculas. A transferência de 

grafeno e passivação dos contactos foi otimizada para fornecer transístores de efeito de campo 

compatíveis com a funcionalização de superfícies e bio reconhecimento de proteínas. A funcionalização 

do grafeno foi estudada, garantindo a consistência do método, a estabilidade dos anticorpos imobilizados 

e a redução de ligações não-especificas. Os transístores funcionalizados foram testados com proteínas 

standard para estudar o mecanismo de deteção. Os testes realizados com as proteínas biomarcadoras 

de AVC isquémico, Matrix Metallopeptidase 9 e Fibronectina celular, mostraram potencial para a deteção 

simultânea dos biomarcadores graças à ausência de interação cruzada entre eles. A exposição dos 

dispositivos à matriz biológica de interesse revelou que é possível detetar especificamente os 

biomarcadores em amostras de soro diluído, no entanto em amostras mais complexas algumas 

limitações surgem devido à ocorrência de eventos de ligação não-especifica. Além disso, a 

reprodutibilidade dos transístores mesmo não sendo perfeita (11% intra e 26% inter variabilidade) revela 

um grande potencial para a continuação do desenvolvimento desta tecnologia para a deteção rápida de 

biomarcadores de AVC isquémico para a estratificação de pacientes. 

Palavras-chave: AVC Isquémico, Biomarcadores, Biossensor, Materiais 2D, Transístores de Efeito de 

Campo  



Immuno-field-effect transistor platforms based on 2D materials for early 
detection of biomarkers of ischemic stroke  

v 
 

ABSTRACT 
Early detection of clinically relevant biomarkers (proteins, DNA, or others) is nowadays considered the 

holy grail of diagnostics for modern medicine. The recent advancements in micro-electronics have opened 

the path for bioelectronics-based sensors, where devices of greatly improved sensitivity and speed of 

detection are achieved. In particular, biosensors based on field-effect transistors hold the potential for 

miniaturization and integration in electronic manufacturing processes while allowing parallel label-free 

sensing and fast response times. This potential can be explored to develop practical diagnostic tools for 

evaluating ischemic stroke patients. Acute ischemic stroke is a leading cause of death and disability 

worldwide, and treatment is still conditioned due to the narrow time window of intravenous thrombolysis 

with tissue plasminogen activator (tPA). As such, developing a biosensing tool for fast analysis of the 

condition of ischemic stroke patients can provide stratification for therapy application, potentially 

increasing the number of treated patients and reducing the risk of hemorrhagic transformation. 

With this in mind, the focus of this work was the development of 2D material-based field-effect transistors 

for the detection of biomarkers clinically relevant to the stratification of ischemic stroke patients. Field-

effect transistors using graphene as the channel material were tested and optimized for selective 

biomolecular recognition. Graphene transfer and contact passivation were optimized using clean-room 

processes to provide field-effect transistors compatible with surface functionalization and bio-recognition. 

Graphene functionalization was studied to ensure a consistent method for stable immobilization of probe 

antibodies and reduction of non-specific binding. The functionalized graphene field-effect transistors were 

tested against standard protein biomarkers to access the detection mechanism. The tests performed with 

stroke protein biomarkers, Matrix Metallopeptidase 9, and cellular Fibronectin showed great potential for 

their simultaneous detection due to the absence of cross-reactivity between these proteins.  

The graphene field-effect transistors exposure to the interest biological sample matrix (human serum) 

revealed that specific detection could be achieved in diluted serum samples. However, some limitations 

arise in more complex samples (raw serum) due to non-specific binding events. Moreover, although not 

perfect, the reproducibility of the measurements (11% intra-variability and 26% inter-variability) shows the 

great potential to further develop this technology for fast and label-free detection of ischemic stroke-related 

biomarkers patient stratification. 

Key-words: Ischemic Stroke, Biomarkers, Biosensor, 2D Materials, Field-Effect Transistors  
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Chapter I  

1. Introduction 

The last decades of diagnostics research witnessed a tremendous effort invested in developing new and 

improved diagnostics systems for healthcare. The development of new devices for the bioanalytical study 

of relevant biomarkers for clinical diagnosis [1–4]  has made biosensors research a growing and 

multidisciplinary field, requiring knowledge of physics, biology, chemistry, materials science, and 

engineering  [1,5]. Biosensors can be defined as devices that integrate biorecognition elements and 

transducers to provide qualitative or quantitative information regarding a specific bio-analyte, such as a 

protein, a nucleic acid (DNA or RNA), a cell, or another small biomolecule [1,2]. 

In short, a biosensor is composed of a recognition layer (probe) that provides specificity to the desired 

target. A transducer layer converts the probe-target interaction into a measurable signal [1,6] that can 

then be processed to provide the relevant information regarding the pathology under study. The variety 

of elements that can compose the biosensor layers is illustrated in Scheme 1. 

 

Scheme 1. A sequence of detection of an analyte for clinically relevant information. The multitude of 

elements that can be used both for biorecognition of the analyte and transduction of this interaction shows 

how rich and adaptable is the biosensing research field. Adapted from [1]. 

When the probe-target interaction is an immunogenic reaction (antibody-antigen), the biosensor can be 

designated as an immunosensor. The use of such reactions in bioanalytical detection is relatively mature, 

being widely used in laboratory immunoassays with excellent specificity  [2]. Methods such as enzyme-

linked immunosorbent assays (ELISA) have provided considerable support for clinical diagnosis [2]. 

However, these methodologies require the use of specialized personnel, labeling of the targets (source of 

instability), and extensive protocols that render the methods difficult  [7] and therefore impossible to 
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implement for the quick analysis often required in clinical applications [2]. The development of new 

technologies and methods for biosensing systems is key to enhancing clinical diagnostics and improving 

healthcare [2,3]. 

Biosensors can be classified according to the detection methodology into label-based and label-free. Label-

based biosensors perform detection using characteristics inherent to the label, be it fluorescence, 

magnetism, or other. Label-free systems perform detection using characteristics of the target itself or of 

the probe-target interaction, which can be a mass change  [8–10], optical properties [7,11,12], and 

electrical properties  [3,7,10], among others [7]. Label-based systems can be advantageous for detection 

in complex matrices [13], but labels can induce changes in the probe-target interaction impairing the 

sensing capability [3,7]. Besides, labeling of the target molecule introduces additional sample processing 

steps that hinder applicability for fast detection required in many clinical applications [3,7]. As such, label-

free methods have gained much attention in recent years, mainly with the incorporation of 

nanomaterials/nanotechnology in the transduction systems that pushed biosensors to new boundaries 

[3,7], allowing high-sensitivity, low sample consumption, reduced interference with the bio-analytes, 

portability, and automation of the detection systems [3,7]. 

In particular, label-free biosensors based on electronic transduction have become very popular thanks to 

their inherent advantages [3,5,13]. The use of electronic components for signal transduction allows for 

fast and straightforward signal acquisition with potential for integration with existing technologies for data 

acquisition and processing [5,13,14], facilitating the incorporation in miniaturized systems [5,13–15], 

meaning these systems can be easily adapted for point-of-care (PoC) applications. The production of 

miniaturized devices also allows for implementing multiple devices in a small area, improving reliability 

and signal stability, and allowing for multiple target detection, i.e., multiplex biosensors [14].  

One of the most promising systems for electronic transduction of biorecognition events (probe-target 

interaction) is based on field-effect transistors (FETs) [3,6,7]. These charge-sensitive devices are 

considered ideal for the development of PoC systems [3] due to their real-time response to changes in 

their surface dielectric environment [3,7] and ease of miniaturization [6] that allow for cost-effective 

fabrication, integration with other electronic components, and small sample volumes [3]. Additionally, 

surface-based sensors with electronic transduction can achieve specificity and selectivity without target 

labeling [3,6]. In particular, 2D material-based FETs have been proposed to develop ultra-sensitive 

biosensors due to the extremely high surface ratios and the possibility of exposing such materials directly 

to the biological sample [3,6,7], enhancing sensitivity and response time.  
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In the following sections, FETs' working principles as biosensors are discussed (section 1.1), focusing on 

the use of 2D materials (section 1.2) and their application to a clinical condition (section 1.3). Later, 2D 

materials in biosensing are discussed in section 2 (State of the Art) of this chapter.  

1.1. Field-Effect Transistors 

1.1.1. Operation principles 

Field-effect transistors are the most frequently used electronic transducers for biosensing [7] and respond 

to the changes in the gate dielectric environment induced by charged biomolecules via modulation of the 

charge carriers in the transistor channel [3,6,14,16]. This mechanism directly converts the biorecognition 

event into an electrical signal, allowing for real-time detection with high sensitivity and selectivity [3]. 

In a typical FET structure, the electrical current flows through a conductive channel that connects the 

source and drain electrodes, as shown in Figure 1. A voltage applied to a third electrode, the gate, 

modulates the conductance between these two electrodes. In a metal-insulator-semiconductor (MOS) 

FET, gate voltage couples capacitively to the channel through a solid dielectric layer [3,17,18], controlling 

the charge distributions at the semiconductor/dielectric interface, which can be accumulation, depletion, 

and inversion. MOSFET devices typically work in enhancement mode, where the channel consists of an 

inversion layer. For example, take an n-channel MOSFET, built in a p-doped wafer with n+ implanted 

source and drain contacts. Applying a small positive gate voltage results in charge carrier depletion in the 

channel, decreasing the conductivity. However, increasing the gate voltage to more positive values will 

form a thin conductive inversion layer, the n-channel [3]. Because the n+ contacts are blocking for holes, 

the device will conduct (turn ON) only when the inversion layer forms. The transistor electrical 

characteristics can be accessed by a transfer curve, which shows the current between the source and 

drain electrodes (IDS) as a function of the gate voltage (VG) for a fixed drain-source voltage (VDS). 
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Figure 1. Typical configuration of a Field-effect Transistor and effect of charged elements in its 

properties. (A) A solid-gated FET is shown, with arrows schematically depicting current flow between the 

source and drain electrodes. (B) Result of modulation of the channel conductance by applying positive 

voltage via gating on p-type or n-type channels. Adapted from [3,14]. 

If an aqueous solution replaces the solid gate dielectric (Figure 2A), the ions in the solution can provide 

the capacitance required to couple the gate voltage to the electrostatic channel potential [17]. In which 

case, we speak of a liquid-gate FET. The possibility of using liquids for channel conductance modulation 

[3,7] allows for using FETs as biosensors with liquid samples, such as saline buffers, plasma, blood, 

saliva, and others, where the biomolecules are more stable  [3]. In electrolyte-gated FETs (EG-FETs), the 

conductance between source and drain electrodes is modulated by the electrolyte whenever voltage is 

applied to a reference electrode (here-on called gate) [3]. The gate voltage modulates the thickness of 

electrical double layers (EDLs) at the gate/electrolyte and electrolyte/semiconductor interfaces. 

 

(A) 
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(B) (C) 

Figure 2. Typical metal-oxide FET (MOSFET) with an electrolyte and a reference gate electrode, replacing 

the traditional solid gate (A). (B) Typical I-V curve obtained for different values of applied gate-source 

voltage. (C) Transistor transfer curve obtained for a fixed drain-source voltage showing the threshold 

voltage (VTH) at which the conduction of charge carriers begins. Adapted from [14,19]. 

Applying a small gate potential disrupts the equilibrium at the space-charge regions and forces a 

redistribution of the ions and dipoles at the interface within the EDLs, expanding or contracting them [6]. 

The first layer to be considered is the stationary layer, or Stern layer, formed by counterions firmly bound 

to the solvated electrode surface [6]. This layer acts as a solid dielectric, and the electric potential 

decreases linearly with the distance from the electrode surface, as shown in Figure 3A (right-side region 

of the electrolyte). After the stationary layer, the counter- and co-ions enter a diffusive regime, where ion 

concentration is dependent on the distance to the electrolyte/electrode interface [6]. In the diffusive layer, 

counter and co-ions concentrations follow Maxwell-Boltzmann statistics, and the electric potential profile 

can be found by solving the Poisson-Boltzmann equation [20] (Figure 3A, central region of the electrolyte). 

At a small distance from the electrode surface, which depends on the electrolyte ionic strength, we reach 

the electrolyte bulk where the solution is neutral [6] Figure 3A, left-side region of the electrolyte). At the 

boundary between the diffusive layer and the solution bulk, the potential reaches e -1 of its interface value 

[6]. Detection of charged analytes can only occur within the layers where the electrolyte interacts with the 

solid surface, meaning it occurs within the stationary and diffusive layers [6] (Figure 3A, Debye layer). 

The distance that goes from the surface to the boundaries of the diffusive layer is often referred to as 

Debye length [6] and defines the longest distance at which an analyte can influence the semiconductor 

channel characteristics [3,6]. 
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Figure 3. Models for the interaction of the electrolyte with the semiconductor channel of FETs. (A) The 

electrical potential model comprises three electrolyte layers (Stern, diffusive, and bulk solution). (B) The 

equivalent capacitor model where CHelm (Helmholtz capacitance) is equivalent to the stationary layer and 

Cdiff (diffusive capacitance) is equivalent to the diffusive layer. Cox is the dielectric capacitance, and CS is 

the semiconductor capacitance. Adapted from [6]. 

The electrical double layers can also be modeled as virtual capacitors [16] formed between the fixed 

charges located on the solid (Cox) and the solution sides of the liquid-solid interface, as shown in Figure 

3B. The electrolyte interaction can be modeled as a series of two capacitors that represent the behavior 

of the stationary layer, CHelm, and the diffusive layer, CDiff, as represented in Figure 3B [6]. CHelm follows the 

Helmholtz model, which defines the fixed charged plane of the Stern layer). The EDL is diffusive at a finite 

electrolyte temperature and extends beyond the Helmholtz plane modeled by the second capacitor, CDiff 

[6]. The equivalent capacitor circuit can then be described considering a fixed or tunable voltage source 

applied to CDiff [6]. The tunable CDiff model considers the re-distribution of ions in the diffusive layer in 

response to different analytes, which is converted into a capacitance change [6]. The fixed-voltage model 

considers a fixed value of CDiff while the electrical potential applied on the capacitor changes to positive or 

negative depending on the charges carried by the analytes [3,6].  Based on these models, it is possible 

to understand that the charged analyte will cause changes in the charge distribution near the channel 

surface (within the Debye length), which will change the effective gate voltage, resulting in changes in the 

drain current, measurable acquiring I-V output curves (Figure 2B) or transfer curves (Figure 2C) of the 

FET devices [6].  

As mentioned, the thickness of the EDL in the electrolyte is given by the Debye length. To determine this 

value, one has to consider the behavior of the ions in solution, in the Stern and diffusive layers, and the 

interface charge density, 𝜎, associated with it, given by: 
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𝜎 =  √8𝜀𝜀0𝑘𝐵𝑇𝑐0 sinh (
𝑧𝑞𝑒𝜓0

2𝑘𝐵𝑇
) (1) 

where 𝜀 is the dielectric constant of the electrolyte, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature 

of the solution, 𝑐0 is the salt concentration of the electrolyte (or ionic strength, I), 𝑧 is the valence number 

of the salts composing the electrolyte, and 𝜓0 is the surface potential [17]. Considering that the 

measurements are performed in solution, with low surface potentials (bellow 25 meV) [17], (1 can be 

simplified to 𝜎 =  
𝜀𝜀0𝜓0

𝜆𝐷
, where 𝜆𝐷 is the Debye length and can be given by: 

𝜆𝐷 =  √
𝜀𝜀0𝑘𝐵𝑇

2𝑞𝑒
2𝑐0𝑁𝐴

             (2) 

It is possible to observe in 𝜆𝐷 =  √
𝜀𝜀0𝑘𝐵𝑇

2𝑞𝑒
2𝑐0𝑁𝐴

 that the maximum distance (𝜆𝐷) at which the analytes can 

electrostatically perturb the charge distribution in the channel is dependent on the salt concentration / 

ionic strength of the solution containing the analytes [3], meaning that for high salt concentrations, the 

Debye length is reduced, implying a stronger screening of charged analytes in solution and less interaction 

with the FET channel, i.e., reducing sensitivity [3,17]. The screening effect is one of the significant 

limitations in developing FETs as biosensing platforms [7], and its understanding is key to developing new 

methods to improve the sensitivity and reliability of the FET as a biosensor. 

1.1.2. EDL screening 

Ideally, FET biosensors should have high probe density (antibodies, DNA, etc.), a capacitive interface for 

detecting highly charged targets, and low salt concentration solutions to allow complete ‘visualization’ of 

the surface events [3]. In reality, most clinical samples (blood, serum, saliva) have high concentrations 

of salts and other non-specific elements, reducing the Debye length and limiting the detection accuracy 

[3,17]. Additionally, the complex composition of clinical samples can mean variable ionic strength, 

composition, and pH between samples, which affect the FET conductance without relation to the actual 

target [15]. In fact, for undiluted clinical samples or buffers, the Debye length is estimated to be about 

0.8 nm which is much lower than the typical probe size (typical antibody size is about 12 nm, Figure 4A) 

[3], meaning that the target-probe interaction is mostly screened in the bulk solution without directly 

affecting the transistor characteristics [17], hence losing sensitivity. 

Proposals to overcome charge screening - also referred to as Debye screening - have been explored 

[3,15,17], with the simplest method being pre-treatment of the analyte-containing solution (buffers or 

biological samples) [3]. In this approach, the solution is pre-treated using centrifugation, filtration, or 

dilution strategies to achieve low ionic-strength solutions in which a measurable effect of the analyte can 
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be achieved in the FET biosensors [3]. However, for samples with a low target concentration or highly 

sensitive to the solution composition, pre-treatment can be disadvantageous since it can worsen the 

detection probability (for low target concentrations) and lead to misleading results (sensitive targets) due 

to non-specific adsorption events. 

Other approaches try to reduce the probe size to fit within the Debye length, replacing antibodies with 

small oligonucleotide sequences (aptamers) [3,12] or by fragmenting probe antibodies to immobilize only 

the specific region for detection (Figure 4B) [3,21]. Some concerns are raised regarding the specificity of 

the probe in both strategies. Aptamers often need to be stabilized with the addition of functional groups 

that can hinder affinity, but cross-reactivity is often problematic [22].  The formation of antibody fragments 

through enzymatic reactions can also alter the inherent affinity of the specific region that is immobilized 

onto the sensor surface and reduce the stability of the probe molecule [23,24]. Regardless of these 

strategies, it is also proposed that when the probe, i.e., antibodies, is immobilized without directional 

control, it will not be perfectly aligned with the surface but rather in various configurations, as exemplified 

in Figure 4C. Consequently, upon target recognition, the reaction is occurring partially within the Debye 

length providing a channel conductance variation in the FET sensor, hence a biosensor signal  [3].  

 

Figure 4. Strategies to overcome Debye screening. (A) Sample dilution to increase Debye length. (B) 

Antibody fragmentation to reduce probe size. (C) Random immobilization of antibodies in the sensor 

surface. Adapted from [3]. 

1.1.3. Drift and 1/f noise 

It is common for EG-FETs to use an oxide layer as a substrate for sensing. However, the use of oxides 

originates a monotonic signal drift that is usually attributed to buried charged defects in the oxide [14]. 

This drift is more intense when the sensor surface is exposed to an electrolyte and tends to stabilize over 

time as the protonation and deprotonation events at the buried sites stabilize [14]. Additionally, the signal 

from EG-FETs can also drift due to the random fluctuations, or 1/f noise [14]. The 1/f noise can be 

attributed to the FET operation, specifically to leakage currents in the measuring setup [14]. The existence 

of leakage currents can lead to experimental artifacts and electrolysis depending on the electrolyte 

composition and applied potentials in the system. However, it can help to predict and compensate signal 
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drift, provided that leakage currents can be measured [14,18]. Leakage currents can be reduced if the 

gate electrode and sensing surface perform properly, making choosing the structure and materials critical 

to implementing a system with stable properties [14]. This choice is ever more critical when dealing with 

nano-sized materials or devices since the channel current becomes more affected by interfaces and 

surface trap states [16], increasing the 1/f noise. The level of signal fluctuation (noise) combined with 

the actual sensing response ultimately limits the molecular detection in FETs [16]. 

Note that exposure to the environment and aging of the device materials can increase noise, which might 

be avoided by protecting the devices through capping or functionalization [16,18]. Encapsulation of 

graphene and functionalization of silicon nanowires (Si NWs) showed improved noise performances due 

to the passivation of surface traps and interface states at the sensor's surface [16]. 

Additionally, it is proposed that using a reference sensor that does not have the specific probe immobilized 

at its surface but is exposed to the same solution as the active sensor can improve signal reliability [17]. 

In that way, the influence of high salt concentration, unspecific elements in solution, and sample-to-

sample variability is measured in the reference, allowing to obtain specific target interaction from the 

difference between the active sensor signal and the reference [17]. 

1.1.4. Microfabrication for sensing applications 

Despite the promising features of field-effect transistors for biosensing applications, limitations are found 

in the stability and miniaturization of the devices [14], mainly due to the need for exposure to liquid and 

biological samples. Encapsulating standard ion-sensitive FETs (ISFET) is proposed to separate the FET 

device from the sensing region to improve stability [14]. In alternative to the encapsulation of standard 

transistors (Figure 1A), FETs using low-dimensional materials have been proposed with the transistor 

channel exposed to the environment [7,25–28]. In this configuration, all the transistor is exposed (source, 

drain, gate, and channel), providing alternatives for the sensing region of the FET device. As such, two 

main strategies are proposed to apply FETs as biosensors: Use of external gate electrodes that can be 

mass-produced with low complexity and low-cost and connected to the gate standard ISFETs [29–32]; or 

fabrication of FETs using materials stable under liquid environments (1D and 2D materials) to allow direct 

exposure to the sample [7,25–28]. 

Although the first strategy allows improving the stability and life-time of ISFETs, the use of bulky external 

Au gate electrodes for sensing can introduce significant drift, reducing the reliability and sensitivity of 

ISFETs as biosensors [14]. Regarding the second strategy, the study and application of low-dimensional 

materials (1D and 2D) have been particularly successful since materials like silicon nanowires, graphene, 
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and others have shown to be chemically stable even under liquid environments [3,15,25], allowing to 

expose the transistor channel for sensing and taking advantage of the sensitivity of the channel materials. 

In particular, 2D material-based FETs have been studied due to improved control over material properties 

and orientation compared with 1D materials (e.g., Si nanowires, carbon nanotubes) [25].  

Microfabrication of FETs for biosensing needs to consider application features, including device stability 

under salt-rich solutions and clean surfaces after microfabrication. Stability of the FET devices in 

electrolyte-gate configurations (preferred for biosensing) implies passivation of semiconductor and 

dielectric materials prone to host ions that diffuse inside their lattice, degrading the materials or rendering 

electronic measurements unstable. Therefore, the passivation of all surfaces contacting the electrolyte, 

except the surface where biorecognition occurs, is recommended [19]. The passivation layer can be done 

by coating the wafer surface with photoresist [19], epoxy resin [33], or silicon nitride (SiNx) and silicon 

oxide (SiO2) layers [34,35]. An adequate protection strategy allows to place the electrolyte over a large 

number of devices without cross-talking [36], reduce leakage current [33], reduce drift due to ion 

diffusion, and prevent damage of the metallic electrodes [36]. Thus, when designing a biosensor, it is 

essential to consider permeability to salts and solvents before choosing the passivation layer material. If 

polymers are chosen, they must be resistant to saline solutions [36] to avoid degradation upon exposure 

to biological solutions. If silicon-based materials are used, one must consider that SiO2 is much more 

permeable to ions than SiNx. A higher permeability may allow ions from the test solution to get trapped in 

the dielectric or reach the current lines and cause noise, drift, cross-talking between electrodes, or 

corrosion of the metallic contacts [36]. 

Additionally, during microfabrication with 2D materials grown on catalysts, the material transfer process 

is often a source of residues and contaminations that can affect all the FET surfaces [37,38], including 

the gate electrode if a planar-gate model is chosen (preferred for scalability and design flexibility [19,39]). 

These residues pose a challenge for biosensing development, hindering surface functionalization and 

increasing variability and non-specific interactions with the FET devices [17].  As such, microfabrication 

processes for bio-FETs need to be optimized considering the final surfaces and the intended application. 

1.2. 2D Materials 

Two-dimensional (2D) materials are defined by the reduced number of atomic layers, which result in 

materials with few to tens of nm in thickness and sizeable lateral dimensions that can reach several 

centimeters [18]. This class of materials is explored due to the unique physical and chemical properties 

that can be exploited for label-free transduction of biorecognition events with high sensitivity [1,3,18,25]. 

One of the significant advantages of 2D materials compared with analogous 0D, 1D, or 3D materials is 
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the record-high surface-to-volume ratio, providing maximum surface availability for interaction with the 

biomolecules, which ultimately leads to higher sensitivity reaching even single-molecule detection  

[18,40]. 2D materials can be divided into different families and exhibit a great variety of electrical 

properties, varying from metals to insulators and semiconductors with bandgap energies from ultraviolet 

to infrared, as schematized in Figure 5. 

 

Figure 5. Examples of 2D materials exhibiting a wide range of chemical structures, conductivities, carrier 

mobilities, and bandgaps. N/A: no known reports of this value exist. Adapted from [18]. 

The following section focus on 2D materials used as biorecognition surfaces in FET-based biosensors: 

graphene and 2D transition-metal dichalcogenides (TMDCs). 

1.2.1. Graphene 

Properties 

Graphene is a one-atom-thick sheet of sp2-hybridized carbon atoms arranged in a honeycomb lattice 

[3,25,41], with a lattice parameter of 2.46 Å [41]. Graphene has remarkable electronic, mechanical, 

and chemical properties, including high surface area (≈2630 m2·g−1), optical transmittance (97.7 % 

transmittance in the entire visible spectrum), strength (tensile strength 130.5 GPa), and flexibility (Young’s 

modulus ≈1 TPa), record-high electrical conductivity (104 S.cm-1), carrier mobility (2×105 cm2V-1s-1) at low 

carrier density (1012 cm-2), hydrophobicity (contact angle with water ≈95º) and chemical resistance 

[3,18,41,42]. The confinement of charge carriers in the graphene hyperconjugated π-orbital system 
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results in high carrier mobility and electrical conductivity, particularly in single-layer graphene (SLG), 

where hopping between stacked monolayers is absent [3,18,41]. The lattice and electronic structure of 

graphene are shown in Figure 6. 

  

(A) (B) 

 

(C) 

Figure 6. Graphene lattice and band structure. (A) Graphene honeycomb lattice structure, considering 

the Bravais lattice as the superposition of two triangular sub-lattices A (green atoms) and B (red atoms). 

(B) Graphene lattice structure with sp2-hybridized carbon atoms by σ-bonds, leaving the pz-orbitals free for 

π-π bonds. (C) Electronic band structure of graphene showing the Dirac cones intersecting at the Dirac 

points. Adapted from [41,43]. 

Graphene is a zero-bandgap semiconductor because its electronic density of states (DOS) has a singularity 

where the conduction and valence bands meet, the so-called Dirac point. In the vicinity of the Dirac point, 

a linear dispersion of the electron energy-momentum relation is observed, going almost symmetrically 

towards the valence and conduction bands, forming the so-called Dirac cones. As a zero-bandgap 

semiconductor, graphene exhibits ambipolar transport since the Fermi level can move continuously 
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between bands, which has significant consequences in the characteristics of graphene field-effect 

transistors. The conductance minimum arises when the Fermi energy level (EF) is as close as possible to 

the Dirac point because then the DOS is at its minimum. This point is also known as the charge neutrality 

point (CNP) or Dirac point [3,18,41]. The EF level can be moved in FET devices by applying an electrostatic 

potential. Gate voltages or the addition of charged or polar objects close to graphene can move the Fermi 

level. In the latter case, the effect is known as local gating, and it is the basis for the detection of charged 

biomolecules [3,18,41]. Besides, graphene's high surface area can be explored for functionalization to 

provide specific interaction with the charged biomolecules of interest, making graphene an excellent 

candidate for highly sensitive and selective biosensors [3]. 

Growth 

As a single-atom-thick material, graphene can be obtained by several methods, which, depending on the 

method, can result in pristine single-layer graphene (SLG) or slightly oxidated forms of graphene. The first 

reported method for the obtention of graphene was mechanical exfoliation (“Scotch tape” method) of 

highly oriented pyrolytic graphite (HOPG) [44], which allows obtaining pristine graphene films with record-

high conductivity due to the absence of contaminants [44]. However, this method is random and artisanal, 

providing little control over the number of layers and giving small-sized samples with nanometric of 

micrometric lateral dimensions. Therefore, it is unsuitable for the up-scaling of graphene-based devices, 

as required for developing applications [18]. Other top-down techniques have been used to exfoliate 

graphene. Liquid-phase exfoliation (LPE) refers to a group of techniques to exfoliate van der Waals solids 

into their corresponding isolated layers by applying energy to disrupt the weak inter-layer bonds in a liquid 

medium attracted considerable attention. It is a cost-effective and up-scalable methodology for producing 

defect-free graphene flakes liquid dispersions.[33,34] LPE techniques can be classified into 

electrochemical and physical exfoliation. Physical exfoliation encompasses processes such as ultrasonic 

exfoliation [45] and several shear exfoliation approaches [46], e.g., high shear mixing and wet jet milling 

[47]. 

Apart from these top-down techniques, a vast effort has been dedicated to developing bottom-up graphene 

growth, with atomic control of the growth process and the resulting graphene structure. Most important 

among bottom-up techniques, due to the high electronic quality of the resulting material, comparable to 

that of mechanically exfoliated flakes, is chemical vapor deposition (CVD)[48]. Graphene grown by thermal 

CVD on metal catalysts or the Si face of SiC wafers is currently the preferred solution to provide high-

quality graphene over a large area [37]. CVD using a copper catalyst is the most popular because of its 

lower cost and high versatility [37], allowing single-layer graphene growth and its transfer onto virtually 



Immuno-field-effect transistor platforms based on 2D materials for early 
detection of biomarkers of ischemic stroke  

14 
 

any substrate type. If precise control of the oxygen supply to the Cu surface during growth is put in place, 

colossal crystal size and carrier mobility can be achieved [49]. Graphene grown on SiC wafers has the 

advantage of growing natively on a transparent insulating substrate and enables transfer-free fabrication 

of optoelectronic devices [50]. However, monocrystalline SiC substrates are too expensive to be used in 

large-scale production, and graphene grain size is limited by the atomic terraces’ sub-micrometer width, 

unlike in CVD graphene grown on the copper catalyst. 

Although graphene growth by CVD is an excellent choice for producing high-quality graphene for electronic 

applications, other applications, less demanding in terms of electronic properties, can use low-cost 

methods based on graphene oxide. Oxidation of graphite using strong acids is used to promote chemical 

exfoliation, and the cleaved films can be posteriorly treated thermally or chemically to reduce the oxidation 

level of the material, producing reduced-graphene oxide (rGO) [17,18]. rGO is a low-cost alternative for 

CVD graphene since it can also be produced with high throughput. However, there is less control over 

the layers' number, spatial distribution over the substrate, and increased defects and scattering points. 

Still, for applications that do not require high-quality graphene, rGO presents itself as an alternative for 

low-cost applications  [17,18].  

FET operation in biosensing 

Graphene’s ambipolar character in the FET configuration makes it ideal for sensing charged biomolecules, 

with either negative or positive charge [3].  Using graphene as a conductive channel between source and 

drain electrodes, it is possible to detect charged biomolecules by changes in the channel conductance 

because of the Fermi energy movement in the DOS due to doping by local gating [3,7,15,16].  

In a graphene FET, measuring the transfer curve shows the variations in the Fermi energy, for example, 

by tracking the gate voltage at the charge neutrality point [15]. Figure 7 shows an example of Fermi 

energy shift by exposure to a positively charged biomolecule and the consequent change in the voltage 

of the charge neutrality point (VCNP). 
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Figure 7. Effect of charged biomolecules on the charge carrier distribution in an electrolyte-gated 

graphene FET (EG-GFET). (a) The EF of a p-doped EG-GFET is raised by the depletion of holes (positive 

charge carriers), reducing the voltage necessary to reach the minimum conductivity point, VCNP (b). 

Adapted from [15]. 

In graphene FETs, GFETs, the current modulation schematized in Figure 7 can be expressed as a function 

of the excess carrier density, Δn, which is related to the amount of charged molecules (N) on the graphene 

surface:  

∆𝐼𝑆𝐷 =
𝑤

𝑙
 𝑉𝑆𝐷𝑒𝜇𝛥𝑛,   𝛥𝑛 ∝ 𝑁 (3) 

With ∆𝐼𝑆𝐷 being the variation of the source-drain current for a fixed gate-voltage, W and L being the width 

and length of the FET channel, e the elementary charge and μ the carrier mobility, assumed as constant 

[16]. As shown in Equation (3), the sensing response of the EG-GFET should be proportional to the total 

amount of charged molecules adsorbed on the channel surface; however, the quantitative monitoring of 

biomolecules is challenging due to the uncertainty related to the number of charges presented by a given 

biomolecule, which can depend on its configuration upon adsorption [51], and the identification of the 

sensing reactions occurring at the graphene surface [16]. 

Considering Equation (3), the sensor response, S, can be defined by the change in the current, ∆𝐼𝑆𝐷, 

caused by the interaction of a biomolecule of charge e, in an amount N: 𝑆 =  ∆𝐼𝑆𝐷/𝑁. According to 

eq.(3), the sensor response is thus proportional to the carrier mobility in the channel, μ, implying that 

high mobility graphene has an improved sensor response (as well as improved signal-to-noise ratio, SNR) 

[16].  

 In an electrolyte-gate configuration, graphene FETs (GFETS) are exposed directly to the electrolyte, and 

consequently, the device's electrical characteristics will be influenced by the electrolyte composition [15]. 

Application of a gate voltage through the electrolyte leads to the modulation of the electrical double-layers 

(EDL) at the solid-liquid interfaces that serve as the gate dielectric [15]. The EDL thickness (Debye length) 
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at the graphene-electrolyte interface is critical [3] since charge modulation by charged biomolecules 

occurs at/or very close to this layer. The Debye length is dependent on the electrolyte composition, being 

reduced in the presence of salt-rich solutions due to charge screening [3]. It is argued that biosensing of 

large molecules should not be possible with EG-GFETs due to the distance of the charges to graphene, 

which is often more extensive than the Debye length. However, the random orientation of immobilized 

probes and the use of solutions with low salt concentration for measurements with EG-GFETs can help 

overcome this limitation [3,15]. 

1.2.2.  Transition-Metal Dichalcogenides 

The discovery of graphene opened the path for the exploration of other 2D materials which exhibit 

significantly different properties [1]. In particular, 2D transition-metal dichalcogenides (TMDCs) have 

shown great potential for electronic applications due to their inherent direct band-gap, which is lacking in 

graphene [1]. Transition metal dichalcogenides (TMDCs) are materials composed of hexavalent transition 

metal (M, e.g., Mo, W) and a divalent chalcogen (X, e.g., S, Se, Te) in the stoichiometry MX2 [18]. Some 

of these TMDCs crystallize in layered structures that are stacked together through van der Walls forces 

and can be separated and used as a single TMDC layer (3 atomic layers), resulting in materials with 

different properties from their bulk (3D) counterpart [18]. In this section, some properties of TMDCs are 

explored and their potential for FET biosensors. 

Properties 

Most reports in biosensing with 2D TMDCs use MoS2 or WS2 as a channel semiconductor material, with 

the first one being the more common [1]. As such, only the general properties of those materials are 

reported below.  

MoS2 is a layered material, in which each layer is composed of a central atomic layer of Mo encapsulated 

by two S atomic layers, bound in either trigonal prismatic symmetry (D3h) or trigonal antiprismatic 

symmetry (D3d) [18] as exposed in Figure 8. 
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(A) (B) 

 

(C) 

Figure 8. MoS2 lattice and band structure. (A) MoS2
 binding symmetry within one layer, between Mo and 

S. (B) Bulk MoS2 layered structure and inter-layer distance. (C) Band structure of MoS2 as a bulk material 

(left) and as a 2D material (right). Adapted from [18,52]. 

MoS2, like graphene, possesses attractive properties for the development of biosensors such as a sizeable 

surface-area ratio, mechanical strength, and high carrier mobility (when combined with a high-k dielectric 

material) [53]. A single layer of MoS2 is 6.5 Å thick and can be easily cleaved from the bulk crystal using 

mechanical exfoliation processes [52], as used in graphene [52], and was first reported in 2010 [18]. 

However, in contrast to graphene, which is considered as a zero-bandgap material, MoS2 has a direct 

bandgap of about 1.9 eV, which can lower the leakage current and improve the FET significantly on/off 
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ratios while keeping acceptable carrier mobility of approximately 200 cm2.V-1s-1 (with a high-k dielectric) 

[53]. MoS2 has a lattice constant of 3.13 Å at 77 K and electrical properties tunable with the number of 

layers due to the changes in symmetry and quantum confinement effects [52]. Bulk MoS2 has an indirect 

band-gap of 1.2 eV, which increases to a direct bandgap of 1.9 eV with the decrease in the number of 

layers [18,52]. The direct bad-gap of 2D MoS2 is of high interest for FET development since it allows to 

obtain FETs with high carrier mobility and a high on-to-off ratio  [1].  

Tungsten sulfide (WS2), similar to MoS2, is a layered material composed of a W layer between two S 

layers, shown in Figure 9A.  

 
(A) 

 
(B) 

Figure 9. MoS2 lattice and band structure. (A) Bulk MoS2 layered lattice structure and inter-layer distance. 

(B) Band structure of MoS2 as a bulk material (left) and as a 2D material (right). Adapted from [52,54]. 

Alike its TMDC semiconductor counterpart, MoS2, the bandgap of  WS2 changes from an indirect bandgap 

of 1.3 eV in the bulk material to a direct bandgap of 2.1 eV in monolayer form [52,54], making it attractive 
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for use in a new generation of 2D material-based FETs, with lower leakage currents and potential for 

improved dynamic ranges in sensing devices, when compared to graphene [55]. 

Growth 

Both MoS2 and WS2 can be obtained by mechanical exfoliation like other layered materials, like graphene. 

Although this method allows obtaining pristine crystals, there is a lack of control of the sample size and 

number of layers [18,54]. Liquid phase exfoliation and hydrothermal synthesis have also been reported 

for the obtention of few-layer MoS2 and WS2, but the method that has provided better results for large-

scale growth of these 2D TMDCs is chemical vapor deposition (CVD) using Mo or W and S precursors 

[18,52,54]. Still, large-scale synthesis of 2D TMDCs remains a challenge due to the difficulty in controlling 

the edges composition and presence of S vacancies which affect the interaction of the materials with the 

environment [52,54].  

FET operation in biosensing 

Using TMDCs in a FET configuration provides a similar detection mechanism to that studied for graphene, 

although the transistor characteristics are different from the carbon-based material. Shortly, the presence 

of charged biomarkers acts as a dopant element, shifting the threshold voltage of the FETs (similar to VCNP 

shift in graphene). This shift is often followed by the change in source-drain current for a fixed source-

drain voltage [55,56]. However, unlike graphene, which has inherent high carrier mobility, MoS2 and WS2 

interfaced with a high-k dielectric, like Hafnium oxide (HfO2), are often used for improved channel mobility 

and suppressed scattering effects [53] as represented in the scheme of Figure 10A.  

  

(A) (B) 
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Figure 10. A field-effect transistor using a 2D TMDC (MoS2) as channel material (A), and correspondent 

transfer curve for different source-drain fixed voltage values (10 to 500 mV). Reproduced from [52,57]. 

The use of the high-k dielectric for stabilization of the electrical properties of TMDCs is not consensual as 

it can reduce the sensitivity for biosensing due to the increased distance between the 2D channel and the 

biorecognition events. As such, biosensor development strategies using HfO2 and without dielectric are 

explored as exemplified in Figure 11. 

 

(A) 

  

(B) (C) 

Figure 11. MoS2-based FETs for biosensing. (A) MoS2-based FET with biorecognition at the high-k gate 

dielectric (HfO2) used to improve the electrical properties of the TMDC channel. (B) MoS2-based FET with 

biorecognition directly at the TMDC channel. (C) MoS2-FET transfer curves with exposure to increasing 

concentrations of a positively charged protein. Reproduced from [58,59]. 

In the devices with high-k dielectric, the sensing occurs at the dielectric interface with the charge of 

biomarker being capacitively-coupled with the TMDC channel, shifting the threshold voltage of the FET 

without significant changes in the transconductance [58–60]. In FETs without high-k dielectric, 

biorecognition occurs directly on the TMDC surface with the biorecognition event modulating the on-state 

transconductance, attributed to disordered potentials forming at the MoS2 layers [58–60]. It is proposed 

Antibody 
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that the use of the high-k dielectric improves the electrical properties of the TMDC semiconductor, 

reaching carrier mobility values up to 200 cm2.V-1s-1 [53,60]; however, it is argued that the inherent 

hydrophilic nature of the dielectric requires the use of more extensive functionalization processes which 

increase the distance between the surface and the biorecognition event, reducing the device sensitivity 

[59,60]. As such, it is still unclear which approach is more advantageous for the operation of TMDC-

based FETs for biosensing. 

1.3.   Application: Hemorrhagic Transformation  

Ischemic stroke is a complex disease and a significant public health problem requiring an early detection 

system to reduce human disability and deaths worldwide. Thrombolytic therapy with tPA (tissue 

Plasminogen Activator) is the only pharmacological therapy effective for acute cases of ischemic stroke 

[61], restoring blood circulation in the occluded vessel, but it is tightly restricted in its therapeutic window 

(< 4.5 hours from stroke onset) [61]. Moreover, hemorrhagic transformation (HT) is a side effect 

commonly associated with the thrombolytic treatment, caused by disruption of the damaged vessel upon 

restoration of blood circulation [61–63]. Stratification of the patients is performed based on general risk 

factors, such as blood pressure, weight, and neuroimaging, which can provide information on diffusion-

perfusion mismatch, infarct volume, proximal occlusion, and leukoaraiosis, that indicate increased risk 

[62] of HT. However, this stratification strategy does not accurately predict lesion growth and hemorrhagic 

transformation risk [64], mainly due to the time required to analyze neuroimaging data [64].  

Thanks to the knowledge of ischemic stroke pathophysiology, several protein biomarkers have been 

studied and appointed as predictors of the risk of HT after stroke onset [62,63,65,66]. Based on the 

stratification of the patients using these biomarkers, the number of patients treated increases, reducing 

the mortality and morbidity associated with stroke [67]. Part of the problem of detecting the risk of HT is 

the heterogeneity of ischemic stroke [61], implying that several markers must be simultaneously studied 

to give a safe diagnostic. In terms of protein biomarkers, some have been proposed for their role in 

different physiological processes of ischemic stroke that can lead to HT: Matrix Metallopeptidase 9 

(MMP9), cellular Fibronectin (c-Fn), Platelet-Derived Growth Factor-CC (PDGF-CC), Angiopoietin-1 (Ang1), 

Neuroserpin and Calcium-binding protein S100β. 

Several studies correlate elevated levels of MMP9 present in blood serum with the higher risk of 

developing HT [64,68–70]. MMP9 belongs to the family of metallopeptidases, proteins involved in the 

destruction of microvascular integrity by degradation of the extracellular matrix and the basal lamina. 

Within MMPs, MMP9 is the only one that can be independently correlated with blood-brain barrier 
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disruption (also a risk factor for HT) and HT. Several reports suggest a cutoff value for MMP9 with 

concentrations equal to or higher than 140 ng/mL [62,65]. 

High cellular Fibronectin (c-Fn) levels have also been reported as a predictive factor of HT [65]. Fibronectin 

is a type of adhesive glycoprotein that promotes cell-cell and cell-matrix interaction. Plasma fibronectin 

(p-Fn) is usually produced by hepatocytes (liver), but in plasma, we can also find small concentrations of 

c-Fn, produced by endothelial cells [71]. As c-Fn is mainly confined in endothelial tissue (blood vessels 

component), high concentration levels of this protein in serum might indicate endothelium damage, i.e., 

vascular injury [71]. c-Fn plasma concentrations higher than 3.6 μg/mL predict HT development with 

high sensitivity [62,65]. Although detection of c-Fn shows low specificity for HT when combined with the 

detection of MMP9, the specificity increases to 87%, providing a safer diagnosis [65]. 

It is also reported that increased PDGF-CC levels are related to the development of HT [68,72]. PDGF-CC 

is an isoform of the family of platelet-derived growth factors (PDGFs) involved in cell proliferation processes 

and regulation of the survival and migration of mesenchymal cells, such as smooth muscle and glial cells 

[72]. PDGFs are also involved in the extracellular matrix and tissue remodeling regulatory processes and 

are crucial for angiogenesis and hematopoiesis  [72]. Even though PDGFs exist in four different isoforms, 

from A to D, only isoform PDGF-CC is activated by tPA, increasing blood-brain barrier (BBB) permeability, 

and it has been shown that blockage of PDGF-CC receptor, PDGFα, reduces tPA related complications in 

mice models [68,72]. Although more research is required, a 175 ng/mL cutoff value was proposed for 

HT prediction with a sensitivity of 90% and specificity of 88% [72]. 

Angiopoietin-1, a specific growth factor for endothelial cells, known for its role in vascular remodeling, 

maturation, and stability, was shown to have decreased expression after the ischemic event [73].  

Neuroserpin is a specific serine protease inhibitor for the brain and is involved in brain development, 

neuronal survival, and synaptic plasticity [61]. Neuroserpin is known to react with tPA inhibiting the 

plasminogen action, and so it is considered to have a neuroprotective effect in brain ischemia [61,74]. It 

has been reported that neuroserpin levels are negatively correlated with MMP-9 and cFN levels within 

24h of stroke onset, and low levels of neuroserpin have been correlated with brain damage [61,74]. 

Reports established that a poor outcome of stroke patients could be predicted for serum levels of 

neuroserpin below 70 ng/mL. Furthermore, there is a significant association between the cutoff value of 

neuroserpin and the levels of the previously mentioned brain injury biomarkers (MMP-9 ≥ 140 ng/mL, 

cFN > 3.6 μg/mL) [74]. 

Another protein related to increased HT risk is the calcium-binding protein S100β [62,66,75]. S100β is 

a glial protein related to intracellular calcium regulation with cellular differentiation and motility [66]. When 
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present at low concentrations, it has a protective and trophic role; however, high levels of this protein are 

toxic and pro-apoptotic [66]. It is known that in humans, S100β is at concentrations 40 times higher in 

the cerebrospinal fluid than in serum, and so an increase of this protein in serum is indicative of BBB 

disruption/damage [75]. It is proposed that concentrations above 0.23 µg/mL can be associated with 

HT risk, but the authors advise that for diagnostic, single protein detection is not enough [62,75] 

In line with the above discussion, several authors have mentioned that the single protein-based diagnosis 

is not enough to safely analyze the risk of HT development in a patient [64,73,74]. Therefore, multiplex 

assays are the key to obtaining a more reliable stratification of stroke patients, as exemplified by the 

increase in specificity of diagnostic provided by the addition of the analysis of MMP9 levels to the c-Fn 

level analysis [65]. 

The major challenge for stratification using protein biomarkers is related to the developing detection 

systems that can detect multiple markers and be adapted to have different sensitivities and dynamic 

ranges for each biomarker. Approaches to this problem are further discussed in Section 2.2 of this 

chapter. 

 

2. State of the art 

2.1.    Field-effect transistors for biosensing 

In FETs made of 1D and 2D materials, provided the material is chemically stable, the low-dimensionality 

allows the channel to be directly exposed to the target-containing electrolyte. It is not the case in 

conventional FETs made of bulk materials, where the channel is buried at the interface between a solid-

state dielectric and the semiconductor. Compared to bulk materials, graphene is a highly advantageous 

option due to its 2D nature and intrinsic properties, such as high carrier mobility, low electrical noise, and 

chemical stability [16]. As so, the use of this material as a channel for FET devices unlocks the potential 

for highly sensitive and fast FET-based biosensors. Devices based on 1D materials present similar 

advantages. However, their use is limited because of the difficulty and cost of large-scale fabrication of 

1D materials [76]. 

Moreover, precise control of their structural and electronic properties is so far elusive, resulting in 

significant variability in device performance [59]. Therefore, 2D materials, compatible with standard 

planar technology, are logic alternatives for FET-based biosensor development. This chapter discusses 

the recent developments in biosensing using 2D-material-based FETs, focusing on graphene and MoS2. 

2.1.1. Graphene bio-FETs 
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 Surface functionalization 

The unique fundamental properties of graphene [44], particularly the chemical stability and extreme 

sensitivity to near-surface charges and electric fields, suggest its use for biomolecular detection [77–79]. 

However, the hydrophobicity and high sensitivity to charges and electrical fields result in substantial 

interference from nonspecific molecular adsorption and thus poor selectivity of unmodified graphene 

sensors for bioanalytes when operating in an aqueous physiological environment. Accordingly, graphene 

surfaces need to be functionalized [79–81] with specific biomolecular probes to produce selective and 

specific biosensors, thereby minimizing nonspecific adsorption and ensuring that the biorecognition of 

the target dominates the surface binding events.  

Several strategies have been proposed to functionalize graphene surfaces, as summarized in Table 1, 

ranging from direct immobilization of probe molecules to non-covalent modification with a linker molecule 

[79–83].  

Initially proposed graphene FETs (GFETs) for biosensing used direct exposure to the target to show the 

ability for sensing of charged biomolecules, showing non-specific detection of BSA [84] and cholesterol 

[85], among others. However, to provide specific detection of the biomolecules, probes are essential. 

Some authors have proposed direct immobilization of probes on graphene, including nanoparticle-tagged 

antibodies and DNA probes [80,86–88], odorant-binding proteins [89], DNA [90], and antibodies [79]. 

Although these systems can provide specific detection of the intended biomarkers, prevention of non-

specific binding to the graphene surface is not accounted for. Additionally, some probe biomolecules can 

lose conformation in contact with graphene due to the high surface hydrophobicity, hindering the 

specificity to the probe.  

The most common strategy for biosensor development with GFETs is using a linker molecule between 

graphene and the probe. This linker allows the preservation of the electrical characteristics of graphene 

and provides stabilization to the probe molecule [42]. The linker can be immobilized in the surface by 

covalent bonding in graphene or rGO defects [81,91,92], or by non-covalent π-π interactions [89,93–

106]. Graphene's covalent functionalization introduces sp3 centers in the sp2 network as reaction sites. 

Specific detection of pharmaceutical compounds [107], insulin [92], and virus [81] was achieved using 

diazonium chemistry to create carboxylic acid sites, which are then activated and stabilized with 1-ethyl-

3-[3-(dimethylamino)propyl]-carbodiimide hydrochloride/sulfo-N hydroxysuccinimide (EDC/s-NHS) 

[81,92,107]. The probes are then immobilized by reaction with the NHS group. Although covalent 

modification is highly reliable, it destroys the aromaticity of the graphene lattice, leading to poorer 

electrical characteristics when compared with pristine graphene. 
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 Non-covalent functionalization allows rendering the graphene surface specific for detection while keeping 

the 2D lattice intact. One common non-covalent approach is aromatic linkers that self-assemble on the 

graphene surface by π-π interaction (hydrophobic stacking). This interaction is quite stable and achieves 

binding energy of almost 0.1 eV per carbon atom [16]. Aromatic linkers allow the modification of graphene 

with functional groups and the immobilization of antibodies, DNA, nanoparticles, or other biomolecules 

[16,108]. The use of aromatic compounds, mainly pyrene-based compounds, as linkers is a general 

approach for biosensor development in GFETs due to the preservation of graphene properties and the 

possibility for covalent binding with virtually any biomolecule. The linker which appears more often is a 1-

pyrene butyric acid n-hydroxysuccinimide ester (PBSE), which allows immobilization of probe 

biomolecules through the NHS-ester group. This linker is reported in the development of GFETs for 

biosensing by several authors [42,83,89,93–103,109,110] for detection of proteins 

[42,94,95,98,99,101,109,110], DNA [83,93,96,100], aromatic compounds [89] and others [102]. 

PBSE has been reported as an effective linker for GFET biosensors due to its strong adhesion to graphene 

[111–115] and simple chemistry for probe immobilization [116,117]. 

The probes for biomolecular recognition are the main element to provide specificity to the biosensor in 

development. As in other systems, using a linker with an NHS-ester group allows reaction with amino 

groups of biomolecules, creating a covalent amide bond between the linker and the probe [116,117]. 

This reaction is readily achieved in proteins (including antibodies), which are rich in amine groups [3] but 

can also be achieved with DNA probes or aptamers if the molecule is modified to have an amine-group 

at the extremity intended for binding with the linker [118]. From the reported studies in Table 1, it is 

possible to observe that the probe's choice is mainly related to the intended biomolecular target (DNA, 

protein, odorants, etc.).  

DNA single-strand sequences immobilized into the GFET surface provide excellent specificity, 

distinguishing even between the complementary strand and a strand with a single base-pair mismatch 

[83,87,118,119].  The main limitation regarding DNA detection is the often-small amount of genetic 

material available in samples for detection. However, GFETs have shown extremely high sensitivity for 

these biomolecules due to their negative charge, and small size (immobilization of probe and recognition 

close to graphene), indicating this technology is suitable for developing highly sensitive geno sensors [16].  

Two main approaches were reported for detecting other biological targets such as proteins, viruses, 

bacteria, and others: using antibodies and aptamers as probes. Antibodies are large proteins composed 

of two heavy polypeptide chains (about 50 kDa each) and two light chains (about 25 kDa each) linked by 

disulfide bonds, which are organized into constant and variable regions [3]. The variable regions of 
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antibodies provide the specificity to a protein/antigen and correspond to the region where biorecognition 

occurs [3]. Antibodies are obtained by exposure to the immunogenic agent in an organism that will 

generate a specific immunological response, hence antibodies that can be extracted. Antibodies are 

widely used as a probe for biosensors in general, and in GFETs, several reports use this probe to provide 

specific detection of proteins [79,86,92,94,95,101,103], viruses [81], and toxins [98,120], among 

others.  

Aptamers are short single-stranded DNA or RNA sequences which fold into well-defined 3D structures 

that form binding regions for specific targets [121]. Specific aptamers are obtained synthetically from a 

library of millions of sequences selected through affinity reactions with the target  [121]. Aptamers have 

been proposed to replace antibodies due to the low fabrication cost. However, selecting a specific aptamer 

is still costly and time-consuming, while the library of antibodies is much more developed. Still, there are 

many reports of the use of specific aptamers for the detection of antibiotics [102], toxic metals [105], 

and proteins [97,109,110]. 

Independently from the chosen probe element (DNA, antibodies, aptamers), it is vital to consider the 

probe's affinity and stability, which is key to a well-functioning and specific GFET based biosensor. 

Additionally, the functionalization process is most likely not perfect in terms of probe surface coverage, 

meaning that after probe immobilization, some linker molecules can be left unreacted, and graphene can 

still be partially exposed. Consequently, there is the need for a passivation/blocking strategy to avoid the 

non-specific binding of sample elements to the linker or the graphene surface. Although some reports 

overlook this step, it has been shown that it is critical to improve specificity and reduce noise [3,16]. 

Strategies for chemical surface passivation mainly focus on the inactivation of free NHS-ester groups of 

the linkers used, with ethanolamine and bovine serum albumin (BSA) being widely reported as blocking 

agents [42,79,100–102,120,81,83,92–97]. Still, some reports also concern the passivation of exposed 

graphene to avoid non-specific interactions, using either surfactant-containing buffers [82,86] or 

polyethylene glycol (PEG) based compounds [81,92,99,103,110]. Chemical passivation of the GFETs is 

key to improving detection in biological samples, rich in salts and non-specific elements that can interact 

with the graphene surface. Some reports suggest an increase in sensitivity by reducing the Debye 

screening using PEG molecules between the probe molecules [29,103,110,122], making the passivation 

step highly important for biosensor development for clinical applications. 

Applications 
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Graphene FETs can detect a wide range of targets depending only on the surface functionalization to 

provide biorecognition specificity. There are extensive reports for detecting DNA, proteins, toxins, and 

other targets for various applications. The focus of this work is on medical applications. Therefore, the 

explored state-of-the-art research is mainly directed to this application area. A resume of explored 

biomarkers and general biosensor parameters achieved in bio-GFETs is presented in Table 2.  

Although graphene FETs for biosensing can be operated with back gating or electrolyte gating, the second 

system seems to be preferred due to the possibility of using the sample solution as an electrolyte for the 

measurement. As such, there are more reports for electrolyte-gated graphene FETs (EG-GFETs) than for 

other GFET architectures, as noted in Table 2.  

Still, some reports propose biosensing with back-gated GFETs to detect proteins, DNA, and other 

biomolecules with high sensitivity, with reported LoD in the femtomolar range [79,94,100–102,107]. One 

such example reports human chorionic gonadotropin (hCG) [94], a protein biomarker of trophoblastic 

and testicular cancer and an indicator of fetus development during pregnancy. This GFET system (using 

CVD-grown graphene) uses a four-probe electrical measurement to extract the transistor characteristics 

with a solid back-gate. After non-covalent functionalization with a pyrene-based linker, specific antibody 

(anti-hCG antibody) immobilization and passivation with bovine serum albumin (BSA), exposure to hCG 

at concentrations ranging from 0.1 pg/ml to 1 ng/ml increased the normalized resistance with increasing 

concentration, with an LoD of about 0.1 pg/ml (~27 fM). Zheng et al. [100] report a system with a similar 

architecture for the detection of DNA. The CVD-grown graphene was functionalized with PBSE (π-π 

hydrophobic stacking), then an amine-modified DNA sequence was immobilized, and passivation for non-

specific interactions with ethanolamine followed [100]. The functionalized devices were exposed to 

complementary DNA (cDNA), one-base mismatched, and non-complementary DNA (non-DNA), showing 

a high sensitivity with an LoD of 10 fM, and a wide dynamic range up to 100 pM. Although the proof-of-

principle results with the back-gated architecture seem promising, there is a lack of further development 

of these sensors, with some research groups switching from back-gated systems to electrolyte-gated ones 

[92,107] due to the possibility of using the sample solution as the electrolyte for real-time measurements. 

One such example is reported by Lerner et al., who report the detection of an opioid (Naltrexone) graphene 

FETs with a LoD of 29 pM [107] using back-gate architecture, and later reports immune-detection of 

insulin in an electrolyte gated system, with a similar LoD (100 pM). Further work from the same research 

group used preferentially electrolyte-gated GFETs to detect clinical biomarkers (e.g., zika virus [81]). 

Several EG-GFETs systems are under development with great potential, as evidenced by the proof-of-

principle reports summarized in Table 2. Several approaches have been considered to access 
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biorecognition-induced variations in the EG-GFETs signal, with the voltage variation of the minimum 

conductivity point (a.k.a. Dirac point voltage) and the source-drain current variation being the most 

reported parameters for signal extraction. The signal extraction method does not seem to be related to 

the kind of biomarker detected, although the evaluation of source-drain variation seems to be preferred 

in rGO-based devices which do not operate as well as FETs as the CVD-graphene based ones (extraction 

of VCNP might be more difficult in rGO-based FETs).  

EG-GFETs are reported for DNA detection with high sensitivity reaching an LoD of 25 aM [83]. Attomolar 

sensitivity is also reported for detecting thyroid-stimulating hormone (TSH) [103] by immunosensing, 

reaching an LoD of 200 aM in saline solution and 800 aM in whole serum, with detection up to 10 nM. 

This variation in sensitivity between buffer and human serum is critical for developing clinical applications 

since, ideally, the EG-GFET should be able to detect the biomarker of interest in a biological 

sample/complex medium. Several reports explore detection in saline solutions, exhibiting promising 

features in terms of LoD and dynamic range for detecting elusive biomarkers. However, research still 

needs to be done to detect biological samples and multiplexing biomarker detection to push the EG-GFETs 

technology to a clinical biosensor. 

2.1.2. Transition-Metal Dichalcogenide bio-FETs 

Surface functionalization 

Functionalization is a crucial step to provide specificity to the FET biosensor. In the case of TMDC-based 

FETs, the functionalization approach changes with the biorecognition surface since it can either be the 

TMDC material or a high-k gate dielectric (Section 1.2.2, FET operation in biosensing). In general, for 

devices where biorecognition occurs directly in the TMDC layer, no linker is used, being the immobilization 

of the specific probe dependent on the hydrophobic nature of the TMDC [56,59,123]. Such systems have 

been reported for specific detection of antibodies [59,123], cancer biomarkers  [59,123], and glucose 

[56]. Other reports propose probe immobilization by modification of the probe with Ni ions which are to 

interact with MoS2 [124] or surface modification with silanes, (3-Aminopropyl)triethoxysilane (APTES), and 

glutaraldehyde for probe covalent immobilization [60,125]. 

The APTES + glutaraldehyde method is more commonly associated with HfO2 coated TMDC-FETs since 

there is an extensive literature on the modification of oxide surfaces for biomolecules immobilization using 

this method [58,60,126]. One of the reported studies in Table 1 [60] uses this surface modification 

system in MoS2-FETs with and without HfO2 coating to immobilize Anti-Human TNF-α to compare the 

biosensor properties of both transistor structures. 
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Applications 

Semiconductor TMDC use in biosensing is residual compared with the use of graphene, mainly due to 

the maturity of the growth methods for those materials, which still need much improvement to allow 

wafer-scale device fabrication as it is done with graphene-based devices. Still, some reports have explored 

the potential for biosensing with MoS2-based FETs, as it is the most researched TMDC. Most of these 

reports focus on detecting using back-gated FETs (Table 2) even though the earlier reports of biosensing 

with MoS2 are in electrolyte-gated configurations [55,58]. 

Sarkar et reported the first-ever working MoS2-based FET for biosensing [58]. In this work, HfO2-coated 

MoS2 was modified with APTES, and streptavidin was immobilized for specific detection of biotin as a 

proof-of-principle biosensor. As shown in Figure 12A, exposure to 10 µM of streptavidin reduces the 

source-drain current and positively shifts the threshold voltage (VTH) [58] as expected by the capacitive 

coupling effect caused by the accumulation of negatively charged biomarkers at the dielectric surface. 

  

(A) (B) 

Figure 12. Transfer curves of MoS2-based transistors with a high-k dielectric coating over the 

semiconductor channel. (A) Electrolyte-gated system for streptavidin detection in the functionalized HfO2 

surface [58]. (B) Back-gated system for detection of TNF-α in the functionalized HfO2 surface [60]. 

Adapted from [58,60]. 

In back-gate configurations using the HfO2 dielectric over the MoS2 semiconductor channel, the charge 

accumulation effects are similar, with the difference of the device operating at much higher voltages. As 

shown in Figure 12B, exposure to increasing concentrations of a  negatively charged biomarker (TNF-α, 

pI < pH of buffer) shifts the threshold voltage positively, without changing the shape of the transfer curves, 

indicating preservation of the electrical properties of the device [60]. However, many of the back-gated 

MoS2 FETs suggested in the literature for biosensing do not use the high-k dielectric over MoS2 to promote 
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direct detection at the channel as reported for graphene. The detection of TNF-α in HfO2-coated channels 

and exposed MoS2 was compared in the same report [60]. In insulator-free sensors, the group reported 

a consistent reduction in the source-drain current with increasing concentrations of the biomarker, 

indicating a reduction of the transconductance (or the charge carrier mobility) [60], meaning that although 

detection is also achieved in the dielectric-free system, it comes at the cost of degradation of the electrical 

properties of the FET device.  
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Table 1. Resume of functionalization strategies used on different configurations of 2D-materials based FETs for biosensing.  1 

Architecture Signal Surface Linker Probe Passivation Target Ref. 

Back gate 

Channel Resistance 

variation, 

normalized to R0 

Graphene 
- 

Anti-IgG 

(Au NPs label) 
- IgG [80] 

Anti-ANXA2 

+ Anti-VEGF 

+ Anti-EN01 
BSA 

ANXA2 

VEGF 

EN01 

[79] 

PBSE Anti-hCG hCG [94] 

rGO 
- 

(Au NPs) 
Anti IgG Blocking buffer IgG [86] 

Dirac point voltage 

variation 
Graphene 

Diazonium chemistry (covalent) 

+ EDC/Sulfo-NHS 
µ-opioid receptor (protein) - 

Naltrexone 

(opioid) 
[91] 

PBSE PNA Ethanolamine DNA [100] 

Source-Drain current 

variation 

Graphene 

- - - Cholesterol [85] 

PBSE 
Anti-CEA 

Ethanolamine 
CEA [101] 

Aptamer Kanamycin A [102]  

MoS2 

- 

- 

- 

IgG 
[59] 

Anti-PSA PSA 

- Glucose [56] 

Anti-PSA 
BSA 

PSA 
[123] 

Anti-IgG IgG 

Ni-based chemistry µ-opioid receptor (protein) 

- 

DAMGO [127] 

APTES + glutaraldehyde 
NHS-biotin Streptavidin 

[125] 
Anti-IL-1β IL-1β 

MoS2/ HfO2 APTES + glutaraldehyde Anti-Human TNF-α TNF-α [60] 

 

Electrolyte gate 
Gate voltage variation Graphene 

Pyrene Butyric Acid (PBA) 

+ N-(1-pyrenyl)maleimide (PyMal) 
Anti-TSH (F’(ab)) Thiol-PEG TSH [103] 
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Electrolyte gate 

PBSE Aptamer - Thrombin [104] 

Alginate-calcium microcubes 

GOD 

 

Glucose 

[128] 
Urease Urea 

Anti-APOA1 coated magnetic 

beads 
APOA1 

Dirac point voltage 

variation 

Graphene 

PBSE 
DNA Ethanolamine cDNA [83] 

Aptamer 

Amino-PEG 

+ Ethanolamine 

PSA [110] 

Diazonium chemistry 

+ Pyrene chemistry 

+ EDC/Sulfo-NHS 

Anti-insulin Insulin [92] 

Pyrene chemistry Aptamer, 8-17 DNAzyme - Lead (PB2+) [105] 

- DNA - 

cDNA 

[90] 

- Au NPs + Thiol-DNA - [87] 

PBSE DNA Ethanolamine [93] 

Pyrene-1-boronic acid Pyrene-1-boronic acid - Glucose [106] 

rGO 
PBSE Anti-PSA  PSA-act [95] 

PBSE PNA Ethanolamine DNA [96] 

Gate capacitance 

variation, 

normalized to C0 

Graphene 

Diazonium chemistry 

+ Pyrene chemistry 
Anti-Zika NS1 

Amino-PEG 

+Ethanolamine 
Zika virus [81] 

- - - BSA [84] 

rGO Ply-L-Lysine Anti-AFB1 BSA AFB1 [120] 

Source-Drain current 

variation 
Graphene PBSE Aptamer Ethanolamine IgG [97] 

Source-Drain current 

variation, 

normalized to I0 

rGO 

- OBP14 

- 

Homovanillic acid 

[98] 

PBSE 

Anti-BSA 

Anti-aflatoxin B1 

BSA 

AFB1 

OBP14 
Methyl Vanillate 

Eugenol 
[89] 
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Biotin 
PEG 

Streptavidin 
[99] 

- Fibronectin 

rGO + NPs 

Cysteamine 

+ glutaraldehyde 
Ebola antibody 

0.1% SuperBlock 

Tween 20 in PBS 
Ebola antigen [82] 

- Thiol-DNA - DNA [88] 

MoS2 / HfO2 

APTES 

+ glutaraldehyde 
Anti-PSA 

- 
PSA [55] 

APTES (sulfo-NHS)-biotin Streptavidin [58] 

NPs – nanoparticles; Au NPs – gold NPs; EDC/Sulfo-NHS - 1-ethyl-3-[3-(dimethylamino)propyl]- carbodiimide hydrochloride/sulfo-N hydroxysuccinimide ; PEG – polyethylene glycol; PBSE - 1-

pyrenebutyric acid n-hydroxysuccinimide ester; BSA – bovine serum albumin; hCG – human chorionic gonadotropin; CEA – carcinogembryonic antigen; PSA – prostate specific antigen; IgG – 

immunoglobulin G; GOD – glucose oxidase; OBP14 – odorant binding protein 14; AFB1 – Aflatoxin B1; APTES – (3-Aminopropyl)triethoxysilane; DAMGO – ([D- Ala2, N-MePhe4, Gly-ol]-enkephalin); 

IL-1β – Inter Leucin 1β; TNF-α - Tumor necrosis factor α; DNA – Deoxyribonuclease; TSH – Thyroid stimulating hormone; ANXA2 – Annexin A2; VEGF – Vascular Endothelial Growth Factor; ENO1 

– α-enolase 1. 

2 
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Table 2. Resume of biomarkers detected using different configurations of 2D-materials based FETs, with the limit-of-detection (LoD) and dynamic range reported. 3 

LoD and Dynamic range units were homogenized to molarity for easier comparison between reports. 4 

Architecture Signal Surface 
Sensor type 

(by recognition element) 
Target LoD Dynamic Range Ref 

Back gate 

Channel Resistance 

variation, 

normalized to R0 

Graphene 
Immunosensor 

IgG 13 pM - [80] 

ANXA2 

VEGF 

ENO1 

21 – 25 fM 

25 fM – 25 nM 

26 fM – 26 nM 

21 fM – 21 nM 

[79] 

hCG < 27 fM 27 fM – 27 pM [94] 

rGO IgG 1.3 pM 1.3 pM – 1.3 µM [86] 

Dirac point voltage variation Graphene 
Protein-based sensor 

Naltrexone 

(opioid) 
29 pM 29 pM – 29 µM [91] 

DNA sensor DNA 10 fM 1 fM – 100 pM [100] 

Source-Drain current 

variation 

Graphene 

- Cholesterol - 3 mM – 21 mM [85] 

Immunosensor CEA < 600 fM 600 fM – 600 pM [101] 

Aptamer Kanamycin A 10 nM 1 nM – 1 µM [102] 

MoS2 

- IgG - 67 fM – 667 nM 
[59] 

Immunosensor PSA 36 fM 36 fM – 360 pM 

Enzymatic sensor Glucose 300 nM 300 nM – 30 mM [56] 

Immunosensor 
PSA 36 pM 36 pM – 29 nM 

[123] 
IgG 36 pM 36 pM – 60 nM 

Protein-based sensor DAMGO 3 nM  - [127] 

Biotin-Streptavidin sensor Streptavidin 1 fM 1 fM – 300 fM 
[125] 

Immunosensor IL-1β 1 fM 1 fM – 500 fM 

Immunosensor TNF-α 60 fM 60 fM – 60 pM [60] 
MoS2 / HfO2 
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Electrolyte gate 

Gate voltage variation Graphene 

Immunosensor TSH 
200 aM 

800 aM (whole serum) 
10 fM – 10 nM [103] 

Aptamer Thrombin - 10 nM – 300 nM [104] 

 Hemagglutinin H5  500 zM−500 pM  

Immunosensor α-fetoprotein 145 pM 145 pM – 14.5 nM [129] 

Protein-based sensor IgE 5.3 pM 5.3 pM – 526 pM  [130] 

Biotin-Streptavidin sensor Streptavidin - 5 µM [131] 

Dirac point voltage variation 

Graphene 

DNA sensor cDNA 25 aM 1 aM – 100 pM [83] 

Aptamer-based sensor PSA 10 nM 1 nM – 1 µM [110] 

Immunosensor Insulin 100 pM 100 pM – 10 µM [92] 

Aptamer-based sensor Lead (PB2+) 180 pM 180 pM – 115 nM [105] 

DNA sensor cDNA 

1 pM 1 pM – 100 nM [90] 

100 pM 100 pM – 500 nM [87] 

100 fM 100 fM – 1 nM [93] 

Metabolite sensor Glucose - 2 µM – 25 mM [106] 

rGO 
Immunosensor PSA-act 3.8 fM  3.8 fM – 38 nM [95] 

DNA sensor DNA 100 fM 10 fM – 1 nM [96] 

Gate capacitance variation, 

normalized to C0 

Graphene 
Immunosensor Zika virus 450 pM - [81] 

- BSA 300 pM 300 pM – 300 nM [84] 

rGO Immunosensor AFB1 
300 zM 

(10-4 ppt) 

300 zM – 3 fM 

(10-4 – 1 ppt) 
[120] 

Source-Drain current 

variation 
Graphene Aptamer-based sensor IgG 290 pM 290 pM – 340 nM [97] 

Source-Drain current 

variation, 

normalized to I0 

rGO 

Immunosensor 
BSA 

AFB1 

100 pM 

33 pM 

1 nM – 25 µM 

33 pM – 10 nM [98] 

Odorant sensor 

(Protein-based) 

Homovanillic acid - 100 nM – 100 µM 

Methyl Vanillate 

Eugenol 

- 

- 

100 nM – 200 µM 

100 nM - 250 µM 
[89] 
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Biotin-Streptavidin sensor Streptavidin 300 nM 300 nM – 20 µM 
[99] 

- Fibronectin 0.5 nM 0.5 nM – 220 nM 

rGO + NPs 
Immunosensor Ebola Antigen 26 pM 26 pM – 12 nM [82] 

DNA sensor DNA 2.4 nM 48 nM – 5 µM [88] 

MoS2 / HfO2 
Immunosensor PSA 375 fM 375 fM – 3.75 nM [55] 

Biotin-Streptavidin sensor Streptavidin - 100 fM – 10 µM [58] 

rGO – reduced Graphene Oxide; NPs- nanoparticles; BSA – bovine serum albumin; hCG – human chorionic gonadotropin; CEA – carcinogembryonic antigen; PSA – prostate specific antigen; IgG – 

immunoglobulin G; GOD – glucose oxidase; OBP14 – odorant binding protein 14; AFB1 – Aflatoxin B1; DAMGO – ([D- Ala2, N-MePhe4, Gly-ol]-enkephalin); IL-1β – Inter Leucin 1β; TNF-α - Tumor 

necrosis factor α; DNA – Deoxyribonuclease; TSH – Thyroid stimulating hormone; ANXA2 – Annexin A2; VEGF – Vascular Endothelial Growth Factor; ENO1 – α-enolase 1. 

 5 
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2.2.    Biosensors for clinical applications 

Part of this section is reproduced from the publication “The Challenges of Developing Biosensors for 

Clinical Assessment: A Review” by Briliant Adhi Prabow, Patrícia D. Cabral, Paulo Freitas and Elisabete 

Fernandes, in Chemosensors 9(11) (2021) 299  

(https://doi.org/10.3390/chemosensors9110299) 

Personal Contribution: Writing of section 5, editing, and reviewing of the full article. 

 

Initiating research in biosensing applied to the diagnosis of diseases is still challenging for researchers, 

be it in the preferences of biosensor platforms, selection of biomarkers, detection strategies, or other 

aspects (e.g., cutoff values) to fulfill the clinical purpose. There are two sides to developing a diagnostic 

tool: biosensor development and clinical. From the development side, the research engineers seek the 

typical characteristics: sensitivity, selectivity, linearity, stability, and reproducibility. On the other side are 

the physicians who expect a diagnostic tool that provides fast acquisition of patient information to obtain 

an early diagnosis or an efficient patient stratification, consequently making assertive and efficient clinical 

decisions. The development of diagnostic devices always involves assay developer researchers working 

as pivots to bridge both sides whose role is to find detection strategies suitable to the clinical needs by 

understanding (1) the intended use of the technology and its basic principle and (2) the preferable type 

of test: qualitative or quantitative, sample matrix challenges, biomarker(s) threshold (cutoff value), and if 

the system requires a mono- or multiplex assay format.  

Although different biosensor technologies are available and under development, this thesis focuses on 

2D material-based field-effect transistors as a technology, meaning that the development challenges 

discussed here will focus on the biomarker detection and clinical requirements discussed in the published 

review [10]. 

2.2.1. Biosensor development challenges 

In the development of a biosensing system, the analytical performance allows us to understand the 

capabilities and limitations of the technology and essentially analyze if it addresses a specific application 

or not. Several general parameters indicate the performance of a biosensor, such as the sensitivity, limit 

of detection (LoD), specificity, reproducibility, and dynamic range (DR). Therefore, it is essential to have 

an intended clinical purpose before developing a biosensor. For example, diagnosing some complex 

diseases requires the detection of multiple biomarkers with specific cutoff values, meaning that those 

biomarkers may exist in an ordinary person but at constant or low concentrations. This issue is one of 

https://doi.org/10.3390/chemosensors9110299
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the most challenging aspects to address in developing a diagnostic tool. The device needs to look for 

multiple rather than individual biomarkers and distinguish between certain levels of those biomarkers, 

rather than distinguishing a minimal concentration from zero. In this case, the biosensors’ sensitivity, 

dynamic ranges, and resolutions may be critical parameters to address. Therefore, the detection strategy 

should be optimized considering the complexity of the biomarker(s), the affinity of the biorecognition 

elements, the clinical cutoff values, the relevant dynamic range, and the sample matrix. [10] 

The biosensor sensitivity, i.e., response signal for every unit of the target sample’s concentration, is 

typically enhanced by improvements on the signal-to-noise ratio (SNR), which can be achieved by the use 

of sandwich assays [132–134], nanoparticle-based labels [135–137], or use of high surface area 

materials (1D or 2D materials) [124,138–140]. 2D materials for the advanced sensing structure can be 

graphene [81,141,142] that enhances the detection down to attomolar to femtomolar ranges [143–145]. 

Other 2D materials, such as molybdenum disulfide (MoS2), reported being able to boost the detection 

down to the femtomolar range for protein [58] and DNA detection [146], respectively.  [10] 

The dynamic range is the concentration window between the signal response's maximum and minimum 

usable indication. Nevertheless, the signal response does not always increase proportionally to the target 

concentration in the dynamic range, particularly in the extremely low or high concentration target. 

Therefore, another term that biosensor experts use is the linear dynamic range to determine the biosensor 

signal response in the linear region of the fitting curve. The linear dynamic range is a trade-off parameter 

compared with the sensitivity (i.e., when the sensitivity value is high, the detection range will be small). 

On the other hand, if the application requires a significant linear range performance, the sensitivity of the 

biosensor will be lower [147,148]. The dynamic range can be enhanced by increasing the surface area 

of the sensing. However, when developing detection strategies for clinical biomarkers, determining the 

valid dynamic range is the cutoff value (threshold) of the interest biomarkers. Technology may allow a 

log-linear range, but depending on the device’s intended use, the researcher may need to adjust several 

parameters (if possible) to obtain a narrower dynamic range. The use of different structures of sensing 

[148,149], diluted and label tailoring [67], varying the concentration of biorecognition elements [150], 

and the use of antibodies with different affinities [151] are some of the parameters that can be 

manipulated to achieve the pretended sensitivity and dynamic range. [10] 

The general concept of sensing is distinguishing a particular substance from others (selective) and 

capturing a particular target (specific). Therefore, the biosensing system should be configured to detect 

a specific target through selective and robust affinity binding with the specific biorecognition element. The 

quality of the biological components will determine the specificity and, consequently, the sensitivity of the 
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developed detection strategy. Moreover, complex samples may require two labels (dual-labeling) to 

increase the assay specificity [152]. Measurements of the non-complementary samples are compared to 

those with the specific target to evaluate specificity. A functional biosensor should distinguish these 

different samples producing significantly different response signals. Ideally, the non-specific target’s 

resulting signal level is similar to the zero-concentration measurement of the biosensor. Nevertheless, in 

the presence of a high concentration of non-specific targets, a false positive or drift signal can appear due 

to non-specific bindings and interferences. Several attempts have been reported to improve the specificity 

and low fouling binding during the biosensing measurements, either in competitive assays or complex 

media such as serum or whole blood. For example, by blocking assays [153–155], polymer brush, and 

zwitterionic functionalization surface [156–159], also by using label and sandwich assays to obtain a 

specific signal [160–162]. In immunoassays, monoclonal antibodies are also recommended to obtain 

high specificity and lower cross-reactivity events [163]. [10] 

Besides the challenges associated with the mentioned analytical performance parameters, in the case of 

complex diseases in medical science, analyzing a single biomarker is not enough to evaluate the biological 

or pathogenic process. Therefore, assessing a panel of biomarkers is required to improve the specificity 

and accuracy of the diagnosis. In the case of complex diseases in medical science, analyzing a single 

biomarker is not enough to evaluate the biological or pathogenic process. Therefore, assessing a panel 

of biomarkers is required to improve the specificity and accuracy of the diagnosis. For example, Duffy 

2020 [164] noted that PSA single biomarker detection is not enough to assess the prostate cancer state. 

The study proposed additional biomarkers such as PHI (Prostate Health Index), 4K score, and prostate 

cancer gene 3 (PCA3) as the panel biomarkers. The 4K score itself contains the total PSA, free PSA, 

intact PSA (a form of free PSA), and human kallikrein 2 (hK2) [164]. Another panel of biomarkers has 

been proposed to evaluate colorectal cancer (CRC). In clinical practice, the RAS gene family (KRAS and 

NRAS), BRAF, HER2, and microsatellite instability (MSI) have been reported as candidates for the panel 

of biomarkers [165]. A panel of biomarkers has also been proposed for ovarian cancer assessment [166]. 

These findings in medical sciences can be a valuable milestone for the clinical application of biosensors 

to perform panel biomarkers simultaneously. [10] 

A cutoff value needs to be considered for each of the biomarkers of interest for clinical diagnosis since 

this value can help provide the stage for disease diagnosis [10]. Therefore, a comprehensive analysis of 

the biomarkers in the context of the clinical diagnostic is critical for developing a biosensing method able 

to improve clinical decisions. For example, in the case of prostate cancer, a study suggested a clinical 

cutoff value for the PSA biomarker of 4 ng/ml in blood. In patients, the PSA concentration can reach up 
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to 104 ng/mL, while it is usually below 0.1 ng/mL in healthy people. As such, patients with a PSA 

concentration higher than 4 ng/mL are required to perform a biopsy analysis. Another study 

recommended that the range of 2–4 ng/mL be considered the grey area, although it will decrease the 

TP rate [167]. Although only one biomarker is detected, if the biosensor is sensitive enough (LoD below 

4 ng/mL), it can increase the chance for diagnostic of prostate cancer at an earlier stage of the disease, 

improving the chances of a positive outcome for the patient. Another option could be the inclusion of 

multiple biomarkers in the initial analysis as suggested by Duffy 2020 [164], which proposed the use of 

additional biomarkers such as prostate cancer gene 3 (PCA3), and the Prostate Health Index (PHI), 4K 

score. These biomarkers must be thoughtfully studied to determine a cutoff value and the entire panel 

for clinical analysis. [10] 

The cutoff value for multiple biomarkers must be determined to achieve precision and accuracy in the 

clinical diagnostic tools of complex diseases. One such example can be seen for stratification ischemic 

stroke patients for tPA) therapy. A group of researchers from clinical neurosciences proposed a panel of 

biomarkers that reflect patients undergoing ischemic stroke [63]. It was proposed that for levels of cellular-

Fibronectin (c-Fn) above 3.6 µg/mL [62,65], Matrix Metalloproteinase 9 (MMP9) above 140 ng/mL 

[62,65], Platelet-derived Growth Factor-CC (PDGF-CC) above 175 ng/mL [72], Neuroserpin below 70 

ng/mL [74], and the calcium-binding protein S100β above 230 ng/mL [62,75], the patients can be at a 

higher risk on developing a hemorrhagic transformation (HT) after tPA treatment. Although the detection 

of each biomarker is not specific for HT risk, the combination of at least two biomarkers (c-Fn and MMP9) 

can provide a detection specificity of 87%, increasing the chances of a safe diagnosis and improving 

clinical decision [65]. [10] 

It is also essential to notice that the same biomarkers could be used to diagnose other diseases as long 

as the cutoff values and biomarker combination are adjusted to the clinical condition at the study. Wood 

et al. [168] also reported optimizing multiple parameters in a particle-based platform to achieve detection 

of 3 different analytes (multiplex assay) with different ranges of relevant concentrations. Parameters such 

as particle concentration [67,168], capture antibody affinity [67,168], measuring conditions [67], and 

sample preparation (e.g., dilutions) [67,168] affect the outcome of the developed assay and can be tuned 

to fit the necessary cutoff for the clinical application being targeted. [10] 

As such, biosensor platform application to the clinical environment depends on adjusting its dynamic 

range to cover the clinical cutoff concentration of the biomarkers and provide multiple biomarker detection 

to provide specific diagnostics. [10] 

2.2.2. Hemorrhagic transformation risk assessment 
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As mentioned previously (sections 1.3 and 2.2.1), to tackle the clinical emergency of ischemic stroke, a 

single biomarker is not enough to provide a clear assessment of the risk of hemorrhagic transformation 

(HT) after tPA therapy [65,74,75]. However, to the moment, few biosensor technologies reported 

detection of the interest biomarkers [67,169–172], and only one report was found dedicated to a 

biomarker of the panel in the context of HT risk assessment [67]. 

The detection of MMP9 and cFn has been reported by using different technologies [67,169–172]. 

Mohseni and colleagues used surface Plasmon Resonance (SPR) to develop an immuno-sensor for MMP9 

detection, which achieved limits of detection (LoD) in the order of pg/mL by refractive index changes in 

the sensor upon the recognition event [170]. Recently, using a similar technique, Sankiewicz and 

colleagues developed an SPR imaging system for immuno-detection of fibronectin, achieving an LoD in 

the ng/mL range [172]. Other authors report MMP9 detection using electrochemical techniques with LoD 

in the range of pg/mL [169,171] to ng/mL [173]. However, consideration for the clinical relevance of 

the biosensor parameters is lacking in these reports. In the case of HT risk assessment, the biosensor 

must be tuned to provide a linear dynamic range that covers the relevant cutoff value, i.e., 3.6 µg/mL for 

cellular fibronectin. A recent report by Fernandes et al. [67], which results from a partnership between 

the assay developers and the clinical staff, explores the specific detection of cellular fibronectin and tuning 

of the biosensor performance to match the clinically relevant parameters of the biomarker [67].  

The significant challenges for developing effective assays for HT risk assessment within the relevant time 

window for tPA therapy are related not only to the fine-tuning of the sensitivity and dynamic range reported 

[67] but also with the multiple biomarker analysis (multiplex assay) and sample processing to reduce 

operator influence and effects of the complex samples on the sensing system.. 

3. Motivation 

As reviewed in the previous sections, there is a lack of diagnostic tools for the stratification of stroke 

patients. A panel of six biomarkers (Angiopoietin-1, Cellular Fibronectin, Matrix Metallopeptidase -9, 

Neuroserpin, Platelet-Derived Growth Factor-CC, and S100β) can be used to predict which patients have 

the risk of developing HT, allowing the assessment of the adequate and efficient clinical treatment of 

stroke [70–72,74]. The main goal of this thesis is the application of 2D material-based immuno-FETs to 

detect the defined panel of biomarkers.  Using a widely studied 2D material (graphene) as a sensing 

surface in a FET configuration will be explored to provide label-free and fast analysis of the biomarkers of 

interest, focusing on MMP9 and c-Fn for initial assessment of the biosensing technology. 
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Field-effect transistors are tested and optimized for biosensing, considering the application's needs for 

chemical and biological exposure often overlooked in microfabrication. The graphene surface is further 

studied to confirm its potential for biofunctionalization and specific detection of protein biomarkers. 

Biosensor development is then reported combining the graphene FETs and the biofunctionalization 

methodology, using reference biomarkers (e.g., BSA) and then the clinically relevant biomarkers. 

Biosensor development allows studying the devices’ sensing parameters and assessing how they fit the 

clinical application. Besides, the effects of the biological sample and potential for direct detection are 

accessed, keeping in mind that sample processing using operator-free systems (microfluidics) might need 

to be developed later to optimize biomarker detection. 

The present document is divided into six chapters. The first chapter (Chapter I – Introduction) reviews 

field-effect transistors as biosensors, the properties of 2D materials that make them appropriate for 

biosensing applications, and the current state of the art applying of these materials. This chapter (Chapter 

I – Introduction) also reviews the clinical ischemic stroke physiopathology and limitations in current 

analysis and treatment derived from lack of efficient stratification tools and the most recent advances in 

biosensing development for complex diseases. Chapter II (Microfabrication and characterization of EG-

FETs) reports the development and optimization of the microfabrication processes for EG-GFETs 

compatible with biosensing applications. Chapter III (Biofunctionalization of 2D materials) reports the 

study of the surface chemistry to achieve a consistent and stable functionalization methodology for 

graphene surfaces. Chapter IV (Assessment of graphene immuno-FETs for detecting stroke-related 

biomarkers) discusses the effects of the exposure of charged proteins in EG-GFETs, specific detection of 

the interest protein biomarkers (MMP9 and c-Fn), and variability within and between EG-GFETs from the 

same batch. Chapter V (Biological Matrix studies) reports the effects of the exposure of EG-GFETs and 

mimic surfaces to the clinical sample of interest (human serum) and shows the potential of the developed 

devices for real-sample analysis. The final chapter (Chapter VI – Future Work) resumes the limitations of 

the present work with proposals for improvement of the technology and assays. Supplementary 

information to the chapters is found in the Appendixes at the document's end. 
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Chapter II – Microfabrication and characterization of EG-FETs 
 

 

 

 

 

The contents of this section are present in the publication ” Clean-Room Lithographical Processes for the 

Fabrication of Graphene Biosensors” by Patrícia D. Cabral, Telma Domingues, George Machado, Jr., 

Alexandre Chicharo, Fátima Cerqueira, Elisabete Fernandes, Emília Athayde , Pedro Alpuim and Jérôme 

Borme, in Materials 13 (2020) 5728 (https://doi.org/10.3390/ma13245728).  

 

 

Personal  Contribution:  Methodology development, data processing and analysis, investigation, 

original draft writing, reviewing, and editing. 
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1. Introduction 

Since first obtained by the exfoliation of graphite [44], graphene has been explored in numerous 

applications [16,174,175] due to its outstanding properties, such as high carrier mobility [16,174], low 

intrinsic electronic noise [16,94], chemical stability [16,39,94], high sensitivity to electric charges in its 

vicinity [16,174], and record surface-to-volume ratio [94,174]. Graphene has been used as the building 

block for various electronic biosensing systems, with high sensitivity [175]. Among them, electrochemical 

sensors [176] and field-effect transistors (FETs) are the most common. Graphene FETs (GFETs) make 

use of graphene sensitivity to electric fields and charges [16,177] to produce the output signal of the 

sensor, operating at low voltages [177]. Additionally, GFETs are compatible with the upscaling of the 

sensor fabrication process [177]. GFETs can be found as top-gated, back-gated, or in a combined 

geometry, for the detection of a variety of molecules/biomolecules and ions [175], including pH [84], 

glucose [175], deoxyribonucleic acid (DNA) [175], proteins [94], and hormones [175]. Graphene is a 

zero-bandgap material that generates electrons and holes under an applied transverse electric field, which 

is a process known as electrostatic gating [16]. Therefore, an electron or hole drain current is generated 

for positive or negative gate voltages, with a minimum value at the charge neutrality point (CNP), where 

graphene is considered non-doped [6,16]. In a top gate GFET, a liquid electrolyte can replace the 

commonly used solid dielectrics (electrolyte-gate GFET, EG-GFET), usually a thin Al2O3 or SiO2 film [39]. 

In this configuration, the gate potential falls in the nanometer-thick electrical double-layers (EDL) forming 

at the solid–electrolyte interfaces, providing a high gate capacitance to operate the transistor at a very 

low voltage. The possibility of detecting small changes in GFET transfer characteristics due to minute 

changes in the interfacial charge distribution that modulates the gate capacitance paves the way for 

ultrasensitive biosensing. Thus, EG-GFETs are ideal candidates for molecular sensing with electronic 

transduction [6,19]. EG-GFETs are commonly built without the reference gate electrode (Figure 13), which 

is then added as an external, cumbersome metallic wire (made of gold, platinum, or silver) used for 

measurements [19]. Making the gate electrode part of the wafer, coplanar with the source, and drain 

electrodes allows for planar technology single-lithographic mask contact fabrication as well as design 

flexibly regarding the transistor layout [19,39]. 
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Figure 13. Working model of a typical graphene field-effect transistor in which a liquid electrolyte 

replaces the commonly used solid dielectrics (EG-GFET). A fixed voltage is applied between the source 

and drain contacts, and the current output is measured as a function of the gate-source voltage. Dielectric 

passivation is applied on top of the source and drain contacts to avoid interaction of the electrolyte at 

these regions to improve signal stability. VGS—gate-source voltage, IDS—drain-source current. 

When designing EG-GFETs, it is crucial to consider their application, e.g., the device's environment, to 

decide design and fabrication steps. Electrolyte gating implies using liquids on top of semiconductor 

materials that typically degrade upon contact with aqueous solutions. Moreover, semiconductor and 

dielectric materials are prone to host ions that diffuse inside their lattices, degrading the materials or 

making electronic measurements unstable. Therefore, except graphene, the passivation of surfaces in 

contact with the electrolyte is recommended to prevent/minimize such effects [19]. The passivation layer 

can be done by coating the wafer surface with photoresist [19], epoxy resin [33], or silicon nitride (SiNx) 

and silicon oxide (SiO2) layers [34,35]. An adequate protection strategy allows to place the electrolyte over 

a large number of devices without cross-talking [36], reduce leakage current [33], reduce drift due to ion 

diffusion, and prevent damage of the metallic electrodes [36]. Thus, when designing a biosensors 

process, it is essential to consider permeability to salts and solvents to choose the passivation layer 

material. If polymers are chosen, they must be resistant to saline solutions [36] to avoid degradation 

upon exposure to biological solutions. If silicon-based materials are used, one must consider that SiO2 is 

much more permeable to ions than SiNx. A higher permeability may allow ions from the test solution to 

reach the current lines and cause drift, cross-talking between electrodes, or corrosion of the metallic 

contacts [36]. 
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For example, dimethylformamide (DMF) as a graphene cleaning agent after wafer fabrication and as a 

solvent in the graphene's non-covalent functionalization [42] would not be allowed in polymeric 

passivation. Although DMF does not dissolve SU-8, it degrades and unseals continuous films [178]. One 

of the initial stage designs developed in this work and tested with a master student observed that DMF 

damages the direct-write epoxy resist mrDWL1x, promoting its release from the surface and re-deposition 

elsewhere, which renders the device unusable [179]. Passivation using SiO2 or SiNx layers allows exposing 

the devices to all solvents without compromising the passivation. However, it implies more complex 

lithographic and etching processes, thus increasing the fabrication cost. 

In conclusion, it is of paramount importance to keep in mind the application of the EG-GFET when 

designing the passivation of current lines. An important consideration is to decide at which point of the 

fabrication process the passivation layer should be added. Overall, lithographic processes involving 

aggressive patterning steps (e.g., dry etches, lift-off processes) should be avoided once graphene is 

transferred onto the wafer since they increase the number of residues left on graphene [39]. Therefore, 

inorganic passivation layers should be patterned before graphene transfer. However, this leaves the 

source and drain contacts unprotected since they receive graphene in a subsequent step. Leaving those 

contacts exposed to the electrolyte contributes to signal instability due to varying electrolyte potential 

during gate voltage sweeps [19] and device-to-device variability due to uneven coverage of the large 

electrode area with graphene, namely at its edges. In summary, the passivation layer's optimized design 

recommends adding it only after graphene transfer, protecting all surfaces except the graphene channel 

and the metal gate electrode, which is exposed to the electrolyte. However, this collides with the earlier 

stated principle of avoiding lithography of hard layers in the presence of graphene. 

Passivation based on photoresists is done in a relatively straightforward process, using one lithographic 

step only followed by development in solution (a mild process) and sometimes a final bake to harden the 

layer. However, for passivation based on SiNx/SiO2, the process implies more aggressive steps, e.g., 

plasma-based etching or sputtering depositions that can affect graphene integrity [39]. Some authors 

avoid dry etching steps by patterning the passivation layer via wet etch using a strong basis or acid [180]. 

However, chemically dangerous solutions (e.g., buffered hydrofluoric acid (HF)) should be avoided for 

safety. Moreover, it is common to observe an undercut when performing wet etch, promoting the 

passivation layer's peeling. An alternative proposal combines the two strategies, avoiding dry etch directly 

on graphene (partial dry etch) and reducing the times required for wet etch to limit the undercut effects. 

Dependence on wet etch processes always limits reproducibility and process upscaling [34]. 
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There are additional constraints that need to be met when considering dry etching on graphene. The 

suggestion of the presented work is to use a stopping layer on the graphene active regions preceding the 

passivation layer's deposition. The stopping layer serves two purposes: protect graphene during dry 

etching and provide a dry etch-resistant surface signaling the process's end. For the deposition of the 

stopping layer, atomic layer deposition (ALD), thermal evaporation, and sputtering can be considered. 

ALD, owing to its low deposition rate, can only be deposited in thin layers. The ALD of aluminum oxide is 

beneficial for the thin gate dielectric in transistor structures. However, because graphene is hydrophobic, 

the ALD of aluminum on graphene must be preceded by an evaporated aluminum layer, which turns into 

an oxide layer by natural oxidation and presents a good surface for the ALD growth [181,182]. However, 

for a thin aluminum oxide stopping layer, there is no necessity to use ALD provided physical vapor 

deposition systems are used under conditions that minimize graphene damage. Here, we chose the 

stopping layer material from those possible to grow under milder sputtering conditions.  

Another critical step in EG-GFET fabrication is graphene transfer. For applications requiring electronic 

grade material, there are few choices available beyond mechanically exfoliated graphene from highly 

oriented pyrolytic graphite (HOPG), Chemical Vapor Deposition (CVD) being one of them [48]. Still, 

mechanical exfoliation is not an alternative when a large area is required (wafer-scale fabrication). 

Graphene grown by thermal CVD on copper catalysts or the Si face of SiC wafers is currently the preferred 

solution to provide high-quality graphene over a large area [37]. The first approach is the most popular 

because of its low cost and high versatility [37], allowing the transfer of graphene onto virtually any 

substrate type. If precise control of the oxygen supply to the Cu surface during growth is put in place, 

huge crystal size and carrier mobility can be achieved [49]. Graphene grown on SiC wafers has the 

advantage of growing natively on a transparent insulating substrate and enables transfer-free fabrication 

of optoelectronic devices [50]. However, monocrystalline SiC substrates are too expensive to be used in 

large-scale production, and graphene grain size is limited by the atomic terraces' sub-micrometer width, 

unlike CVD graphene. Although wet transfer methods of CVD-grown graphene give the most promising 

results for the large-area fabrication of GFETs, there are still challenges related to surface contaminants 

[37,38] often overlooked in the biosensing field [17]. After graphene transfer and patterning, visible 

residues of different origins (polymethylmethacrylate (PMMA), metal residues) are almost always found 

on the device surface. Residues on the sensing surface hinder functionalization and promote the non-

specific binding of biomolecules in undesired areas [17]. It is crucial to search for new strategies to 

improve surface cleaning after graphene transfer and patterning. After etching graphene from undesired 

surfaces (e.g., from the gate electrode), the residues attached to it (mainly metal contaminants) are not 
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entirely removed from the surface, bringing reproducibility usability issues to the biosensing device. In 

this work, we address strategies to improve surface cleaning after graphene patterning. Those issues are 

critical in fabricating EG-GFET biosensors with the highest sensitivity and lowest limit of detection. 

2. Materials & Methods 

2.1.  Materials 

Table 3. Materials and reagents. 

 Description Supplier 

Materials 

Cu foil, 99.99 + % purity Good Fellow 

200 mm Si wafer, P-doped, 1–100 Ω cm, < 100 >  Silicon Valley Microelectronics, Inc. 

Si wafer with thermal oxide, 100 nm Siegert Wafer 

Hexamethyldisilazane (HMDS) Technic 

PMMA 15 kDa, powder Sigma-Aldrich 

PMMA 550 kDa, powder 
Alfa Aesar 

FeCl3, 98% 

KOH flakes, 90%  Sigma-Aldrich 

Solvents 

Dimethylformamide (DMF), 99.75% 
Sigma-Aldrich 

Anisole, ≥99% 

Acetone, 99.5%  
Honeywell 

Isopropanol (IPA), 99.8% 

Photoresists 

AZ1505 
Microchemicals GmbH 

 
AZP4110 

AZ400k 1:4 

mrDWL1_XP Micro Resist Technology 

AR 300.47 Allresist 

mrDev600 Micro Resist 

Solutions HCl, 37% Sigma-Aldrich 

2.2.  Clean-Room Fabrication Tools 

2.2.1. Deposition Tools 

For thin film deposition on the 200 mm wafer and 4 × 4 cm samples, different sputtering, and chemical 

vapor deposition (CVD) tools are used depending on the material requirements. A Kenosistec DC 
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magnetron sputtering system is used to deposit thin metallic films of Cr, Au (contacts), Cu, and Ni 

(stopping layer). The base sputtering pressure is between 5 × 10−7 and 8 × 10−7 mbar. The sputtering 

conditions are 20 sccm Ar, 80 W, 300 mA for Cr; 6 sccm Ar, 100 W, 200 mA for Au; 20 sccm Ar, 100 

W, 100 mA for Cu; and 15 sccm Ar, 100 W, 300 mA for Ni.  

A Timaris FTM RF sputtering system is used to deposit films of Al2O3 (RF cathode, 200 sccm Ar, 2570 

W), TiW(N) (DC cathode, 200 sccm Ar, 40 sccm N, 1000 W, 3 A), and AlSiCu (DC cathode, 200 sccm 

Ar, 2250 W, 6 A) for the sacrificial and stopping layers. All sputtered materials are obtained from high 

purity sputter targets. The AlSiCu mass composition is Al98.5Si1Cu0.5 (mass fraction). TiW(N) is obtained 

from Ti10W90 (mass fraction) and sputtered in N plasma. 

An SPTS MPX plasma-enhanced CVD, Newport, United Kingdom, is used to deposit films of SiO2 and SixNy 

for the passivation layer. 

Single-layer graphene (SLG) was grown by chemical vapor deposition in a load-locked quartz tube 3-zone 

furnace (FirstNano EasyTube® 3000) onto 99.99 + % purity copper (Good Fellow) foils (25 µm thickness). 

For growth, a gaseous mixture of methane/hydrogen at a gas flow rate ratio of CH4:H2 1:60 was used. 

Graphene grows on both sides of the copper foil. 

2.2.2. Lithographic Tools 

The wafer/samples for lithography are prepared as follows. HMDS silanization is performed with YES 

Vapor Prime Oven 310TA, Livermore, CA, USA, to improve photoresist adhesion. Coating with the 

photoresists AZ1505 and AZP4110 is performed with Suss Microtec Gamma Cluster tracks, Garching bei 

München, Germany, with baking temperatures of 100 °C and 110 °C, respectively. 

Patterning of the photoresist films is done using Direct Write Laser Lithography—DWL2000 with 405 nm 

laser. The masks for patterning are prepared with LibreCAD software. 

2.2.3. Dry Etch Tools 

The tools for dry etching are divided into two groups: the patterning of thin films and graphene. For contact 

layer patterning, a Nordiko Ion Milling system, Havent, UK, is used, with 300 s of etching at an angle of 

40° between the normal to the wafer plane and the incident ionic stream. The Ar plasma is 440 W with 

a working pressure of 4 × 10−4 Torr, and a −3200 V grid accelerates the ions before neutralization. 

For patterning of the passivation layer, an SPTS APS SiO2 Etcher, Newport, UK, is used with 150 s of 

plasma, for complete etching of the passivation, including 25% over etch. The reactive mixture contained 

C4F8 50 sccm, H2 30 sccm, and the working pressure is 6 × 10−3 mbar. 
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High-power O2 plasma in a Roth & Rau cold wall plasma-enhanced CVD system is used to clean the back 

side of the graphene catalyst Cu foil for 4 min (8 cycles of 30 s plasma) under 200 W of plasma and 

pressure 4 × 10−1 mbar. For patterning graphene, low-power O2 plasma is used in a PVA TEPLA Plasma 

Asher, Wettenberg, Germany, for 18 min (3 cycles of 6 min plasma) in conditions: 230 W, O2:Ar 1:1, 0.5 

mbar, or high-power O2 plasma is used in a SPTS ICP system for 30 s in conditions: 1200 W, O2 100 

sccm, 3 × 10−2 mbar. 

2.2.4. Dicing Tools 

To cut 4 cm by 4 cm testing samples and to dice the wafer into individual chips, a Disco DAD 3500 

Automatic Dicing Saw, Tokyo, Japan, is used, with a Mikrokerf 2.187-10-30H (hub-type blade, 254 µm 

width, 30 µm diamond grit in hard resin). Previously to dicing, the wafers are coated with AZ1505 

photoresist to keep the devices free of debris. The blade water flux is reduced to half the usual value to 

prevent damage to the graphene surfaces. The blade is spinning at 30 krpm, and the feed speed is 8 

mm/s. 

2.3.   Characterization Techniques 

2.3.1. Raman Spectroscopy 

Confocal Raman spectroscopy (WITec Alpha 300R, Ulm, Germany) is used to confirm single-layer 

graphene presence in transferred samples and detect variations in graphene quality after microfabrication 

processes. Raman data analysis is done using WITec Project FOUR+ software, Ulm, Germany. All samples 

are analyzed using a 532 nm Nd:YAG laser for excitation. The laser beam with power in the range 2 to 3 

mW is focused on the sample by a ×50 lens (Carl Zeiss, Jena, Germany), and the spectra are collected 

with a 600 groove/mm grating using 5 acquisitions each with 2 s acquisition time. Within each 

experiment, the laser power is fixed to allow a comparison of the acquired data. 

2.3.2. Scanning Electron Microscopy/Energy-Dispersive X-ray Spectroscopy 

Scanning Electron Microscopy (SEM), FEI NovaNanoSEM 650, Hillsboro, OR, USA, is used to study 

surface features and energy-dispersive X-ray spectroscopy (EDX) analysis. SEM images are collected in 

the secondary electron imaging mode at a 5 mm working distance and an operating voltage of 5.0 or 

10.0 kV, depending on the materials to be analyzed and the probing depth desired. 

EDX acquisition using Oxford Instruments INCA software, Oxfordshire, UK, is performed on selected 

regions from SEM images to confirm surface chemical composition and detect surface contaminants after 

completing the fabrication process. 
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2.3.3. Mechanical Profilometer  

KLA—Tencor P-16 Surface Profiler, Scotia, NY, USA, is used to measure photoresist films' step height 

after O2 plasma-based etching steps. 

2.3.4. Optical Interferometer 

OPM Nanocalc—Optical Profilometer/Interferometer, Ettlingen, Germany, is used to estimate SiO2 and 

SiNx films' thickness, using a deuterium–tungsten halogen light source. The thickness is determined by 

fitting to a model using reflected light between 40 and 800 nm. 

2.3.5. Optical Microscope 

Nikon Ni-E optical microscopes, Tokio, Japan, are used to assess the sample surface after each 

fabrication step visually. 

2.3.6. Graphene EGFET Electrical Characterization 

For acquisition on the transfer curves of the fabricated EG-GFET samples, the source and drain contacts 

of each transistor are connected to a Keithley 4687 Picoammeter, Cleveland, OH, USA, which applied a 

constant (1 mV) source–drain voltage (VSD), and the source–drain current (ISD) is measured. The high-

impedance gate circuit is formed between gate and source contacts. It is biased by applying a voltage 

(VGS) by a Keithley 2400 source meter, Cleveland, OH, USA, which is programmed to apply voltage ramps 

from 0.2 to 1.2 V in steps of 0.01 V. All the measurements were performed using 10 mM phosphate 

buffer as gate electrolyte to close the circuit. 

For full-wafer characterization, an automated wafer probe station is used. The graphene channels' 

resistance is analyzed by applying a constant voltage between source and drain (1 mV) and measuring 

the channel's current, using a Keithley 2400 source meter. No liquid electrolyte is added to the devices, 

and no gate voltage is applied (the gate contact is left floating). Channel resistance values by the device 

are obtained by processing the current measurements using MATLAB scripts. 

2.4. Microfabrication Methods 

2.4.1. Dry Etch Patterning 

For dry etch patterning, the samples were coated with positive photoresist AZ1505, and the pattern was 

written using a DWL2000 optical lithography system with a CAD mask and 405 nm laser. After exposure, 

the samples were developed with AZ400k 1:4 developer for pre-determined times according to the film 
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thickness. According to the etched layer, the dry etch was performed using different equipment (described 

in section 2.2.3.). 

2.4.2. Fabrication of Metal Contacts and Interconnects 

Following the strategy of maximizing lithography process steps before graphene transfer, we start the 

fabrication of the EG-GFET by depositing and patterning the source, drain, and gate contacts. A 200 mm 

Si wafer with 100 nm of thermal oxide is coated by sputtering with an adhesion layer of chromium (Cr, 3 

nm) followed by a conductive layer of gold (Au, 35 nm) and a sacrificial layer of alumina (Al2O3, 10 nm). 

The contacts were patterned into 513 square dies of 6.75 mm side using optical lithography and ion 

milling for etching the unprotected Cr/Au/Al2O3 into the desired pattern. The etching process is followed 

by Secondary Ion Mass Spectroscopy (SIMS) using the extinction of the Cr signal as endpoint criterion. 

The gap between source and drain contacts (the channel length) is fixed at 25 µm, and the width of the 

gold contacts is 83 µm in all devices (the channel width is 75 µm). The layout of the contacts is made to 

accommodate 20 graphene EG-GFETs divided into 4 groups of 4 FETs and 2 groups of 2 FETs, which is 

a layout specifically developed to perform multiplex assays in biosensing. The Si wafer is diced in chips 

of 4 × 4 cm2, each containing 36 dies, before performing the tests described in the following sections. 

2.4.3. Graphene Transfer  

For graphene transfer, a temporary poly(methyl methacrylate) (PMMA) substrate was used. PMMA was 

spin-coated onto the top side of the graphene/Cu/graphene sample, and copper was further dissolved 

by dipping the PMMA/graphene/Cu into a 0.5 M FeCl3 solution for 2 h. PMMA/graphene was cleaned in 

2% HCl solution to remove metal precipitates and washed in deionized water three times. 

PMMA/graphene films were transferred to the pre-patterned silicon/silicon dioxide (Si/SiO2) wafer 

substrate. After transfer, the sample is dried in the air overnight. Then, the PMMA is removed using 

acetone. Graphene quality, i.e., the homogeneity of the obtained graphene film after the transfer, is first 

investigated by optical images. Confocal Raman spectroscopy was used to confirm the presence of SLG.



Immuno-field-effect transistor platforms based on 2D materials for early 
detection of biomarkers of ischemic stroke  

53 
 

3. Results & discussion 

3.1.  Graphene Transfer and Pattern Leaving a Clean Wafer Surface 

In this study, graphene was grown by CVD in a hot-wall reactor (First Nano ET3000, New York, NY, USA) 

on high-purity Cu catalysts and transferred. The process was optimized to achieve monolayer films with 

low defect density, as shown by the Raman spectra in Figure 14. Graphene is transferred to the final 

substrate using a temporary polymeric substrate (PMMA) as described in section 2.4.3 of this chapter. 

  
(A) (B) 

Figure 14. Raman spectra of graphene as grown in Cu foil (A) and after transfer to a SiO2 substrate with 

gold contacts (B) in three different sample points (red, blue, and green represent individual sample 

points). 

Graphene transfer and patterning are crucial steps in the fabrication of graphene devices. Except for 

automated, continuous transfer systems [183], which are not universally available yet, the wet graphene 

transfer limitations are mostly user-related, requiring a trained hand to achieve reproducible results. 

At least two kinds of transfer-borne residues can come from the transfer process. Apart from polymeric 

residues, copper residues from the foil or iron precipitates from the FeCl3 etching solution may attach to 

the graphene film's bottom side, later sticking to the surfaces onto which graphene is transferred, shown 

in Figure 15. Precipitates can be reduced by using a metal-free etchant such as ammonium persulfate or 

using the HCl solution to dissolve the iron. Air bubbles present in the copper foil can lead to undissolved 

copper clusters after the dissolution process. Using fresh FeCl3 solutions and sequential dissolutions can 

improve the removal of Cu clusters. Regardless, small Cu atomic clusters and ions are consistently 

observed in the surfaces after graphene transfer, as shown by PIXE studies [184]. Those particles may 

not influence graphene's surface processes since they are performed on the top side (the residues are 

mostly trapped at the interface between the substrate and graphene) but are transferred to other exposed 
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wafer surfaces. In our design, where the top gate electrode is coplanar with the transistor channel, the 

exposure of this electrode during transfer leads to adsorption of the residues on the gold surface, as 

evidenced in Figure 15D. This contamination is also a source of parasitic signal because exposure to 

biological solutions leads to non-specific protein adsorption at the particle sites. In particular, if such sites 

are located on the gate electrode, changes in the voltage drop at the gate–electrolyte interface are 

observed [14,122]. This effect changes the biosensor's concentration-dependent behavior to a random 

behavior hindering interpretation, optimization, and device use. 

  
(A) (B) 

  
(C) (D) 

Figure 15. Optical microscopy photographs of a chip surface before and after graphene transfer. (A) 

Pristine surface with no visible contaminants with 5× magnification. (B) After graphene transfer, a great 

number of small particles are visible, even at 5× magnification. (C) After graphene removal through O2 

plasma etching, the particles/contaminants are still visible at 5× magnification, meaning they are 

permanently attached to the surfaces. (D) Transfer-borne residues on gold surface after graphene removal 

at 5× magnification. Scale bar of 200 µm for all photographs. 

3.1.1. Dry Etching 

The most common way to pattern graphene is reactive ion etching, using an oxygen plasma that readily 

attacks and removes carbon (Figure 16). For dense patterns or smaller features where mask transfer 
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accuracy is critical, a plasma technique with some ion bombardment level is necessary, such as 

commonly used inductively coupled plasma sources (ICP). Electron cyclotron resonance remote plasma 

sources (ECR) are suitable for isolated and micrometer-sized features. When using dry etching methods, 

the patterning material, photoresist, must be considered carefully to ensure it sustains the etching process 

while being easily removed after patterning, leaving few residues on graphene. The etch process's critical 

parameters are the radiofrequency (RF) power and the O2 partial pressure since they influence the etching 

efficiency and the exposure time that the photoresist can sustain. However, the process is dependent on 

the size of the etched area. For example, etching small substrates with a few tens of square centimeters 

is very different in etching time and uniformity than etching a 200 mm-wafer due to changes in the plasma 

current at the surface of the sample [185,186]. 

   
(A) (B) (C) 

 

Figure 16. Graphene patterning, after wet transfer, by standard O2 plasma etching. (a) After wet 

transfer, graphene covers all the surfaces of the devices. (b) Use of AZ1505 photoresist to protect the 

channel, source, and drain during O2 plasma etch of excess graphene. (c) Patterned sample with 

graphene covering the source and drain contacts and the channel between them.  

Two positive photoresists (AZ1505 and AZP4110) were exposed to plasma etching in a barrel reactor 

ECR plasma asher and an ICP reactive ion etching system. We first obtained conditions suitable for 

graphene etching in the two systems; then, we obtained the resist etch rate. To this goal, we measured 

the remaining thickness of 25 µm × 75 µm isolated resist features using a mechanical profilometer (KLA—

Tencor P-16 Surface Profiler) in between etching steps as a function of the total etching time (Figure 17). 

The figures for photoresist height variation with O2 plasma time indicate that the photoresist is etched 

much faster when using the ICP O2 reactive ion etching (RIE) (Figure 17B) than when using the ECR O2 

plasma source (Figure 17A). ECR shows different etch rates between the two photoresist masks (Figure 

17C and 17D). The high-power (1200 W) ICP leads to a ≈700 nm/min etching rate for both photoresists. 
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The low-power (230 W) ECR asher, with a sample temperature lower than 100 ◦C, leads to an etch rate 

of ≈30 nm/min for AZ1505 and of ≈70 nm/min for AZP4110. 

  
(A) (B) 

  
(C) (D) 

Figure 17. Effect of exposure time to O2 plasma using electron cyclotron resonance (ECR) plasma 

source and inductively coupled (ICP) plasma source on different positive photoresists. (A) Thickness 

variation of different positive photoresists as a function of exposure time to O2 plasma using ECR (low 

power) plasma source and (B) ICP (high power) plasma source. (C) AZ1505 photoresist profiles after 

each 2 min exposure to ERC (low power) O2 plasma, with an initial thickness of ≈1 µm, showing decrease 

in photoresist thickness in each additional 2 min step. (D) Profile of AZP4110 photoresist after each 6 

min of ERC (low power) O2 plasma, with initial thickness of ≈2.4 µm, showing a decrease in photoresist 

thickness in each additional 6 min step. 

Considering the etching times allowed by both methods, samples with pre-patterned contacts and 

graphene are patterned. For the ECR plasma source, the sample is coated with AZP4110 at 2200 nm 

(nominal thickness) to maximize the etch time. The sample is etched for a total time of 18 min divided 

into 6 min etching periods (to allow better temperature control of the sample). For the ICP plasma source, 



Immuno-field-effect transistor platforms based on 2D materials for early 
detection of biomarkers of ischemic stroke  

57 
 

the sample is coated with AZ1505 at 1035 nm (nominal thickness) and etched for 10 s. According to the 

values in Figure 17, both samples should end up with approximately the same photoresist thickness, 

ensuring proper protection of the graphene channels. The optical photographs in Figure 18 show efficient 

graphene removal for both methods. However, transfer-borne residues are also visible with high density. 

  
(A) (B) 

  
(C) (D) 

Figure 18. Optical microscope images of sample surface before graphene patterning (A, B) and after 

patterning with electron cyclotron resonance (ECR) (low power) O2 plasma source (C) and inductively 

coupled (ICP) (high power) O2 plasma source (D). Scale bars represent 200 µm for (A), 100 µm for (C), 

and 50 µm for (B) and (D). 

High power processes (above 1000 W [187]) are highly effective in removing graphene, with 10 s being 

enough for complete 200 mm-wafer patterning. However, removal of the photoresist mask is also swift, 

on the one hand, and high temperatures can be quickly achieved, increasing the risk of photoresist 

burning on the other. Consequently, the photoresist thickness and time of exposure to high power plasma 

needs optimization to ensure that the photoresist endures the process without being burnt/removed. The 

ICP O2 plasma is also expected to remove graphene transfer-related residues (e.g., PMMA) from the 

surface. However, the optimal time for graphene patterning without removing the photoresist is usually 

not enough to achieve good surface cleaning.  
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The use of low ECR-power O2 plasma requires an increased process time. Still, it allows for improved 

control of the system temperature, improves photoresist stability, and reduces at least 10 times the 

photoresist etch rate. Over time, organic residues' removal from the surface is also improved, and 

graphene is efficiently etched from an entire 200 mm wafer in less than 18 min. Therefore, in the following 

work, ECR-O2 plasma is preferred whenever the dry etching of graphene is required. 

The limitation for ECR-O2 plasma etching is removing metallic particles or other non-organic transfer-borne 

residues. As detailed in the introduction, these residues that come adsorbed to the backside of graphene 

upon transfer are not removed by O2 plasma and hinder device performance. A more elaborate strategy 

is necessary, preventing direct contact between residues and chip surfaces. In the next section, a lift-off 

process is studied to limit the wafer surface's contamination by debris resulting from the graphene 

transfer process. 

3.1.2. Lift-Off Based Transfer 

A lift-off inspired process could be an alternative to the standard dry etch patterning, allowing minimum 

graphene contact with unnecessary/undesired surface regions and achieving a cleaner fabrication 

process. Previous results from the 2DMD group with microelectrodes [176] show that when transferring 

graphene over a surface with relatively steep steps (above 100 nm), the film likely breaks and tears apart 

(crack propagation) at the step region. Therefore, we use a lift-off technique to transfer graphene only to 

the wafer regions where transistor channels form.  

For lift-off assisted wet transfer, a sample with gold contacts is spin-coated with a photoresist (AZ1505 

1035 nm or AZP4110 2200 nm) and patterned by optical lithography. The transfer region is left 

unprotected, as schematically shown in Figure 19. 

   
(A) (B) (C) 

 
Figure 19. Lift-off assisted graphene transfer and patterning. First, the sample is patterned by optical 

lithography to leave the source and drain electrodes and channel exposed (a). During graphene transfer, 
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the remaining surface is protected with photoresist (b) that is removed along with PMMA, leaving the 

surface of the devices clean (c). Graphene is represented as a red line. 

Graphene transfer is performed as described in section 2.4.3 using PMMA as a transfer substrate. The 

samples are annealed in a low vacuum (desiccator) for 2 h after the transfer to improve graphene 

adhesion. Photoresist dissolution coincides with PMMA removal. After PMMA removal, the samples are 

observed by optical microscopy to assess the lift-off process's success. The optical images in Figure 20(A 

and B) clearly show that the lift-off process quality is dependent on the size and distribution of the features 

patterned on the surface. Although a systematic breaking of the graphene film in the outer edges of 

features with a sub-millimeter area (≈0.4 mm2) in size is observed (Figure 20B), in more minor features 

(≈0.012 mm2), the breaking occurs randomly in regions out of the delimited pattern (Figure 20A, red 

rectangles), creating floating parts of the film that end up on top of the region of interest. For graphene 

features separated by short gaps (less than ≈20 µm), the graphene film does not break between the gaps 

even with 2.2 µm height steps, keeping its structural integrity instead of adhering to the surface after the 

photoresist removal. 

  
(A) (B) 

  
(C) (D) 

Figure 20. Optical microscope images of samples with pre-patterned gold contacts after graphene 

transfer/patterning. The size and density of the structures influences the efficiency in controlling the 
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breaking step of lift-off patterning, with small features (A) becoming poorly patterned and big features (B) 

becoming well defined. The final surfaces appear cleaner after graphene lift-off-based transfer and 

patterning (C) than with standard patterning by dry etch (D). The scale bars represent 200 µm, with 

exception of (A) where the scale bar represents 40 µm. 

The clear advantage achieved with the lift-off strategy is the final quality of the device surface. Figure 20C 

shows a cleaner gold surface when compared to the final surface of chips fabricated by dry etch 

techniques (Figure 20D), but it is only suitable for designs where the devices are separated from each 

other by at least some millimeters.  

3.1.3. Combined Approach 

Based on the results of Sections 3.1.1 and 3.1.2, particularly concerning the downsides of the dry etch 

(surface dirtiness) and the lift-off method (lack of patterning precision), a new combined strategy to 

improve the process is envisaged as shown in Figure 21.  

   
(A) (B) (C) 

   
(D) (E)  

Figure 21. Graphene transfer and patterning using a combined lift-off and O2 patterning method. (A) A 

photoresist sacrificial layer promotes the initial patterning of graphene and prevents the accumulation of 

transfer-related residues at the gate electrode. (B) During the transfer of graphene, the 2D material breaks 

at the borders of the photoresist. (C) Sample after initial patterning. (D) Standard O2 plasma etching for 
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fine-tuning of graphene patterning. (E) Patterned sample with graphene covering the source and drain 

contacts and the channel between them. 

As breaking occurred at the expected region for extensive features, this can be used to perform a pre-

patterning of graphene that keeps the relatively large (≈0.7 mm2) in-plane gate electrode clean after the 

transfer. Then, dry etching is used for precise graphene patterning in the channel area, leaving the gate 

electrode free of residues. An extra lithographic step is added, as schematized in Figure 21A-B and Figure 

22A, consisting of a large square area around the region of interest where graphene can contact and 

adhere to the surface. Inside that square, the photoresist protects the gate electrode, keeping it as clean 

as possible. After photoresist and PMMA dissolution, the graphene channels should then be patterned by 

RIE. 

  
(A) (B) 

Figure 22. Proposal (A) and execution (B) of the modified lift-off strategy for graphene transfer and 

patterning in two steps. Only the result of the first step (lift-off assisted transfer) is shown in (B) since the 

goal of gate protection is not achieved. The white arrows show the regions where graphene cracked in 

the mask limits. The darker region on the gate of device 4.285 is evidence of the re-deposition of loose 

graphene pieces during the lift-off process. In device 4.286, it is also visible that graphene did not break 

along the gate features, which were also protected with photoresist before the transfer. 

A test sample was prepared using a 2200 nm AZ4110 photoresist to transfer lift-off assisted graphene 

(Figure 22B). After transfer and PMMA removal, inspection by optical microscopy was performed to 

assess the patterning quality. Although the features were large and well separated, Figure 22B shows 

that crack propagation in graphene occurred only systematically in the photoresist mesa's outer limits, 

i.e., where distances between the photoresist steps were in the order of millimeters. The photoresist 

protection was dissolved in the region of interest, i.e., the gate electrode, without breaking the graphene 
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film. Therefore, the combined strategy was abandoned since graphene's mechanical properties make lift-

off a technique hard to master for patterning this material, leading to the accumulation of residues in the 

gate electrodes originating from the wet transfer process surface, compromising the performance of the 

device for biosensing. 

3.1.4. Pre-Transfer Sacrificial Layer 

The previous sections showed that lift-off patterning of graphene films returns inferior results compared 

to the patterning of standard materials by the same technique. Consequently, a novel methodology was 

designed, as schematically shown in Figure 23. A hard mask is used not to pattern graphene but to 

protect the substrate during graphene transfer and patterning by O2 plasma using a photoresist mask. 

Any contaminants not removed by the oxygen plasma are removed together with the hard sacrificial mask. 

The contaminants possibly deposited with graphene on the source and drain are not avoided. Still, they 

should not significantly affect the device performance since they are not in contact with the biological 

solutions. 

   
(A) (B) (C) 

   
(D) (E)  

Figure 23. Pre-transfer sacrificial layer to protect the chip surface from residues. (A) Preparation of the 

sacrificial layer via lift-off, leaning only the channel region and source and drain electrodes exposed for 

the graphene transfer. (B) Graphene transfers over the protected devices, where it only contacts the actual 

surface where desired. (C) Graphene patterning using O2 plasma (dry etching). (D) The exposed sacrificial 
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layer is removed by wet etch, removing the residues left on the transfer process's surface. (E) Finalized 

graphene transfer and patterning process, leaving the gold surfaces free of residues. 

The sacrificial layer should withstand the standard transfer process and patterning of graphene, and it 

should also be easily removed (e.g., dissolution), leaving the graphene intact. With that in mind, it was 

designed as follows: first, a buffer Al2O3 film was sputtered for physical separation of the Au surfaces from 

the sacrificial metal layers, avoiding inter-layer diffusion. Films with 10 and later 20 nm of Al2O3 were used 

to ensure this layer's stability during aluminum etch (the etchant is the same for both AlSiCu and Al2O3). 

The next layer in the stack is AlSiCu, the protective layer that avoids residues to deposit on the devices' 

surface. The capping layer is TiW(N) to allow all lithographic processes (the photoresist developer quickly 

dissolves AlSiCu and is too reflective for precise laser exposure). Al2O3 may replace TiW(N) as a capping 

layer to avoid repeated use of H2O2 to etch TiW(N), which increases the risk of damaging graphene (section 

3.2.2). 

At the point of the fabrication sequence where the sacrificial layer is added, only the contacts have been 

patterned, and so a standard lift-off can be used with no risk of damaging underlying layers. Thus, after 

a lithographic step that leaves the photoresist protecting the source, drain, and channel, the sacrificial 

layer stack is deposited by sputtering followed by lift-off using acetone and ultrasonic bath (Figure 24A). 

Next, graphene is transferred by wet transfer and PMMA is removed with acetone (Figure 24B), Then, 

graphene is patterned using three cycles of 6 min of a low power ECR-O2 plasma (Figure 24C and Section 

3.1.1). Wet etching of the sacrificial layer follows, using the photoresist from the previous step to protect 

graphene. H2O2 removes TiW(N), or AZ400k 1:4 developer removes Al2O3, depending on which material 

was used as the capping layer. AZ400k can etch both Al2O3 and AlSiCu, so it is used to etch the adjacent 

AlSiCu layer. The etch rate of AlSiCu is 10 times higher than that of Al2O3, so the etch time is adjusted to 

preserve the Al2O3 buffer layer. However, optical images after the process (Figure 24D, red circled regions) 

show the total removal of the Al2O3 film in certain areas due to the over-etch required for removal of the 

AlSiCu film (non-homogeneous etch). This forces to stop the fabrication process since gold is no longer 

protected. 
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(A) (B) 

  
(C) (D) 

Figure 24. Graphene transfer and patterning using a protective sacrificial layer. After preparing the 

sacrificial layer by lift-off (a), graphene was transferred (b) and patterned using O2 plasma (c). The 

sacrificial layer was removed (d) by wet etch while keeping the patterning photoresist on the sample. 

Scale bar of 200 µm for all photographs.  

A further increase in Al2O3 thickness could improve this result. However, it is difficult to envision because 

Al2O3 needs to be later selectively removed (before the dielectric passivation deposition, Section 3.2) by 

wet etching using an alkaline solution, causing unwanted dark erosion of the AZP4110 photoresist mask. 

Consequently, 20 nm seemed to be the maximum Al2O3 thickness compatible with this process. As an 

alternative, a thin layer of TiW(N) was deposited between the buffer layer of Al2O3 and AlSiCu. In this way, 

the wet etch of AlSiCu is accomplished with no attack on the Al2O3. Following the above process, a new 

sample is prepared and observed with the optical microscope revealing spotless surfaces with well-

patterned graphene transistors, as seen in Figure 25, which shows that the process is successful. 
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(A) (B) 

Figure 25. Optical microscope images reveal well-defined patterning of graphene (a) and clean surfaces 

after removing the sacrificial layer (b). 

A final comment on using TiW(N) or Al2O3 as a capping layer: partial removal of the sacrificial layer occurs 

upon graphene transfer (Figure 26) due to HCl residues trapped between graphene and the Al2O3 layer. 

If the graphene is transferred in a single step, this is irrelevant, and the Al2O3 capping layer can be used. 

However, if multiple transfers of graphene patches are required to cover the wafer, TiW(N) should be 

chosen because HCl does not degrade TiW(N). It should be as thin as possible to reduce the 

photoresist/graphene exposure time to H2O2 TiW (N) etch.  

  
(A) (B) 

Figure 26. Sacrificial layer damage induced by HCl residues of the graphene transfer process. (A) 

Damage occurs in small areas, as observed by the darker coloring of the sacrificial layer. Scale bar 

represents 1000 µm. (B) Inset of one of the damaged regions, exhibiting the TiW(N) layer beneath the 

"attacked" AlSiCu. Scale bar represents 50 µm. 

For these reasons, the sacrificial layer stack was defined as TiW(N) 5 nm/AlSiCu 100 nm/TiW(N) 15 nm. 

The wet etching process to remove it was H2O2 30% 150 s, then AZ400K 1:4 240 s, H2O2 30% 50 s. This 
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stack proved helpful in avoiding residues in the gold gate electrode since, after this process, the Al2O3 film 

on top of gold is particle-free (Figure 25B). 

3.2.  Fabrication of the Dielectric Passivation Layer 

Before designing the passivation layer, several points need consideration. First, consider the final use of 

the devices. In our case, a clean biosensing interface is obtained by using strong solvents (e.g., DMF) 

[42] that attack polymeric materials, including photoresists. For example, we observed that DMF damages 

the direct-write epoxy resist mrDWL1x, promoting its release from the surface and re-deposition 

elsewhere, which renders the device unusable (Appendix I – Microfabrication of EG-GFETs). Second, along 

all stages of biofunctionalization, bio-recognition, and transducing, the devices are exposed to salt-

containing solutions (e.g., phosphate buffer, PB), which recommends that the top layer of the passivation 

has minimum permeability to ions. With these considerations in mind, a protective coating consisting of 

a stack of five alternated SiO2 and SiNx films with a total thickness of 250 nm was designed, starting with 

a layer of SiO2 to take advantage of the good adhesion of SiO2 to graphene and the substrate, and 

terminating with SiNx to take advantage of the superior impermeability of SiNx. The multilayer, deposited 

by plasma-enhanced CVD (PECVD), hinders native nucleation centers and breaks the propagation of 

defects through the layers, creating tortuous diffusion paths for water and other small molecules 

[188,189]. All tests are performed after this rugged, chemically stable passivation layer is in place. 

For testing, samples of 4 × 4 cm2, each containing 36 chips of 20 EG-GFETs, were fabricated as described 

in Section 2.4.2. Figure 27 shows the general design of each chip (Figure 27A) and the disposition of the 

graphene channels (gray) and gate electrode (yellow) (Figure 27B). 

  
(A) (B) 
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Figure 27. Layout for graphene-based biosensors. Layout total size is 6.75 mm by 6.75 mm (A), 

composed of 20 transistor channels with individual drain electrodes, a common source electrode for each 

10 transistors, and a common in-plane gate electrode (B). 

3.2.1. Combined Reactive Ion Etching and Wet Etch Strategy 

Some reports refer to dry etching methods [92] to open access vias to graphene in the passivation layer, 

while others prefer wet etch methods  based on HF [180]. Although dry etch is a highly controlled process 

and very efficient in the etching of dielectric materials, its use directly in a layer adjacent to single-layer 

graphene would damage graphene due to the plasma-based process. Although less controlled (it often 

produces an undercut under the edge of the patterned zone), wet etch can be used without damaging 

graphene. Therefore, a mixed strategy combining dry and wet etching techniques was proposed and 

tested to open the access vias on the passivation layer on top of graphene without compromising the 

graphene quality. First, dry etching is used to open the top layer of the passivation stack (Figure 28C), 

and then wet etch with a strong basis or acid opens the remaining layers of the passivation stack (Figure 

28D). 

   
(A) (B) (C) 

   
(D) (E)  

Figure 28. Patterning of dielectric passivation by combined reactive ion etching (RIE) and wet etch 

methods. (A) Sample after graphene transfer and patterning, ready for dielectric passivation. (B) 

Deposition by PECVD of SiO2 and SiNx dielectric passivation. (C) Dry etch patterning of the passivation, 



Immuno-field-effect transistor platforms based on 2D materials for early 
detection of biomarkers of ischemic stroke  

68 
 

reaching the SiO2 layer. The remaining thickness allows graphene to be protected during RIE and is 

removed later by wet etch. (D) Wet etch with KOH at 60 ◦C to remove remaining SiO2 from graphene and 

the gate electrode. (E) The final device with only the graphene channel and the gate electrode is exposed 

to the electrolyte. 

Two test wafers were prepared to measure the dry and wet etch rates of the passivation layer, as follows: 

Si wafers are coated, using PECVD, with 90 nm of SiO2 and 50 nm of SiNx on Test Wafer #1, and 120 nm 

of SiO2 and 50 nm of SiNx on Test Wafer #2. For thickness estimation with an interferometer, millimeter-

sized patterns were patterned by optical lithography. Optical microscopy images of the samples can be 

found in Appendix I – Microfabrication of EG-GFETs. Based on previous etching recipe parameters, 

historical values of etch rates for SiO2 (116 nm/min) and SiNx (274 nm/min) are used to estimate the 

time required to completely etch the top SiNx layer and about half of the SiO2 layer. Test Wafer #1, was 

etched over times ranging from 20 to 30 s. After performing reactive ion etching (RIE), an interferometer 

was used to measure the remaining thickness of the SiO2 film in the pattern. The estimated thicknesses 

are presented as a function of etching time in Figure 29A. Due to the fast decrease of the SiO2 thickness, 

shown in Figure 29A (black squares), which increases the error in estimating the post-etch film thickness, 

a new wafer was prepared (Test Wafer #2) with an increased thickness of the SiO2 layer. For this thicker 

film, after 25 to 30 s of etching time (Figure 29A), red dots) approximately 40 nm of SiO2 is left on top of 

the hypothetic graphene, thus preventing damage to the 2D film. 

  
(A) (B) 
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Figure 29. Film thickness after different etching times for SiNx and SiO2. (A) Dry etch of SiNx and SiO2 

stack for two different initial thicknesses. The dashed lines refer to the reference thickness for each test 

wafer. (B) Wet etch of SiO2 films by KOH 1 M at 60 °C over time. 

Many oxidizing agents, such as piranha or aqua regia, react strongly with organic Si compounds. Thus, 

they must be avoided. Phosphoric acid (often used as Al etchant) is known to create pores in graphene 

[190], and solutions based on hydrofluoric acid (HF), which is also a graphene dopant, should be avoided 

for safety. On the other hand, base solutions, such as KOH and tetramethylammonium hydroxide (TMAH), 

are not known to attack graphene and are good candidates for the wet etch of the dielectrics. Thus, KOH 

1 M was used as the etchant for the second step of the passivation patterning. 

Wet etch was tested using features previously patterned by RIE. The Test Wafers #1 and #2 are diced in 

samples of 2×2 cm2 and exposed to KOH 1M for different times and temperatures until a satisfactory 

etching rate is obtained. When exposed to KOH 1 M at 45 °C, the etch rate is about 5 nm/h, which is 

similar to the room temperature rate [14]. Increasing the temperature to 60 °C leads to a 7-fold increase 

in etch rate, to approximately 36 nm/h. The etch rate was estimated by exposing several samples to KOH 

for 15 min, 30 min, or 45 min. The thickness of the SiO2 film is measured using the interferometer, before 

and after etching, and the difference is plotted as a function of time. A least-squares fit estimates the etch 

rate, as shown in Figure 29B. Once both steps of the passivation layer were optimized on featureless un-

patterned films a sample with patterned contacts (as described in Section 3.1) was prepared to undergo 

the same procedure, mimicking the complete process to be performed at wafer scale. After graphene 

transfer and patterning, the passivation layer (120 nm of SiO2 and 50 nm of SiNx) was deposited, and 

lithography was performed to expose the channel and gate areas to the RIE. Since the features are too 

small for thickness estimation by interferometry, AFM is used to measure the remaining thickness of SiO2 

after RIE and estimate the time required for the subsequent wet etch step. The data from the AFM 

measurement, as shown in Figure 30, gives a step of approximately 100 nm, i.e., there is still 70 nm of 

SiO2 left on top of the graphene channel. Based on the wet etch study performed in the test wafers, the 

sample is immersed for 2 h in the KOH 1 M etching solution at 60 °C. However, after this process, severe 

peeling-off of the passivation layer is noticeable even to the naked eye, as shown in Figure 30B-D. 
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(A) 

   
(B) (C) (D) 

Figure 30. Patterned sample after dry etch (A) and after wet etch in KOH 1M at 60 °C (B-D). A peeling 

effect is very clear even at 1× magnification (B). Increasing the magnification to 5×, it is noticeable that 

the peeling is starting at the channels region, which is confirmed at 20× magnification (D), indicating that 

the peeling is caused by an undercut of the SiO2 during wet etch with KOH. Scale bars represent 1000 

µm (B), 500 µm (C), and 100 µm (D), respectively. 

 The results indicate that the wet etch step is systematically causing the SiO2/SiNx stack delamination, as 

shown in Figure 30B-D. It is hypothesized that delamination could be caused by the undercut of the SiO2 

film under the SiNx during the KOH wet etch process, promoting the top layer's stress release by peeling 

and rendering the devices unusable. An approach to overcome this issue could be using HF vapor in a 

vacuum instead of liquid etchant. Still, when up-scaling to the wafer-size, the process steps' economy and 

homogeneity over a large area are essential. HF vapor etching is typically used for the complete removal 

of oxides with large over-etch times. In contrast, the use for patterned etching is highly non-homogeneous 

due to the anisotropy of the vapor flow, which is an effect that is difficult to compensate when removing 

relatively thin films (<100 nm) [191]. Therefore, a satisfactory solution, combining wet and dry etching, 

could not be found for the graphene EG-FET fabrication. 

3.2.2. Stopping Layer-Assisted Reactive Ion Etching of Dielectric Passivation 
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As the combination of dry and wet etch presents significant limitations due to the wet etch step, other 

alternatives were sought in the literature to achieve patterning of passivation layers through reactive ion 

etching (RIE) [92]. However, none of them discuss how the graphene surface can be protected during 

this process. For the deposition of the stopping layer, atomic layer deposition (ALD), thermal evaporation, 

and physical vapor deposition (PVD) can be considered. ALD, owing to its very low deposition rate, can 

only be deposited in very thin layers. ALD of aluminum oxide is useful as a thin gate dielectric for transistor 

structures, so this technique has been studied for GFETs. However, because graphene is hydrophobic, 

the ALD of aluminum on graphene must be preceded by a thin evaporated aluminum layer, which turns 

into an oxide layer by natural oxidation and presents a good surface for the ALD growth [181,182]. 

However, there is no real advantage in using ALD if another technique precedes it for a stopping layer 

composed of aluminum oxide. Therefore, physical vapor deposition systems are tuned to provide mild 

deposition conditions of relevant materials to minimize graphene damage. We propose a specific solution, 

consisting of the insertion of a stopping layer between graphene and the dielectric to be etched, as 

schematized in Figure 31.  

   
(A) (B) (C) 

   
(D) (E)  

Figure 31. Patterning of the dielectric passivation by RIE using a sacrificial/stopping layer. (a) Sample 

after graphene transfer and patterning, ready for dielectric passivation. (b) Preparation of the metallic 

stopping layer by ultrasonication-free lift-off. (c) Stopping layer after patterning covering the graphene 

channel and the gate electrode. (d) Deposition by PECVD of SiO2 and SiNx dielectric passivation and 
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standard RIE patterning. (e) After wet, final device etch of the stopping layer, with only the graphene 

channel and the gate electrode exposed for contact with the electrolyte. 

When a plasma etching is performed on graphene, a stopping layer must be prepared on top of it to 

prevent the etching from damaging graphene. For reactive ion etching of silicon oxide, the typical stopping 

layer is based on aluminum, either metallic or oxidized, which is not etched by fluorine chemistry. Still, 

graphene integrity must also be taken into consideration while building this layer. We performed the 

graphene integrity study as follows: six different materials (Al2O3, AlSiCu, TiW(N), Al, Cu, and Ni), ranging 

from metals to insulators, were sputtered (RF or DC with low and high power) on top of several graphene 

samples. After sputtering, a wet etch of those materials was performed at room temperature and with 

mild agitation for all samples. Different etching agents are used to match the material to etch AZ 400k 

1:4 for Al2O3, AlSiCu and Al, H2O2 30% for TiW(N), and FeCl3 0.5 M for Cu and Ni. The etching process 

was stopped when the samples seemed clean. The graphene quality of these samples was analyzed by 

Raman Spectroscopy before sputtering and after wet etch of the sputtered material. The comparison of 

Raman spectra for all combinations shown in Figure 32 indicates that sputtering of most of these 

materials is very damaging to graphene. However, when sputtering Cu and Ni, the damage is not 

significant. 

  

(A) (B) 

  

(C) (D) 
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(E) (F) 

Figure 32. Raman spectra of graphene samples before and after sputtering and wet etch of Al2O3 (A), 

AlSiCu (B), TiW(N) (C), Al (D), Cu (E), and Ni (F). 

DC sputtering of AlSiCu and TiW(N) at 2 kW and 1 kW, respectively, and RF sputtering of aluminum oxide 

at 2.5 kW were found to damage or altered the material extensively. The deposition of AlSiCu also induced 

many defects that could be originated by the high-power plasma of the sputtering system with an 

additional contribution from mechanical damage during the dissolution of aluminum, where bubbling was 

observed. The deposition of oxide films, such as Al2O3, seems to induce the oxidation of graphene. A 

similar situation occurs with TiW(N), where the etchant H2O2 30% leads to the complete oxidation of 

graphene.  

A low power (100 W) sputtering system with a sizeable target-sample distance of 30 cm (larger than in 

the system previously used) was tested. While the RF sputtering of pure aluminum leads to the damage 

of graphene after its removal, the DC sputtering of Cu and Ni did not induce a significant increase in the 

Raman defects peak (D mode: ≈1350 cm−1, Figure 32E,F). Interestingly, these metals are also well-

known catalysts for graphene growth, and their deposition on graphene was reported as healing graphene 

[192].  

Once graphene is protected by a thin layer of Cu or Ni, further depositions of varied materials and higher 

powers can be successfully performed without damaging graphene. Thus, an effective stopping layer for 

dry etching of the passivation layer without compromising graphene integrity is achieved. 

The next challenge for the preparation of the stopping layer is patterning. Patterning by wet etch should 

be avoided if we are to precisely control the features' size, and patterning by standard lift-off is limited, 

since ultra-sonication is forbidden due to the graphene underlayer. Therefore, the lift-off process was 

changed as follows. Soaking the photoresist with a TMAH-based developer (AR 300.47, diluted 4:3 in 

water) before exposure creates a top hardened layer that behaves differently upon exposure and 

development. Development occurs faster in the remaining photoresist than in the hardened layer, 
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producing "mushroom hat"-like features, or a negative profile, which creates a shadow during metal 

deposition and, therefore, facilitates lift-off. Since this feature forms at the top photoresist surface, 

immersion in a solvent peels-off this layer, where the sputtered materials are adhered. Testing this 

methodology on samples with pre-patterned contacts and graphene was highly effective and reproducible 

even at a wafer scale (see Appendix I – Microfabrication of EG-GFETs). 

Based on the obtained results, samples with pre-patterned gold contacts were prepared to test the 

passivation patterning process by dry etching using the best protective stopping layers. Samples with gold 

contacts and graphene were prepared as follows: the samples are coated with 600 nm of AZ1505 

photoresist and soaked in the developer (AZ400k 1:4) previously to optical lithography. After lithography 

and development, each sample was sputter-coated with copper (Cu, 10 nm) or nickel (Ni, 10 nm), which 

was followed by aluminum alloy (AlSiCu, 30 nm) and titanium-tungsten (TiW(N), 5 nm). Then, the samples 

were immersed in acetone for 1 h at room temperature and then rinsed with an acetone wash bottle to 

promote the loose material's release. The soaking method avoids sonication, preventing the 

damage/delamination of graphene. Next, the passivation layer was deposited as a stack of two 50 nm 

films of SiO2 and three 50 nm films of SiNx with 250 nm of final thickness. The passivation stack was 

patterned using 1035 nm of AZ1505 photoresist and optical lithography, followed by RIE using previously 

optimized parameters. After removing the remaining photoresist, the channels and the gate electrode are 

released by wet etch of the stopping layer (AZ 400K 1:4 for AlSiCu and FeCl3 0.5 M for Cu or Ni). The 

removal of the stopping layer was followed by EDX over the gate electrode, allowing the final devices to 

be process contaminants free. The EDX spectrum in Figure 33 shows the stopping layer's condition after 

patterning the passivation. 

The RIE etching step etches away the SiO2/SiNx passivation stack and the capping layer of TiW(N) and 

stops at the AlSiCu layer. The removal of AlSiCu by an alkaline solution (AZ400k) is confirmed in the 

spectrum of Figure 33B, where the peak of Al is significantly reduced. A small signature of Al is still visible 

due to the protective Al2O3 that is beneath the Cu of the stopping layer. The spectrum confirms the removal 

of the Cu by FeCl3 0.5 M in Figure 33C by the absence of any Cu related peak. The surface's final status 

can be observed in Figure 33D, after removing the protective Al2O3 from the gold surfaces and showing 

no evidence of significant contaminants at the surface of the device. 
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(A) (B) 

  
(C) (D) 

Figure 33. Energy-dispersive X-ray spectroscopy (EDX) spectra at the gate electrode after patterning of 

the dielectric passivation (a) and after each step of the wet etch. (b) After AlSiCu removal by AZ400k 1:4. 

(c) After Cu removal by FeCl3 0.5 M. (d) After Al2O3 removal by AZ400k 1:4. 

Confirming the results shown in Figure 32, the Raman spectra in Figure 34A and the map of full width at 

half maximum (FWHM) for the 2D mode in Figure 34B show that the process using Cu as a protective 

layer does not induce significant damage on graphene. Only a slight increase of the defect peak is 

observed after processing. The same can be observed in the sample using Ni as a protective stopping 

layer in Figure 34C and Figure 34D. Confirmation of the electrical contact is performed by acquiring 

transfer curves in electrolyte–gate configuration, as shown in Figure 34E,F. Both transfer curves exhibit 

the typical ambipolar behavior of EG-GFETs with the minimum conductivity point (VCNP) indicating intrinsic 

p-doping of the devices. We obtain a field-effect mobility for electrons and holes of µe ≈1700 cm2 V−1 s−1 

and µh ≈1300 cm2 V−1 s−1, respectively, by fitting the transfer curves to a model describing the DC 

conductivity of single-layer graphene (SLG), σ, as a function of gate voltage. The model is based on carrier 

resonant scattering due to the strong short-range potentials originating from impurities adsorbed at the 

graphene surface [39,193]. 
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(E) (F) 

Figure 34. Characterization of EG-GFETs fabricated with dielectric passivation. Raman spectroscopy 

characterization before sputtering of the stopping layer (black) and after complete processing (red) using 

Cu  (A) or Ni (C) as the basis. Full width at half maximum (FWHM) of the 2D mode of graphene after 

process using a Cu-based stopping layer (B) and after the process using an Ni-based stopping layer (D). 

The electrical characterization of the respective EG-GFETs in deionized (DI) water shows transistor 
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behavior of the devices and similarity in the transfer curve characteristics both for a Cu-based process (c) 

and Ni-based process (d). 

3.3.  Case Study: Fabrication at 200 mm Wafer Scale of Graphene Electrolyte Gated FETs 

This study's main goal is to develop a process for the wafer-scale fabrication of high electronic quality 

devices for biosensing applications. The final devices produced at the 200 mm wafer-scale following the 

proposed process are resistant to all the solvents used for graphene functionalization [42] and have low 

ion permeability, which increases their electrical stability. 

After the previous study (sections 3.1 and 3.2), in which each step of the fabrication process was 

optimized using small area substrates, a complete microfabrication process is performed on a 200 mm 

Si wafer covered with 100 nm of thermal SiO2. The chip design is for 20 graphene transistors per chip, 

with a common source electrode for each group of 10 FETs, a top gate electrode in the center of each 

chip, and a back-gate access pad to allow double-gating of the transistors. The fabrication sequence is 

briefly presented in Figure 35. 
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Figure 35. Graphical overview of the optimized fabrication process for wafer-scale production of EG-

GFETs for biosensing. Steps 1 and 2 refer to contact patterning. In step 3, the sacrificial layer is used 

during graphene transfer to avoid transfer-borne residues on gold surfaces (e.g., gate electrode). After 

complete transfer and PMMA removal, graphene is patterned by dry etching, and the sacrificial layer is 

removed, as shown in step 4. In step 5, the stopping layer is prepared on top of graphene, based on Cu 

or Ni, which is followed by deposition and dry etch patterning of the passivation stack (step 6). Finally, 

the stopping layer is dissolved, and the final device is achieved (step 7). The color code for the 

layers/materials is presented at the bottom right corner of the figure. 

The first step is to open the back-gate access using optical lithography and reactive ion etching (Figure 

36A). Then, a contact layer stack is sputtered on the wafer: 3 nm of the Cr adhesion layer, 35 nm of the 

Au conductive layer, and 20 nm of the Al2O3 protective layer following the results of section 3.1.4. The 

contacts are patterned using optical lithography and ion milling (Figure 36B) over 180 square dies, 18 

dies of side 20.25 mm, and 162 dies of side 6.75 mm (see Appendix I – Microfabrication of EG-GFETs). 
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Source and drain contacts are 75 µm wide (channel width, W), separated by a gap (channel length, L) of 

25 µm. The gate electrode is circularly shaped with ≈20 mm2 area for the 20 mm dies and rectangular 

shaped with ≈0.7 mm2 area for the 6.75 mm dies. 

The sacrificial layer for graphene transfer is prepared by lift-off following section 3.1.4, using TiW(N) in 

the top layer to ensure the sacrificial layer's stability during the multiple graphene transfer steps. Optical 

microscopy is used to confirm the lift-off process's completion (Figure 36C). 

The processed PMMA/graphene films are transferred onto the wafer's desired regions until full coverage 

is achieved (Figure 36D). After PMMA removal, graphene is patterned with low power ECR-O2 plasma 

(Figure 36E and Section 3.1.1). After removing the sacrificial layer, graphene quality is accessed by 

optical microscopy (film continuity) and Raman spectroscopy for structural quality and continuity, as 

shown in Figure 36J. 

Previously to the passivation, Al2O3 is selectively removed to improve adhesion of the passivation to the 

chips' surface. Al2O3 is kept only at the gate and pads to prevent contact with the stopping layer by 

patterning 2200 nm thick AZP4110 photoresist and wet etching with alkaline solution (AZ400k 1:4).  

A hard coating for passivation is chosen (section 3.2), considering the devices' intended use. The process 

described in section 3.2.2 is used to fabricate the passivation layer (Figure 36F,G) with a Cu or Ni-based 

stopping layer (black layer in Figure 23). The final wafer (Figure 36H) was analyzed with EDX to discard 

the presence of process contaminants (Figure 36I). Characterization using Raman spectroscopy was 

repeated after processing the wafer to confirm the achieved final quality of graphene (Figure 36J, red 

spectrum). 

Optical images acquired after each fabrication stage (Figure 36) were used to monitor the process, 

ensuring that the wafer only proceeds to the following fabrication step if the optical images show that the 

previous step was successfully achieved. Raman spectroscopy of graphene as transferred and after 

processing shows a slight increase in defect concentration (D peak, 1350 cm−1). The defect-related D 

mode ratio to the G mode changes from 0.12 (as transferred) to 0.24 (final), but 2D/G ≈ 2.3, indicating 

graphene quality, is not significantly affected by the fabrication process. 
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(I) (J) 

Figure 36. Optical microscope photographs resuming the steps of the wafer-scale fabrication process 

of  graphene field-effect transistors in which liquid electrolyte replaces the commonly used solid dielectrics 

(EG-GFETs). (A) Back gate access opened by reactive ion etching (RIE) (20× magnification). Scale bar 

represents 100 µm. (B) Patterned Au contacts for 20 EG-GFETs with one common in plane gate electrode 

(5× magnification). Scale bar represents 500 µm. (C) Sacrificial layer for graphene transfer composed of 

TiW(N), AlSiCu, and TiW(N) (5× magnification). Scale bar represents 200 µm. (D) Surface of the wafer 

after graphene transfer (50× magnification). Scale bar represents 25 µm. (E) Same area after patterning 

by O2 plasma and removal of the sacrificial layer (50× magnification). Scale bar represents 10 µm. (F) 

After preparation of the stopping layer composed by Ni, AlSiCu, and TiW(N) (20× magnification). Scale 

bar represents 50 µm. (G) After deposition of the dielectric passivation stack (20× magnification). Scale 

bar represents 50 µm. (H) After RIE patterning of the passivation and removal of the stopping layer (final 

device, 1× magnification). (I) Energy-dispersive X-ray spectroscopy (EDX) spectrum after complete 

processing of the wafer to confirm the absence of relevant surface contaminants. (J) Representative 

Raman spectra of graphene as transferred (black) and after completion of the fabrication process (red), 

showing the vibrational modes for defects (D), graphitic materials (G) and bi-dimensional characteristic of 

graphene (2D). (inset) Optical microscope photograph (50× magnification) showing the limits of the 

patterning and generally good coverage of graphene in the gold contacts (source and drain) and in the 

channel. The white rectangle limits the source and drain contacts of one EG-GFET, and the red region 

shows the channel area. The scale bar represents 20 µm. 

3.3.1. Statistical Study of the EG-GFET Channel Resistances Fabricated at the Wafer-Scale 
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For the devices' electrical characterization, an automated probe station was used to measure either the 

current or the voltage drop in the channel between source and drain contacts at a fixed voltage of 1 mV 

or a fixed current of 1 µA, respectively. Then, the measured values were converted to resistances to 

provide information on the homogeneity of the devices' process and quality (Figure 37). 

  
(A) (B) 

  
(C) (D) 

Figure 37. Analysis of resistance values distribution in the fabricated wafers. (A) Distribution of 

resistance values in wafer A, with color-coding according to the quartiles of R values' empirical distribution. 



Immuno-field-effect transistor platforms based on 2D materials for early 
detection of biomarkers of ischemic stroke  

83 
 

(B) Distribution of resistance values in wafer B, with color-coding according to the quartiles of R values' 

empirical distribution. (C) Boxplot of the empirical distributions of resistance values per pair of contacts 

in wafer A. The black line inside each box represents the median, and the red dot represents the mean 

of each distribution. (D) Boxplot of the empirical distributions of resistance values per pair of contacts 

(A+C, B+D, . . . see text) in wafer B. The black line inside each box represents the median, and the red 

dot represents the mean of each distribution. 

For the geometry of the transistors (W/L = 3) and the unintentional doping level (see Figure 34) of 

processed graphene, a channel resistance, R, below ≈1000 Ω is expected in successful devices, while 

values up to ≈2500 W are still acceptable. Transistors with R > 2500 Ω were rejected and discarded. 

Two wafers were processed and studied. Wafer A is a shared design wafer containing 9 × 18 chips (see 

Appendix I – Microfabrication of EG-GFETs), each chip containing 20 transistors with resistances R1 to 

R20. In this wafer, measured at constant voltage, 63% of the 3240 channels have R < 1000 W (80% of 

the channels have R < 2500 W). In Figure 37A, each colored dot corresponds to one transistor's location 

with R < 2500 Ω. The color code refers  to four classes of data values according to quartiles, qi (q0 = 

189.37 W, q1/4 = 384.90 W, q1/2 = 518.16 W, q3/4 = 886.61 W, q1 = 2493.91 W). The spatial 

distribution of the resistance values looks random, and no correlation with the graphene patches 

individually transferred (Figure 38A) is visible. The boxplot charts in Figure 37C display the data 

distributions per device (see device map in Figure 38B) showing that all contacts behave in a relatively 

similar way, with medians (averages, red dots) ranging from 421.12 Ω (606.45 Ω) for R6 (R5) to 617.96 

Ω (816.83 Ω) for R9 (R10). 

A second wafer (wafer B) was processed and measured at constant source–drain current. Figure 37B 

shows 4107 resistance measurements with values in the range from 400 Ω to 5000 Ω, belonging to 784 

chips distributed across the wafer in a square array of 28×28 lines and columns. Each measurement 

encompasses two transistor channels connected in series. Hence, the acceptable resistance range was 

multiplied by two. Since six pairs of GFETs were measured per die (the remaining five pairs were not 

measured due to constraints imposed by the automated measuring system, measured pairs in Figure 

38D), we have 6 × 784 = 4704 measurements, of which those with resistance 2R > 5 kΩ were rejected 

(4704 − 4107 = 597). The x and y-coordinates of each data point corresponding to one pair of resistors. 

The color code reflects four classes of data values according to quartiles, qi (q0 = 400.23 W, q1/4 = 

772.98 W, q1/2 = 918.02 W, q3/4 = 1375.44 W, q1 = 4952.74 W). Figure 37D gives the data 

distributions per contact pair (A + C, B + D, E + F, G + S, I + J, J + H, see the chip contact map in Figure 
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38D), in boxplot format. The red dot inside each box represents the mean of each dataset. Medians 

(means) differ by contact pair, from 843 Ω (1095 Ω) for E + F to 993 Ω (1239 Ω) for G + S, revealing 

three categories of statistically different medians, as shown by different colors in the plot. The highest 

median category refers to G + S and the lowest refers to A + C and E + F, which are contacts located in 

the central part of the die. Variances do not differ statistically between contacts, whereas the empirical 

distribution tail is slightly longer for contact E + F and slightly shorter for G + S.  

Figure 37B suggests the existence of nine regions across the wafer, according to the color code. In the 

fabrication sequence of wafer B, the graphene transfer process consisted of a succession of nine transfer 

steps of individual graphene patches, as arranged in Figure 38C. The correspondence of the nine zones 

between the figures is striking. This result shows that the classes of resistance values found in the 

measurements correlate with the graphene transfer step—a rather artisanal process—and less with any 

other fabrication steps.  

  

(A) (B) 

  



Immuno-field-effect transistor platforms based on 2D materials for early 
detection of biomarkers of ischemic stroke  

85 
 

(C) (D) 

Figure 38. Distribution of graphene patches during full-wafer transfer and detailed designs of Wafer A 

and B. (A) Distribution of graphene patches over wafer A from a single chemical vapor deposition (CVD) 

batch. (B) Layout of one die from wafer A with the map of contacts used in Figure 36A,C. (C) Distribution 

of graphene patches over wafer B from CVD batches 1 to 4. Graphene from batches 1 and 2 was divided 

in three pieces, while that from batch 3 was divided into two pieces, and a single piece was used from 

batch 4. (D) Layout of one die from wafer B with the map of contacts used in Figure 36B,D. Note that not 

all the contacts from Wafer B were used in this study. 

4. Conclusions 

A process for the fabrication of chips containing graphene electrolyte-gated FETs was developed step by 

step in this study, having in mind their application as biosensors. Many technical solutions for different 

process issues were suggested, developed, tested, and critically discussed. Some of them were rejected, 

given the study's goal, since they do not provide chips with enough chemical or electrical stability. 

However, for less demanding applications, these solutions could be useful. Dielectric passivation as the 

final step of the fabrication process allows an improvement of signal stability. It decreases electronic 

noise, since only the graphene channel and the gate electrode become exposed to the electrolyte during 

measurements. One of the most relevant results to obtain a useful chemical-resistant chip is the possibility 

of metal sputtering on top of graphene films without inducing relevant damage. This result can be 

extended to devices where metallic layers are required on top of graphene without significantly increasing 

the fabrication time. 

A novel approach to improve the surface cleanliness of the chip surface after graphene transfer was also 

demonstrated. An effective sacrificial layer was developed, allowing the patterning of graphene while 

protecting the pristine gold surfaces. This optimization is of high importance for using the devices as 

biosensors. It promotes better inter-device homogeneity and less random molecular adsorption 

responsible for the sensor signal's random response and noise. The process is general and suitable for 

other applications or devices with similar requirements. 

This study casts light on the critical field of microfabrication of graphene devices for chemical sensors 

with electric transduction and their chemical stability as a function of the process chosen in a manner 

that allows researchers in the field to pick, among the results presented, those that better suit their 

application. 
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Chapter III – Biofunctionalization of 2D materials 
 

 

 

 

 

 

The general contents of this section are present in the publication ” Functionalization of single-layer 

graphene for immunoassays” by Elisabete Fernandes1, Patrícia D. Cabral1, Rui Campos, George Machado 

Jr., M. Fátima Cerqueira, Cláudia Sousa, Paulo P. Freitas, Jérôme Borme, Dmitri Y. Petrovykh and Pedro 

Alpuim, in Applied Surface Science 480 (2019) 709–716 

(https://doi.org/10.1016/j.apsusc.2019.03.004).  
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1. Introduction 

The unique fundamental properties of graphene [44], particularly the chemical stability and extreme 

sensitivity to near-surface charges and electric fields, suggest its use for biomolecular detection [77–79]. 

The hydrophobicity and high sensitivity to charges and electrical fields, however, result in strong 

interference from nonspecific molecular ad- sorption and thus poor selectivity of unmodified graphene 

sensors for bioanalytes when operating in an aqueous physiological environment. Accordingly, to produce 

selective and specific biosensors, graphene surfaces need to be functionalized [93,194,195] with specific 

biomolecular probes, thereby minimizing nonspecific adsorption and ensuring that the surface binding 

events are dominated by the biorecognition of the target. These molecular binding events can be 

effectively transduced into electrical signals by using the functionalized single-layer graphene as the 

channel of a field-effect transistor (FET), or more specifically for biosensing, of an electrolyte-gated FET 

(EGFET) [93,118,196]. The most common graphene functionalization methods overcome the 

hydrophobic nature of pristine graphene by oxidation treatments to produce graphene oxide (GO) or 

reduced GO (rGO), followed by covalent or non-covalent immobilization of biomolecular probes 

[95,107,120,197]. The aggressive oxidation treatments, however, typically destroy the excellent 

electronic properties of pristine graphene [198]. To preserve the unique electronic structure of graphene 

for biosensing applications, non-covalent (π-π stacking) modification of pristine graphene using pyrene 

derivatives as heterobifunctional linkers is a popular approach [81,93,94,97,118,122,199], for which the 

detailed mechanistic understanding is still emerging [111–115]. Reports on implementations of this 

approach to date typically rely on the device performance [81,94,118,122] as an indirect indicator of a 

successful surface functionalization, rather than using the more direct surface analysis methods to 

investigate the surface functionalization steps. In other words, the assay performance typically has been 

implicitly assumed to be a self-sufficient endpoint, from which the success of all the surface 

functionalization steps was inferred indirectly. In contrast, here we systematically follow by 

complementary characterization techniques each step of the surface functionalization and 

biofunctionalization of single-layer graphene produced in-house by chemical vapor deposition (CVD). 

Particularly, we verify that a combination of a pyrene-derivative heterobifunctional linker and an optimized 

blocking strategy can be effectively used to immobilize specific biomolecular probes (antibodies) and 

minimize nonspecific adsorption in the context of an immunoassay. Following the validation of the 

biofunctionalization strategy, we use it to functionalize a graphene channel in a receded-gate EGFET [39] 

and to perform proof-of-principle immunoassay measurements for a clinically-relevant biomarker. 
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2. Materials & Methods 

2.1.  Materials  

Table 4. Reagents and Biomolecules. 

 Description Supplier 

Solvents 
Dimethylformamide (DMF) 99.75% purity 

Sigma-Aldrich 
Ethyl Acetate, anhydrous 99.8% 

 Ethanol 99.8% Honeywell 

Chemicals 

1-Pyrenebutanoic acid succinimidyl ester (PBSE) 

Sigma-Aldrich 
Ethanolamine, 98% (ETA) 

1-Dodecanethiol (DDT) (≥98%) 

PMMA 15 kDa, powder 

PMMA 550 kDa, powder Alfa Aesar 

NaH2PO4 
Fisher Scientific 

Na2HPO4 

Biomolecules 

Purified Matrix Metallopeptidase 9 (MMP-9), MW 92 kDa 

Immunostep Monoclonal anti-human MMP-9 

Polyclonal biotin anti-human MMP-9 

Human Hemoglobin protein (≥95%), MW 66.2 kDa LifeSpan BioSciences 

2.2.  Methods 

2.2.1.  Solutions Preparation 

PBSE linker was prepared at 10 mM in DMF as follows: 38.5 mg of PBSE powder were weighted and 

dissolved in 10 mL of DMF. The solution was stored in a dark bottle at room temperature. 

Ethanolamine at 100 mM was prepared in ultrapure water as follows: 60.5 µL of ETA 98% were diluted 

into 8 mL of ultrapure water. After pH assessment, HCl 2 M was slowly added to the mixture to reduce 

the pH value to physiological values (pH 7.2 – 7.4). After pH stabilization the volume was completed to 

10 mL with ultrapure water. 

DDT 2 mM was prepared by dissolution of 5 µL of DDT ≥98% in 10 mL of Ethanol. Fresh solution was prepared 

for each run. 

Phosphate buffer (PB) at 100 mM with pH 7.2 was prepared mixing 70 mL of 200 mM NaH2PO4, 180 

mL of 200 mM Na2HPO4 and 250 mL of water. Dilution for PB 10 mM was done with ultrapure water as 

required.  
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PB 10 mM with Tween 20 at 0.05% (PB-Tw20) was prepared by addition of 5 µL of Tween 20 to 10 mL 

of PB 10 mM.  PB-Tw20 was freshly prepared for each run. 

2.2.2. Samples preparation 

For functionalization studies, 7×7mm2 square silicon substrates with 200-nm silicon oxynitride coating 

and a transferred graphene layer were used as models of the surfaces of graphene channels in EGFET 

structures. Graphene growth by CVD and transfer to silicon substrates followed the previously published 

process [39]. Shortly single-layer graphene (SLG) was deposited by Chemical Vapor Deposition (CVD) in 

a load-locked quartz tube 3-zone furnace (FirstNano EasyTube® 3000) onto high-purity (> 99.99 %) 25 

µm-thick copper foils placed inside a graphite susceptor that accepts substrates with area up to 10 cm × 

12 cm. An annealing step at 1020 °C for 20 minutes in a H2 atmosphere (300 sccm, 0.5 Torr) was 

performed previously to deposition. A gaseous mixture of 300 sccm of H2 with 50 sccm of CH4 was used 

for growth, keeping the same temperature and pressure used in the annealing step. A temporary PMMA 

substrate was used for graphene transfer. PMMA was spun onto one side of the as-grown 

graphene/Cu/graphene sample, followed by Cu dissolution by dipping into a 0.5 M FeCl3 solution at 35 

°C for 1 h. The PMMA/graphene composite was then cleaned in 2% HCl solution and was further washed 

in deionized water. The cleaning procedure was repeated three times. After transfer to the silicon/silicon 

dioxide (Si/SiO2), the sample was dried with a N2 flow to flatten the PMMA/graphene film on the substrate, 

followed by annealing for 7 hours at 180 °C. The PMMA is finally removed using acetone followed by 

ethyl acetate. 

2.2.3. Surface functionalization 

The heterobifunctional pyrene linker, 1-Pyrenebutyric acid N-hydroxysuccinimide (NHS) ester (PBSE, 

10mM in DMF) was deposited as a 30 μL drop and allowed to interact with the graphene surface for 2 h 

under a humid atmosphere at room temperature (RT). Anti-MMP-9 antibody was prepared at 250 μg/ml 

concentration in 10 mM PB, spotted onto the pyrene-modified substrates, and incubated overnight at 4 

°C in a humid atmosphere. To prevent nonspecific binding events, ethanolamine 100 mM, was used 

since previous results showed improved blocking using this agent [42].  

2.2.4. Characterization techniques 

X-Ray photoelectron spectroscopy (XPS) 
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Representative graphene surfaces before and after functionalization with PBSE and anti-MMP-9 antibody 

were characterized in an ESCALAB 250 Xi system (Thermo Scientific) using a monochromated micro-

focused Al Kα X-ray source that defined an analysis spot of<1mm2. Peak fitting was performed in 

Avantage instrument software (Thermo Scientific), choosing a minimal number of components that 

produced random residuals consistently for all the samples; a convolution of Gaussian and Lorentzian 

line shapes was used for all the spectral components. Small differential charging encountered for some 

of the samples was compensated by shifting the binding energy (BE) scale for C 1s and N 1s regions to 

place the aliphatic C 1s peak associated with the organic/molecular layers on top of graphene at 284.5 

± 0.2 eV, the value consistent with previous measurements of organic [200] or bio- logical [201–203] 

molecules on metallic surfaces. 

Quartz crystal microbalance (QCM) 

QCM measurements were performed in a QSense E1 system (Biolin Scientific). AT-cut quartz crystals 

having gold electrodes of the working surface coated with ca. 50 nm of silicon oxide (QSX 335, Biolin 

Scientific) were used as substrates for single-layer graphene transfer. Prior to monitoring the anti-MMP-9 

antibody immobilization by QCM, these graphene surfaces were functionalized with PBSE (2 h in 10 mM 

PBSE in DMF). QCM measurements for the fundamental (ca. 4.95 MHz) frequency and at its 6 odd 

overtones (n=3, 5, 7, 9, 11, 13) were carried out under a flow rate of 0.06 mL/min at a constant 

temperature of 20 °C (set within<1 °C from RT, at which the solutions have been stabilized prior to the 

measurements). The frequency shift is reported in the standard ΔFn/n normalization, as recorded by the 

instrument software. The baseline in the blank 10 mM PB was recorded before and after the antibody 

immobilization; antibody was immobilized by re-circulating 1 mL of 20 μg/mL solution in the same buffer 

through the QCM flow cell. The measurement produced consistent results in two repeated depositions on 

two different QCM crystals. Protein immobilization was carried out using analogously prepared substrates 

and measurement parameters. Prior to monitoring the immobilization step by QCM, the graphene 

surfaces were functionalized with PBSE (2 h in 10 mM PBSE in DMF), anti-MMP9 antibody (2 h in 250 

μg/mL anti-MMP9 in PB 10 mM) and ethanolamine (100 mM in water, for 1 h at RT). The baseline in 

the blank 10 mM PB was recorded before and after protein immobilization; MMP-9, Hemoglobin 

(nonspecific control) and c-Fn protein targets were presented for biorecognition by recirculating 1 mL of 

3 μg/mL solution in the same buffer through the QCM flow cell. The capture of each protein target by 

the anti-MMP9 or anti-c-Fn functionalized graphene was recorded independently, on freshly prepared 

samples. 
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3. Results & Discussion 

The biofunctionalization studies discussed were performed to complement previous results present in the 

dissertation “Nanobiosensors based in Graphene Field Effect Transistors for biomarkers detection” which 

conduced to the master’s degree of the author in Biophysics and Bionanosystems by the University of 

Minho. They should be as such seen as a continuation of the previous work, rather than an independent 

result. 

Each graphene surface functionalization step presented in Figure 39 was carried out and systematically 

characterized by several complementary techniques. Before chemical functionalization, the single-layer 

structure of the graphene was confirmed by Raman spectroscopy as reported in [42]. 

 

Figure 39. Functionalization and biorecognition on a single-layer graphene surface of an EGFET. (A) 

Surface modification with the heterobifunctional linker, PBSE; (B) covalent immobilization of the antibody; 

(C) blocking with ethanolamine; (D) biorecognition of MMP-9 target. 

3.1.  Chemical functionalization 

The graphene surface was first modified with PBSE (Figure 39A), a pyrene-based heterobifunctional linker 

that is expected to attach to the graphene surface via stable non-covalent π-π interactions [204] and to 

present an NHS-ester ligand for amide coupling of the antibodies in the subsequent biofunctionalization 

step (Figure 39B). The primary indications of the successful π-π bonding of the pyrene ligands of PBSE 

to graphene were provided by Raman spectroscopy [42].  The presence of the NHS-ester ligands of PBSE 

was confirmed by XPS measurements, whereby the peaks characteristic of NHS-esters appear (Figure 

40) after the PBSE functionalization for N 1s at 402.3 eV and for C 1s at 289.3 eV [117,205,206]. The 
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high BE of the N 1s component provides a nearly-unique identification for the electron-deficient N atom 

in NHS-esters because the main alternative means for producing such a high BE shift for N 1s – the 

protonation of primary amines in polymers [207,208] or in proteins and peptides [209] – is inconsistent 

with the chemistry of the compounds that we used to modify the graphene surface. The concomitant 

observation of the C 1s component at 289.3 eV strengthens the NHS-ester identification of the ligands 

on the PBSE-modified graphene because the high oxidation states of C atoms that it implies are in 

excellent agreement with O-C=O and N-C=O configurations [210] in NHS-esters. 

  
(A) (B) 

Figure 40. XPS signatures acquired after individual steps in biofunctionalization of graphene. The N 1s 

(left, A), C 1s (right, A) and O 1s (B) spectral regions and are shown for the initial graphene surface (top), 

PBSE-modified graphene (middle), and PBSE-modified graphene after anti-MMP-9 antibody 

immobilization (bottom). With exception of the top-left panel, all the data are shown after correcting any 

small differential charging in the raw data to shift the aliphatic C 1s peak to 284.50.2 eV; this correction 

is applied essentially only to the peaks associated with the organic/molecular layers on top of graphene, 

as verified by observing the protein N 1s component at 400.3 eV (bottom-left). The exception for the top-

left N 1s panel is due to the apparent small differential charging between the substrate and the 
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organic/molecular layers: the N 1s signal observed for the initial graphene surface (top-left) arises from 

the silicon oxynitride substrate and is shown after a small BE correction that places the unresolved 

substrate Si 2p peak at 104.20.1 eV (and substrate O 1s at 533.40.1 eV, data not shown) for all the 

samples. Symbols=raw data; thick lines=overall fits; thin colored lines=fit components; dashed 

lines=background. 

3.2. Antibody immobilization 

The PBSE-modified graphene surface was biofunctionalized with the anti-MMP9 antibody (Figure 39B), 

as confirmed by both in situ real-time QCM measurements (Figure 41) and ex situ XPS measurements 

(Figure 40). 

 

Figure 41. QCM characterization of the biofunctionalization of graphene. Real-time QCM data are shown 

for the anti-MMP9 antibody deposition on PBSE-modified graphene (A) and for the biorecognition of MMP9 

(specific protein target) and Hemoglobin (nonspecific control) on fully biofunctionalized (PBSE + anti-

MMP9+ethanolamine) graphene (B). The normalized frequency shift in (A) is shown for the 11th overtone, 

error bars represent the standard deviation based on averaging overtones 5–13 for (A) and overtones 9–

13 for (B). The vertical dashed lines indicate, the introduction (ca. 10 min) of the deposition solution into 

the QCM chamber and the beginning of the post-deposition rinse (at ca. 52 (A) and 25/56 (B) min) in 

blank buffer. 

In QCM data, when the PBSE-modified graphene was exposed to the antibody solution (dashed line at ca. 

10 min in Figure 41A), a rapid and consistent frequency shift was observed for all the overtones, leading 
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to the quasi-saturation value of -53 ± 1 Hz after ca. 40 min of deposition. Both the initial deposition rate 

and the overall frequency shift agree with the behavior previously reported in an extensive multi-technique 

characterization of surface immobilization of a model protein [8], indicating that the QCM kinetic profile 

in Figure 41A is consistent with a signature of an antibody immobilization onto the PBSE-modified 

graphene. The XPS results support the identification of the molecular layer deposited onto the PBSE-

modified graphene as an antibody. The multi-component N 1s spectrum observed for the PBSE-modified 

graphene is replaced by a dominant N 1s component at 400.3 eV (Figure 40A), which is characteristic 

of amide and amine nitrogen in proteins and peptides [201,202,211]. Likewise, the C 1s spectrum after 

the antibody deposition (Figure 40A) is no longer dominated by the aliphatic component at 284.5 ± 0.2 

eV, but rather by the three higher-BE components that exhibit both the BEs and intensity ratios 

characteristic for the C configurations (C-O, C-N, C=O, O-C=O, N-C=O) in proteins and peptides 

[201,202,211]. Furthermore, only after the antibody deposition, an O 1s component appears at 531.7 

eV (Figure 40B), which is one of the characteristic BEs for O 1s in proteins and peptides [201]. The 

dominant intensities of the protein-like N 1s and C 1s components are also in agreement with the large 

frequency shift observed in QCM (Figure 41A), which suggests a near-saturation surface density of the 

deposited antibody. 

3.3. Non-specific surface interactions 

The physical mechanism of transduction in graphene EGFETs is based on the near-surface charges and 

electric fields [77–79], making such biosensors highly sensitive but not selective [212] in terms of 

differentiating the biorecognition binding events from nonspecific adsorption, e.g., of background 

molecules. It is critically important, therefore, to validate the strategy (Figure 39C) that can be used to 

block the nonspecific adsorption onto the biofunctionalized surface. The appropriate blocking strategy is 

likely to be different for our minimally hydrophilic PBSE-modified graphene surfaces vs those used on the 

more common GO and rGO. Likewise, immunoassays typically require a blocking strategy different from 

those used in DNA assays [213–217]. In particular, it is useful to choose validation methodologies 

independent from that of the intended assay, EGFET in this case, in order to avoid being misdirected by 

intrinsic artifacts. QCM measurements are a well-established approach for the validation of biorecognition 

assays [46] allowing to quantitatively evaluate the specificity of antibody-antigen interactions. We used 

the model QCM crystals biofunctionalized with anti-MMP9 antibodies (Figure 39B, Figure 41A), blocked 

by ethanolamine (Figure 39C), to quantitatively compare (Figure 41B) biorecognition of the specific 

protein target (MMP9) and of a nonspecific protein control (human hemoglobin) that has a comparable 

molecular weight. Observing the nearly 30-fold difference between the QCM responses associated with 
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specific and nonspecific biorecognition (Figure 41B) validates the specificity of the MMP9 immunoassay 

components and indicates that the ethanolamine blocking strategy is effective. Additional data on the 

effectiveness of surface blocking with ethanolamine, comparing with other common blocking strategies 

(e.g. BSA) is reported in [42]. 

3.4. Binding of specific biomarkers 

The final validation step for our graphene biofunctionalization strategy (Figure 39) is confirming the 

biorecognition of the target (Figure 39D) by the immobilized antibody. Direct visualization of this 

biorecognition was provided by an MNP-tagged target binding assay as discussed in [42]. Additionally, 

the model QCM crystals (Figure 41B) showed specific immobilization of MMP9 as discussed in the sub-

section 3.3. To confirm the versatility of the system for different biomarkers, QCM model crystals 

biofunctionalized with anti-c-Fn antibodies and blocked with ethanolamine were exposed to c-Fn at 3 

µg/mL (Figure 41). Exposure to the specific target induced a frequency shift of 11.3 ± 1.7 Hz, indicating 

that specific detection is possible for different biomarkers, i.e., the functionalization strategy can be 

adapted for a multiplex detection system.  

 

Figure 42. QCM characterization of the specific detection of c-Fn on functionalized graphene. Real-time 

QCM data are shown for the biorecognition of c-Fn (specific protein target) on fully biofunctionalized (PBSE 

+ anti-c-Fn + ethanolamine) graphene (B). The normalized frequency shift in (A) is shown for the 11th 

overtone, error bars represent the standard deviation based on averaging overtones 5–13 for (A) and 

overtones 9–13 for (B). The vertical dashed lines indicate, the introduction (ca. 10 min) of the deposition 
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solution into the QCM chamber and the beginning of the post-deposition rinse (at ca. 52 (A) and 25/56 

(B) min) in blank buffer 

Still, it is clear an almost 3x difference in the frequency shift observed between specific detection of MMP9 

and specific detection of c-Fn. Considering that both targets were prepared at 3 µg/mL and have different 

molecular weights (92 kDa for MMP9 vs 550 kDa for c-Fn), it is expected to have much less c-Fn proteins 

in circulation than MMP9 for the same concentration (19.6×1012  MMP9 molecules vs. 3.3×1012 c-Fn 

molecules). In fact if the total of protein in circulation is compared to the estimated values of protein that 

was bound in the functionalized crystal (Appendix II – Graphene functionalization, section 2.1) [8,218] it 

is observed an 2.5-fold difference in binding efficiency (ratio between bound and circulating target), as 

reflected in the frequency shift. This difference in the binding efficiency between different proteins can be 

related with size and availability, meaning that with less protein present (7 times less protein in this 

situation) the likelihood of detection reduces, as it is expected in other sensing systems [83]. In order to 

be able to directly compare the frequency shifts obtained for MMP9 and c-Fn, the second one would have 

to be prepared at a higher, but impracticable concentration (~20 µg/mL) which is not required for the 

goal of this study. 

4. Conclusions 

This biofunctionalization study systematically investigated and validated a strategy for biofunctionalization 

of graphene. Several independent methods have been used to characterize and verify each step in the 

surface functionalization and biofunctionalization procedure. Finally, we have applied the validated 

strategy in model QCM crystals as a proof-of-principle of specific detection for MMP9 and c-Fn and non-

specific blocking for similar proteins as hemoglobin. The optimized strategy can thus be applied to 

graphene channels in an EGFET device to perform proof-of-principle measurements of biosensor 

functionality.  

The excellent results obtained with the available CVD-grown graphene and the reduced availability of other 

2D materials compel this work in the direction of graphene-based sensors. Development of 

biofunctionalization procedures and biosensing platforms might be considered for other 2D materials 

when the throughput of growth of such materials reaches a stage similar to graphene.  
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Section IV – Assessment of graphene immuno-FETs for the detection of 
stroke-related biomarkers  
 

 

 

 

 

The contents of this section are present in the publication "Graphene immuno-FETs for detection of 

stroke-related biomarkers in human serum” by, Patrícia D. Cabral, Ivo Colmiais., Jérôme Borme, Marco 

Martins, Pedro Alpuim and Elisabete Fernandes, under preparation for publication. 

 

 

Personal  Contribution:  Methodology development, data processing and analysis, investigation, 

original draft writing, reviewing, and editing.  
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1. Introduction 

Biosensing technologies based on label-free methodologies are of great interest for multiplex detection 

since there is no limitation on the number of different labels available. Field-effect transistors (FETs) have 

been widely studied as label-free biosensors due to their ability to respond to changes in the near-surface 

charges, e.g., due to the presence of a charged analyte, without any modification/labeling of the detection 

system. More specifically, graphene field-effect transistors (GFETs) are reported for the detection of a 

variety of molecules/biomolecules and ions [175], including pH [84], glucose [175], deoxyribonucleic 

acid (DNA) [175], proteins [94], and hormones [175], with different detection ranges. Graphene’s 

particular interest comes from its intrinsic properties, such as high carrier mobility [16,174], low intrinsic 

electronic noise [16,94], chemical stability [16,94,219], high sensitivity to electric charges in its vicinity 

[16,174], and record surface-to-volume ratio [94,174]. Operation of graphene FETs in electrolyte gating 

mode allows to perform detection of biomolecules directly on top of graphene, making use of its properties 

for the development of biosensors. The functionalization of CVD-graphene followed by the immobilization 

of molecules that specifically recognize the interested targets allows to improve assays specificity  [42]. 

Antibodies are the preferred biorecognition elements in the biosensing field for the detection of protein 

biomarkers, also explored with FETs [3]. Additionally, the possibility for large-scale fabrication of EG-GFETs 

[28] allows adapting/using this system for multiplex detection approaches. The relevance of detecting 

multiple biomarkers arises from the recurrent need of evaluating and/or identifying complex diseases in 

a pre-disease state accurately and timely. An example is acute ischemic stroke (AIS) which represents a 

large public health problem that lacks a diagnostic system to provide personalized treatment to improve 

patient outcomes [63,64]. Nowadays, a patient with AIS can undergo pharmacological therapy with a 

recombinant thrombolytic plasminogen activator (r-tPA) that is highly effective to dissolve the blood clot 

and restore blood circulation but its application is limited to a very narrow time-window administration (< 

4.5 hours from stroke onset) [61]. Moreover, the side effects of r-tPA therapy, as the risk of hemorrhagic 

transformation (HT) [61–63], and the strict inclusion/exclusion criteria (e.g. high blood pressure, 

overweight, and diabetes type II) decreases the treatment rates. The study of the pathophysiology of 

ischemic stroke has allowed associating panels of protein biomarkers to the risk of HT. These panels can 

work as potential tools to use for the stratification of ischemic stroke patients for r-tPA therapy 

[62,63,65,66]. The protein biomarkers identified have been selected for their role in different 

physiological processes of ischemic stroke that can lead to HT: Matrix Metalloproteinase-9 (MMP9), 

cellular Fibronectin (c-Fn), Platelet-Derived Growth Factor-CC (PDGF-CC), Angiopoietin-1 (Ang1), 

Neuroserpin and Calcium-binding protein S100β. MMP9 is related to loss of microvascular integrity and 
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disruption of the blood-brain barrier (BBB). High levels of this protein in blood serum (> 140 ng/ml) were 

correlated with an increased risk of HT in ischemic stroke patients [64,68–70]. High concentrations of c-

Fn (> 3.6 μg/ml) have also been associated with vascular injury HT [62,65], since its release into the 

bloodstream only occurs in the case of disruption of endothelial tissue (blood vessels component). The 

detection of a single biomarker does not provide enough information on the risk of HT, however, it has 

been shown that simultaneous detection of MMP9 and c-Fn provides 87 % diagnostics specificity [65].  

Ideally, just the simultaneous detection of the complete panel of biomarkers provides high specificity 

rates, however, simultaneous detection of multiple biomarkers presents several challenges that need to 

be overcome. As such, only two biomarkers (MMP9 and c-Fn) are studied in this work for biosensing 

assessment, allowing to study the immune-FET capabilities, limitations, and potential for simultaneous 

detection of two biomarkers. 

This work focused on the development of an immunosensor, based on the EG-GFETs, for the detection 

of MMP9 and c-Fn in serum. Sensitivity, selectivity, and dynamic range were the analytical parameters 

explored to understand if the graphene-based sensor fits the clinical need. For that, several parameters 

must be accessed [220], including the limit-of-blank (LoB) and limit-of-detection (LoD). Assessment of the 

linear dynamic range allowed to define the range of concentrations that the graphene sensor can quantify 

above the LoD and below the saturation threshold  [220]. The sensitivity related parameters can be 

quantitated using the standard deviation as a reference, as demonstrated by [220,221] (Appendix III – 

Baseline measurements with multi-channel acquisition system for EG-GFETs, Eq. 1,2). Assessment of the 

blank noise (limit of blank), of the lowest readable concentration (LoD) and of the sensor response for 

each target concentration allow to evaluate the sensitivity of EG-GFETs for a specific target [10,67,221]. 

Selectivity can then be accessed by comparing the response of the devices to a specific target with the 

response to a non-specific one, which should be much lower than the specific response to obtain a 

selective sensor [10]. 

The EG-GFETs were first tested with phosphate buffer to study the charge effects in the transistor signal 

and then used with an immunoassay to obtain a dose-dependent response curve for MMP9 and c-Fn. 

Later, the effects of the biological matrix (detailed in Chapter VI) were also assessed.   
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2.  Materials & Methods 

2.1.  Materials 

Table 5. Reagents and Biomolecules 

 Description Supplier 

Solvents Dimethylformamide (DMF) 99.75% purity Sigma-Aldrich 

 Ethanol 99.8% Honeywell 

Chemicals 

3140 RTV non-corrosive silicone rubber (flowable) Dawsil™ 

Elastosil® E41, RTV-1 silicone rubber Wacker Chamie 

1-Pyrenebutanoic acid succinimidyl ester (PBSE) 

Sigma-Aldrich Ethanolamine, 98% (ETA) 

1-Dodecanethiol (DDT) (≥98%) 

NaH2PO4 

Fisher Scientific 
Na2HPO4 

Sulfosuccinimidyl 6-(3′-(2-pyridyldithio)propionamido)hexanoate 

(Sulfo-LC-SPDP) 

Biomolecules 

Purified Matrix Metallopeptidase 9  

(MMP-9), MW 92 kDa 

Immunostep Monoclonal anti-human MMP-9 

Human Cellular Fibronectin Native Protein (c-Fn), MW 560 kDa 

Purified monoclonal anti-human Fibronectin 

Bovine Serum Albumin (BSA) BioWest 

2.2.  Methods 

2.2.1.  Solutions Preparation 

PBSE linker was prepared at 10 mM in DMF as follows: 3.85 mg of PBSE powder were weighted and 

dissolved in 1 mL of DMF. The solution was stored in a dark bottle at room temperature. The solution 

was prepared fresh after 5 experiments to avoid loss of activity of the linker. 

Ethanolamine at 100 mM was prepared in ultrapure water as follows: 60.5 µL of ETA 98% were diluted 

into 8 mL of ultrapure water. After pH assessment, HCl 2 M was slowly added to the mixture to reduce 
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the pH value to physiological values (pH 7.2 – 7.4). After pH stabilization, the volume was completed to 

10 mL with ultrapure water. 

DDT 2 mM was prepared by dissolution of 5 µL of DDT ≥98% in 10 mL of Ethanol. A fresh solution was 

prepared for each run. 

Phosphate buffer (PB) at 100 mM, pH 7.2 was prepared by mixing 70 mL of 200 mM NaH2PO4, 180 mL 

of 200 mM Na2HPO4, and 250 mL of water. Dilution for PB 10 mM was done with ultrapure water as 

required.  

Bovine Serum Albumine (BSA), was prepared in PB 10 mM at 1 pg/ml, 10 pg/ml, 100 pg/ml, 1 ng/ml, 

10 ng/ml, 100 ng/ml and 100 µg/ml for non-specific detection sequential assays. 

Monoclonal anti-human Fibronectin and anti-human MMP9 were prepared at 250 µg/ml in PB 10 mM 

for functionalization of EG-GFETs. 

Matrix Metallopeptidase 9 (MMP9) was prepared in PB 10 mM at 1 pg/ml, 10 pg/ml, 100 pg/ml, 1 

ng/ml, 10 ng/ml and 100 ng/ml for sequential detection assays. 

Cellular Fibronectin (c-Fn) was prepared in PB 10 mM at 1 pg/ml, 10 pg/ml, 100 pg/ml, 1 ng/ml, 10 

ng/ml and 100 ng/ml for sequential detection assays. 

2.2.2. Microfabrication of EG-GFETs and Graphene Transfer 

The microfabrication of EG-GFETs at wafer-scale and graphene transfer methods are reported in detail by 

[28] and summarized in Chapter III, Section 2.  

2.2.3. Chip Preparation 

To allow electrical measurements using a multi-channel platform the diced chips were wire-bonded to 

custom-made PCBs using Aluminum or Gold wire. The wires were protected using 3140 RTV flowable 

silicone rubber and E41 silicone rubber, which was dried in air, at room temperature for 18 h. 

2.2.4. Surface functionalization  

Graphene  

Functionalization of the graphene channels of EG-GFETs was performed as reported by [42]. Shortly a 

heterobifunctional pyrene linker, PBSE, 10mM in DMF, was deposited in a 20 μL drop and allowed to 

interact with the graphene surface for 2 h under a humid atmosphere at room temperature (RT). 

Antibodies (Anti-MMP9 or Anti-c-Fn) were prepared at 250 μg/ml concentration in PB 10 mM and spotted 

(5 μL) onto the pyrene-modified surfaces for overnight incubation at 4oC under a humid atmosphere. 
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Prevention of non-specific binding was done by passivating free PBSE molecules with ethanolamine (ETA) 

at 100 mM concentration for 1h at RT, under a humid atmosphere. For non-specific detection assays, 

graphene was only functionalized with PBSE, 10mM in DMF before exposure to the target protein. 

Gold Surfaces 

For assays where detection is expected to happen in the graphene channel, the gold gate electrode was 

passivated to prevent non-specific interactions with DDT at 2 mM concentration in ethanol. This step is 

performed before the initial characterization of the EG-GFETs and biofunctionalization of graphene. 

For assays with non-specific detection at the gate electrode, gold was functionalized with, Sulfo-LC-SPDP, 

1 mg/ml in PB 10 mM, for 20 minutes at RT, in a humid atmosphere [213], previous to exposure to the 

target protein. 

2.3.  Characterization techniques 

2.3.1. EG-GFET electrical measurements 

The acquisition of transfer curves from EG-GFETs and extraction of curve parameters (e.g., minimum 

conductivity point) was performed using an in-house built platform and software for sequential data 

acquisition of the 20 EG-GFETs present in each chip. The acquisition system consisted of an Arduino-like 

board with 10×6 cm2 equipped with a microcontroller, digital-to-analog and analog-to-digital converters 

(DAC, ADC), resistance-controlled current source of 1-100 µA, digital potentiometer, and CMOS matrices 

(Figure 43). A constant drain-source current (IDS) was applied at 1 µA, or a constant drain-source voltage 

(VSD). The gate voltage was linearly scanned within a 1 V range with a voltage step of 200 mV using a 

liquid gate electrode. The waiting time during each measurement of the transfer curve was 18 s. The 

acquisition software, custom-made with Lab-View™ tools, allowed to control the measurement parameters 

and automatic extraction of the transfer curve parameters (e.g., minimum conductivity point, linear region 

slopes). For all functionalization and detection steps, 20 consecutive curves were traced to allow for signal 

stabilization (Appendix III – Baseline measurements with multi-channel acquisition system for EG-GFETs, 

Figure Ap12). 
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Figure 43. The in-house built platform for simultaneous acquisition of transfer curves from up to 22 EG-

GFETs. 

2.4.  Data analysis 

The data extracted from the acquisition system was analyzed using Origin® 9 software.  

Transfer curves were used for the extraction of charge carrier mobility parameters as reported previously 

[39]. 

Overtime parameters (minimum conductivity point) were extracted to evaluate signal stability, and the 

values from the final 5 runs were used to average the voltage at the minimum conductivity point (VCNP). 

The averaged VCNP was used as the signal from each EG-GFET and was compared between 

functionalization steps. After functionalization, exposure to PB 10 mM allowed to stabilize the surface, 

and a baseline VCNP was extracted for comparison with the  VCNP from target exposure. 

Comparison of the data from all EG-GFETs in one chip, using the average, mode, and two times standard 

deviation (2SD) allowed to detect outliers and remove them from the final data analysis (exemplified in 

Figure 43). When the mode results in a very different value from the average (> 10 mV) it is indicative 

that the average is being skewed by outliers. As such, initial outliers are considered to have a voltage shift 

value that is at least 10 mV above or below the mode shift value. After removal of these values, the new 

average plotted with 2SD is used to filter minor outliers.  
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M1 – Mode with all GFETs 

A1 – Average with all GFETs 

M2 – Mode after 1st outlier 

exclusion 

A2 – Average after 1st outlier 

exclusion 

Figure 44. Examples of outlier detection using the average, mode, and 2SD as parameters. The black 

squares show an example where a 2-step outlier exclusion is performed. The red squares show an 

example of a 1-step outlier exclusion. PBSE-DDT (black squares) is the voltage shift of each EG-GFET 

between passivation of the gate (DDT) and chemical functionalization of graphene (PBSE). C0-PBSE (red 

squares) represents the voltage shift of each EG-GFET between the chemical functionalization of graphene 

(PBSE) and the exposure to blank solution (PB 10 mM) after complete functionalization. 

3. Results & discussion 

3.1.  Initial biosensor response 

To study the fabricated EG-GFETs [28] as biosensors, an initial analysis with a standard protein was 

performed (BSA). Chips from both of the fabricated models (BF19 and BF20, see Appendix I – 

Microfabrication of EG-GFETs, section  1.3) [28] were functionalized only with the linker (see section 2.6) 

and exposed to sequential increasing concentrations of BSA, 100 pg/ml, 100 ng/ml and 100 µg/ml. 

Transfer curves were acquired after each step, and VCNP was followed as the transistor signal (Appendix III 

– Baseline measurements with multi-channel acquisition system for EG-GFETs, Figure Ap13). Figure 45 

shows an example of the transfer curves acquired for an EG-GFET after each step. 
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Figure 45. Transfer curves of an EG-GFET (model BF20) after chemical functionalization (PBSE, black 

line) and sequential exposure to increasing concentrations of BSA (blue lines). The transfer curves 

represent the last of the 20 curves acquired for each step. 

In the transfer curves presented in Figure 45, it is possible to observe an increase in VCNP after each 1h 

incubation with BSA. Figure 46 shows a schematic of the functionalized devices and the shifts of VCNP 

having as reference the linker step. The plots show that the direction of the shift of VCNP is dependent on 

the functionalized surface, with a positive shift being observed when the protein is bound to the graphene 

linker (Figure 46A), and a negative shift being observed when the protein is bound to the gate electrode 

(Figure 46C). 

  

(A) (B) 
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(C) (D) 

Figure 46. Non-specific detection of BSA on chemically functionalized EG-GFETs. (A) Shift of VCNP after 1 

h incubation with BSA at concentrations of 100 pg/ml, 100 ng/ml and 100 µg/ml at the graphene 

channel. (B) Schematic of the functionalization at the graphene channel (BF20), and surface 

modification/detection. (C) Shift of VCNP after 1 h incubation with BSA at concentrations of 100 pg/ml, 

100 ng/ml, and 100 µg/ml at the gate electrode. (D) Schematic of the functionalization at the gate 

electrode (BF19), and surface modification/detection. 

Here, BSA was used as model protein due to the similarities with the interested biomarkers (MMP9 and 

c-Fn) with an isoelectric point (pI) below physiological pH (4.5-5.0 [9]), meaning that when prepared in 

the phosphate buffer with pH 7.2, the protein configuration exposes negatively charged groups. As such, 

it is expected that when the protein is close to graphene a depletion of electron carriers occurs at the 

graphene channel [16], increasing the local p-doping and shifting the minimum conductivity point to 

higher voltages. This behavior is observed in Figure 46A (detection events at the graphene channel) with 

VCNP increasing with BSA concentration. However, when the detection events occur at the gate electrode, 

VCNP shifts in the opposite direction. This can be explained due to the accumulation of negative charges at 

the gate/electrolyte interface that is changing the gate potential (otherwise stable), changing the overall 

conductivity of the transistor. Understanding these detection mechanisms is key to interpreting the signal 

in a more complex scenario, i.e., with probe antibodies on the surface, or when exposed to complex 

samples, even if the focus is the detection at the 2D material interface. 

To evaluate if the results obtained with BSA could be translated to the target proteins at the study, EG-

GFETs were chemically modified with PBSE and exposed to BSA or MMP9. The incubation time was 
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reduced from 1h to 20 minutes to decrease assay time (relevant for the clinical application). Figure 47 

shows the shifts of VCNP with increasing concentration of BSA (Figure 47A) and MMP9 (Figure 47B). 

  

(A) (B) 

Figure 47. The shift of VCNP of PBSE-functionalized EG-GFETs (BF20) with sequentially increasing 

concentration of BSA (A) and MMP9 (B). 

Comparing the plots from Figure 47 it is observable that even though the signal intensity is smaller for 

MMP9 than for BSA, a dose-response transistor signal can be achieved. 

3.2. Sequential Calibration curves 

To access the performance of the fabricated EG-GFETs as biosensors, specific detection of protein 

biomarkers in Phosphate buffer (PB) was performed. After the functionalization and antibody 

immobilization step (detailed in section 2.2.4), the sensors were sequentially exposed to PB 10 mM 

spiked with increasing concentrations of the corresponding target (MMP9 and c-Fn). The transfer curves 

(acquired with constant ISD) during all the steps of the immunoassay were extracted (Figure 48A-D) and 

the VCNP shift between the functionalized sensor (after stabilization) and the target exposure, was used as 

the sensing signal, as shown in Figure 48E and Figure 48F. 
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(A) (B) 

  

(C) (D) 

  

(E) (F) 
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Figure 48. EG-GFETs response after each step of the immunoassay for MMP9 and c-Fn. (A) Transfer 

curves after functionalization of an EG-GFET with DDT, PBSE, Anti-human MMP9, ethanolamine, and 

stabilization in PB 10 mM. (B) Transfer curves after functionalization of an EG-GFET with DDT, PBSE, 

Anti-human c-Fn, ethanolamine, and stabilization in PB 10 mM. (C) Transfer curves of EG-GFET after 

specific detection of MMP9 from 1 pg/ml to 100 ng/ml. (D) Transfer curves of EG-GFET after specific 

detection of c-Fn from 1 pg/ml to 100 ng/ml. (E) The shift of VCNP along with increased concentration for 

MMP9 and control with c-Fn. (F) The shift of VCNP along with the increased concentration for c-Fn and 

control with MMP9. The error bars represent the standard deviation of the VCNP shift obtained for 10 to 20 

GFETs, after outlier exclusion. 

The transfer curves after chemical functionalization with PBSE show a consistent positive shift of VCNP 

(Figure 48A,B, red lines) that was observed through all the functionalization experiments (Appendix III – 

Baseline measurements with multi-channel acquisition system for EG-GFETs, Figure Ap14). 

Immobilization of the antibodies resulted in minor random shifts of VCNP (Figure 48A,B, blue lines, Appendix 

III – Baseline measurements with multi-channel acquisition system for EG-GFETs, Figure Ap15). These 

random shifts might be related to the orientation of the antibodies during immobilization since this 

parameter is not controlled. Major effects from the molecules' net charge are not expected since the 

antibodies used, human Immunoglobulins G, have a pI (6.3-8.4 [222]) close to the pH of the phosphate 

buffer (pH 7.2), and as such are not as charged as the antigens. 

The passivation of non-functionalized sites (with PBSE) with ethanolamine (ETA) results often in negative 

shifts (Figure 48A,B, pink lines, Appendix III – Baseline measurements with multi-channel acquisition 

system for EG-GFETs, Figure Ap16) that vary in intensity between chips. It is not clear what is the 

mechanism behind this shift since the molecule itself is not charged. 

A final stabilization step is performed exposing the devices to PB 10 mM for 20 minutes, allowing the 

functionalized devices and biomolecules to adapt to the intended medium of measurement and target 

incubation. It is consistently observed that after this exposure  VCNP shifts positively when compared with 

the ETA step (Figure 48A, B, green lines), recovering a position close to the initial PBSE or Antibody step. 

This difference may be related to the stabilization in a salt composition different from the ETA step 

(prepared in water) that impacts both the charges in the vicinity of graphene and the antibodies 

configuration (more stable in buffer solution than water). This step also works as a baseline for the 

detection of the target, which is prepared in the same buffer, meaning that the signal from the protein is 

obtained only from its detection, and not from changes in the solvent composition (as it happens between 

functionalization steps). The VCNP shifts obtained of during the antibody immobilization steps seem to be 
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independent of the antibodies used (anti-human MMP9 and anti-human c-Fn immobilization result in 

similar VCNP shifts), as expected, meaning it is possible to replicate and analyze the functionalization 

process with other antibodies from the same class (Immunoglobulins G, IgG) using EG-GFETs. 

When exposed to sequentially increasing amounts of MMP9 (Figure 48C) has an effect similar to that 

observed without antibodies, suggesting that even though the distance to graphene is increased (by 

adding the monoclonal antibodies layer) it is still possible to observe the accumulation of the protein 

charges. This is also reflected in the transfer curves acquired after exposure to increasing concentrations 

of c-Fn (Figure 48D), which result in a positive VCNP shift. 

The increasingly positive VCNP shift observed in Figure 6 E and F plots can be associated with the addition 

of the target protein at the sensor surface due to its negative surface charge at a physiological pH, which 

induces p-doping of the graphene channel, as previously explored by Fernandes et al. [42]. Using the 

parametrization definitions explored by Armbruster et al [221], the baseline standard deviation (SD) and 

signal intensity can be used to estimate the limit-of-blank (LoB) and the limit-of-detection (LoD) (see 

Appendix III – Baseline measurements with multi-channel acquisition system for EG-GFETs, section 3.1). 

The estimated LoB and LoD values, presented in Figure 48E,F, allow to infer that the voltage shift obtained 

by exposing anti-human MMP9 functionalized EG-GFETs to MMP9 spiked in PB is only reliable for MMP9 

concentrations above 10 pg/ml, while for anti-human c-Fn functionalized sensors reliable voltage shifts 

related to c-Fn detection are obtained for c-Fn at 1 pg/ml. For both targets saturation is reached at 10 

ng/ml, meaning that it is possible to achieve detection within 4 orders of magnitude with a sensitivity of 

16 mV/decade for MMP9 and of 59 mV/decade for c-Fn. The reason for the signal intensity difference is 

not clear, since the surface charge of both proteins should be similar (MMP9 pI = 5.69 [223], Fibronectin 

pI = 5.6-6.1 [224]). 

Using the same strategy for non-specific detection of control targets (e.g., expose anti-human c-Fn 

functionalized sensors to MMP9 spikes) the voltage shifts obtained were of low magnitude and less 

consistent direction. In both studied situations (red symbols, Figure 48E, F) the voltage shifts were always 

within the LoB indicating no consistent effects can be extracted from the obtained signal, reinforcing the 

specificity and selectivity of the monoclonal antibodies as probes. 

3.3. Inter-assays 

To evaluate the consistency and reproducibility of detection of the protein biomarkers, an assay was 

designed to expose 5 different chips, with 17 to 20 working EG-GFETs each, to a single spike of one of 

the biomarkers and check the variability of the voltage shift signal between them. All 5 chips were 

functionalized and immobilized with specific antibodies for the specific detection of c-Fn. Chips were 
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exposed to 100 ng/ml of c-Fn (prepared in PB). Figure 49 shows the VCNP shift obtained for each chip after 

exposure to c-Fn. 

 

Figure 49. The shift of VCNP after exposing anti-human c-Fn functionalized EG-GFETs to 100 ng/ml of c-

FN. Each data point represents an average of the VCNP shift obtained in the working EG-GFETs of one chip. 

The error bars represent the standard deviation obtained from the same values. 

Table 6 shows the VCNP shift values extracted and estimations of intra- and inter-variability. Using the 

average VCNP shift for each chip and corresponding standard deviation, it is possible to calculate the 

variation coefficient given by: 

% 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 (𝐶𝑉) =  
𝑆𝐷

𝑀𝑒𝑎𝑛
× 100     [225] 

For commercial applications, it is considered that the %CV should be lower than 10% in an intra-assay 

(within the same chip) and lower than 20% in an inter-assay (between different chips) [226]. For the EG-

GFETs at study, the intra-assay resulted in a %CV between 5.73% and 16.29%, meaning that in general, 

the devices provide an initial and reasonable reproducibility with potential for improvement for commercial 

applications. On the inter-assay, the %CV is 26.57% using all the tested chips, however, if the chip 13.765 

is removed from the analysis (due to different behavior/response) a %CV of 4.42% is achieved fitting well 

within the commercial requirements. This indicates that more data should be obtained for a conclusion, 

but there is potential to have EG-GFETs performing at clinical applications, suggesting some 

improvements in the homogeneity of the fabrication, mainly in the graphene transfer methods, as 

discussed previously [28].  
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When comparing the VCNP shift obtained for c-Fn at 100 ng/ml in the sequential assay and the 

reproducibility assay it is noticeable that the intensity of the second is about 20x lower. Although this 

might seem inconsistent, it is important to remember that in the sequential assay what is being seen by 

the functionalized graphene channel is an added effect of the tested concentration (100 ng/ml of c-Fn) 

with the previous exposures to the same protein (1 pg/ml to 10 ng/ml), which is very different from a 

single exposure to that target concentration.  

Table 6. Evaluation of reproducibility of VCNP shift after exposure to 100 ng/ml of c-Fn (prepared in PB 

10 mM), and using5 independent EG-GFET chips. Each chip with 17 to 20 EG-GFETs. 

Intra-assay 

Chip 
N 

(GFETs) 

Mean 

(V) 
SD %CV 

13.598 19 0.018248 0.002252 12.34 

13.625 20 0.019097 0.003111 16.29 

13.681 20 0.020303 0.002226 10.96 

13.709 19 0.019465 0.002042 10.49 

13.765 17 0.032159 0.001845 5.73 

Average 11.16 

Inter-assay 

 

5 0.021855 0.005808 26.57 

4 

(Excluding 13.765) 
0.019278 0.000852 4.42 

 

4. Conclusions 

Detection of charged proteins was achieved directly on graphene with a response compatible with 

negatively-charged targets, which is in good agreement with the expected charge configuration for the 

studied proteins with isoelectric point below the phosphate buffer pH. 

Specific detection of protein biomarkers by functionalized EG-GFETs was achieved, with sequential 

detection of MMP9 and c-Fn between 1pg/ml and 100 ng/ml. Sequential detection of MMP9 indicates a 

detection sensitivity of 16 mV/decade in the linear range, with an LoD of 10 pg/ml and saturation after 
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10 ng/ml. Detection of c-Fn reaches a sensitivity of 59 mV/decade in the linear range, with 1 pg/ml of 

LoD and saturation after 10 ng/ml. The reason for the increased sensitivity obtained with c-Fn is not 

clear, although differences in size or charge distribution might interfere with the sensitivity. Detection of 

c-Fn in 5 independent chips, containing 17 to 20 EG-GFETs allowed to study the reproducibility of the 

device, indicating that this first generation of bio-EG-GFETs is close to the commercial application 

requirements. Improvements to the homogeneity within a chip and between chips could be reached with 

modifications in the graphene transfer process which remains the most user-dependent task in EG-GFET 

fabrication.  

In general, the EG-GFET devices are suitable for biosensor applications, and the possibility for clinical 

applications using complex matrices is accessed in the next chapter.
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Section V – Biological Matrix studies 
 

 

 

 

 

 

The contents of this section are present in the publication "Graphene immuno-FETs for detection of 

stroke-related biomarkers in human serum” by, Patrícia D. Cabral, Ivo Colmiais., Jérôme Borme, Marco 

Martins, Pedro Alpuim and Elisabete Fernandes, under preparation for publication.  
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1. Introduction 

 Detection of biomarkers in complex biological samples is currently one of the major challenges in the 

development of biosensing technologies [227]. The possibility to detect biomarkers directly in raw 

biological samples could help to improve the overall performance of biosensors, allowing for a wider use 

by non-specialized operators (point-of-care (PoC) platforms). Until today, however, only a few systems 

[14] were able to reach detection in complex matrices [29,103,228–230]. When multiple biomarkers 

must be quantified to provide relevant information [231], biosensing systems still present many limitations 

for multiplex approaches. Cross-reactivity, sensitivity adjustment, and interaction with biological matrices 

(blood, serum, saliva, etc.) [10,227] are some of the challenges to overcome.  

An example is acute ischemic stroke (AIS) which represents a large public health problem that lacks a 

diagnostic system to provide personalized treatment to improve patient outcomes [63,64]. In acute cases, 

alteplase, an intravenous recombinant tissue plasminogen activator (rtPA) is the only approved systemic 

reperfusion treatment, which efficiency is time-dependent (< 4.5 h after symptom onset) [61]. One of the 

challenges is to predict the severe side effects of r-tPA therapy, hemorrhagic transformation (HT), which 

causes significant morbidity and mortality [61–63]. Researchers are validating panels of biomarkers that 

can contribute to predict the risk-benefit of it. Cellular Fibronectin (c-Fn), angiopoietin-1 (ANGIO1), matrix 

metallopeptidase-9 (MMP-9), and platelet-derived growth factor-CC (PDGF-CC) are potential biomarkers 

studied in the blood of stroke patients [61–63,65,66,72–75]. These biomarkers at certain levels in blood 

can accurately predict the risk of HT. Moreover, the detection of independent biomarkers is not specific 

to provide information on the risk of HT. A diagnostic tool that can provide simultaneous detection of the 

complete panel of biomarkers is of great interest for this disease. However, one of the limitations for fast 

detection of the mentioned biomarkers is related to sample processing. First, to decrease the complexity 

of the sample matrix, a blood sample (approx. of 10 mL) is collected from the patient and goes under 

centrifugation for plasma or serum separation. Nevertheless, serum samples can also present elevated 

levels of peptides, free-floating hemoglobin, as well as complex cross-reactivity of proteins such as plasma 

fibronectin, IgG, or hemoglobin [103,220,228]. Standard methods (e.g. ELISA tests) dilute serum 

samples to decrease the background noise, however, when low LoDs are required, they lack sensitivity  

[2,10]. Besides it, these methods are very time-consuming. In acute ischemic stroke, time is a crucial 

factor for thrombolytic treatment, where delays have a tremendous impact on the patient outcome [61]. 

Therefore, a system capable of detecting timely the interest biomarkers, and at the clinically relevant 

ranges is essential to achieve effective stratification of ischemic stroke patients.  
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As the simultaneous detection of MMP9 and c-Fn provides 87 % HT risk prediction, this work aimed to 

develop a reliable biosensor for the detection of these biomarkers.  Human serum was the sample matrix 

used for the study, which has inherently high salt concentrations and elevated levels of various proteins 

[103,220,228]. Specific challenges in EG-GFETs are related to the detection of those biomarkers in salt-

rich medium and non-specific adsorption of serum proteins which interfere with the electrical signal due 

to local charge accumulation and Debye length reduction [228]. Pre-treatment of the biological matrix to 

improve the detection signal is often reported, with sample filtering, desalting and dilution as the most 

commonly reported approaches [227]. However sample processing can increase the analysis time and 

increase variation and error due to additional steps of sample manipulation [227,228]. Other methods 

for improved detection in complex samples have been reported using control groups for signal comparison 

[232,233], or cross-validation with two or more transduction mechanisms [234].   

The main goal of the presented work was to achieve specific detection events signal in a complex sample 

matrix within 1 h, considering the time relevance for AIS patient stratification.  To distinguish the specific 

detection signal from other matrix interferences, surface and electrical parameters were evaluated, 

allowing to understand the main interactions of human serum with the EG-GFETs active surfaces (gate 

electrode and graphene channel). Specific detection of MMP9 and c-Fn was also evaluated in EG-GFETs. 

Customized ELISA tests were used for the assessment of specific detection of c-Fn and cross-reactivity 

studies.   

2.  Materials & Methods 

2.1.  Materials 

Table 7. Reagents and biomolecules. 

 Description Supplier 

Solvents Dimethylformamide (DMF) 99.75% purity Sigma-Aldrich 

 Ethanol 99.8% Honeywell 

Chemicals 

3140 RTV non-corrosive silicone rubber (flowable) Dawsil™ 

Elastosil® E41, RTV-1 silicone rubber Wacker Chamie 

1-Pyrenebutanoic acid succinimidyl ester (PBSE) 

Sigma-Aldrich 
Ethanolamine, 98% (ETA) 

1-Dodecanethiol (DDT) (≥98%) 

Polyethylene glycol sorbitan monolaurate (Tween® 20) 
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Horseradish Peroxidase-Streptavidin (HRP) 

3,3′,5,5′-Tetramethylbenzidine (TMB) 

Sodium bicarbonate (NaHCO3) 

Sodium Carbonate (Na2CO3) 

NaH2PO4 

Fisher Scientific 

Na2HPO4 

Phosphate Buffered Saline  (PBS) Tablets 

Sulfosuccinimidyl 6-(3′-(2-pyridyldithio)propionamido)hexanoate 

(Sulfo-LC-SPDP) 

Biomolecules 

Purified Matrix Metallopeptidase 9 (MMP-9), MW 92 kDa 

Immunostep 

Monoclonal anti-human MMP-9 

Polyclonal biotin anti-human MMP-9 

Human Cellular Fibronectin Native Protein (c-Fn), MW 560 kDa 

Purified monoclonal anti-human Fibronectin 

Anti-human Fibronectin Biotin 

Human Plasma Fibronectin Purified Protein (p-Fn), MW 220 

kDa 

Bovine Serum Albumin (BSA) BioWest 

Others Human Serum AB Male  Sigma-Aldrich 

2.2.  Methods 

2.2.1. Solutions Preparation 

PBSE linker was prepared at 10 mM in DMF as follows: 3.85 mg of PBSE powder were weighted and 

dissolved in 1 ml of DMF. The solution was stored in a dark bottle at room temperature. The solution was 

prepared fresh after 5 experiments to avoid loss of activity of the linker. 

Ethanolamine at 100 mM was prepared in ultrapure water as follows: 60.5 µL of ETA 98% were diluted 

into 8 mL of ultrapure water. After pH assessment, HCl 2 M was slowly added to the mixture to reduce 

the pH value to physiological values (pH 7.2 – 7.4). After pH stabilization, the volume was completed to 

10 ml with ultrapure water. 

DDT 2 mM was prepared by dissolution of 5 µl of DDT ≥98% in 10 ml of Ethanol. A fresh solution was prepared 

for each run. 
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Phosphate buffer (PB) at 100 mM with pH 7.2 was prepared by mixing 70 mL of 200 mM NaH2PO4, 180 

ml of 200 mM Na2HPO4, and 250 ml of dH2O. The solution was filtered and sterilized and stored at 4 ºC 

until use. Dilution for PB 10 mM was done with ultrapure water as required.  

Phosphate Buffer Saline (PBS) 1x was prepared by dissolving 5 tablets in 1 l of dH2O. The solution was 

filtered and sterilized and stored at 4 ºC until use. 

For ELISA plate washing, PBS 1x with Tween® 20 at 0.05% (PBS-Tw20) was prepared by the addition of 

2.5 ml of Tween® 20 to 5 l of PBS 1x. The solution was filtered and sterilized and stored at 4 ºC until 

use. 

Sodium Carbonate/Sodium Bicarbonate buffer at 50 mM with pH 9.6 was prepared by mixing 16 ml of 

200 mM Na2CO3, 34 ml of 200 mM NaHCO3, and 150 ml of dH2O. 

Human Serum provided by Sigma-Aldrich ( AB Male Human Serum, H4522). Dilutions of serum were 

prepared as following:1:5, 200 µl of Human serum were diluted in PB 10 mM for a final volume of 1 ml 

(freshly prepared for each experiment). The depleted serum (prepared fresh for each experiment) was 

prepared as follows: the human serum was centrifuged at 10 krpm for 30 minutes at 4oC using a Milipore 

3 kDa filter (Amicon Ultra-0.5 mL Centrifugal Filters, C82301, Merk) to remove all serum components 

with MW > 3 kDa. . 

BSA (prepared fresh for each experiment day) was prepared at 1 % (10 mg/ml) and 3 % (30 mg/ml) in 

PBS 1x. . 

Monoclonal antibodies for  Fibronectin and MMP9 were prepared at 250 µg/ml in PB 10 mM for 

immobilization on EG-GFETs and QCM crystals. Monoclonal anti-human Fibronectin was prepared at 5 

µg/ml in 50 mM Carbonate/Bicarbonate buffer for immobilization in ELISA plates. 

Anti-human Fibronectin Biotin at 2 µg/ml or 5 µg/ml was prepared in BSA 1 %. 

HRP was diluted 1:20000 and prepared in BSA 1 %. 

Cellular Fibronectin (c-Fn) was prepared at 100 ng/ml in PB 10 mM and in serum (raw, diluted and 

depleted) for the tests carried out using EG-GFETs. For ELISA tests, c-Fn was prepared at the 

concentrations of 0 µg/ml, 0.01 µg/ml, 0.1 µg/ml, and 1 µg/ml in PBS 1x and serum diluted 1:5. 

Plasma Fibronectin (p-Fn) was prepared in PBS 1x at the concentrations of 0 µg/ml, 0.01 µg/ml, 0.1 

µg/ml, and 1 µg/ml. 

Matrix Metallopeptidase 9 (MMP9) was prepared in PB 10 mM and  serum at 100 ng/ml for tests in the 

EG-GFETs. 

2.2.2. Microfabrication of EG-GFETs and Graphene Transfer 
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The microfabrication of EG-GFETs at wafer-scale and graphene transfer methods are reported in detail by 

[28] and summarized in Chapter III, Section 2.  

2.2.3.  EG-GFET chips Preparation 

To allow electrical measurements using a multi-channel platform the diced chips were wire-bonded to 

custom-made PCBs using Aluminum or Gold wire. The wires were protected using 3140 RTV flowable 

silicone rubber and E41 silicone rubber, which was dried in air, at room temperature for 18 h. 

2.2.4. Surface functionalization  

Graphene  

Functionalization of the graphene channels of EG-GFETs was performed as reported by [42]. Shortly a 

heterobifunctional pyrene linker, PBSE, 10mM in DMF, was deposited as a 20 μL drop and allowed to 

interact with the graphene surface for 2 h under a humid atmosphere at room temperature (RT). 

Antibodies (Anti-MMP9 or Anti-c-Fn) were prepared at 250 μg/ml concentration in PB 10 mM and spotted 

(5 μL) onto the pyrene-modified surfaces for overnight incubation at 4 oC under a humid atmosphere. 

Prevention of nonspecific binding was done by passivating free PBSE molecules with ethanolamine (ETA) 

at 100 mM concentration for 1h at RT, under a humid atmosphere. For blocking efficiency assays, 

graphene was only functionalized with PBSE, 10mM in DMF  and ethanolamine, 100 mM in water before 

exposure to the human serum. 

Gold Surfaces 

The gold gate electrode of EG-GFETs was passivated to prevent nonspecific interactions with DDT at 2 

mM concentration in ethanol. This step is performed before initial characterization of the EG-GFETs and 

biofunctionalization of graphene. The same functionalization procedure was applied to gold coated QCM 

crystals. 

2.2.5.  Detection strategy in EG-GFETs 

For biological matrix effects studies, EG-GFETs functionalized with PBSE, monoclonal antibodies and 

ethanolamine were exposed for 20 minutes to human serum (5 µl) and rinsed with PB 10 mM before 

transfer curve acquisition. The same procedure was applied for the specific detection of MMP9 and c-Fn. 

2.2.6.  Enzyme-linked Immunosorbent Assays (ELISA) 

Sandwich assays 
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Sandwich ELISA assays with matched pairs of antibodies were used to study specific detection of c-Fn 

and cross-reactivity with p-Fn. 100 µl of primary antibody (Monoclonal anti-human c-Fn) was immobilized 

on 96 wells plates and incubated overnight at 4 ºC. The unbound antibodies were washed with PB-Tw20, 

followed by a blocking step (300 µl) with BSA 3 % to reduce non-specific binding in free-sites. The plates 

were incubated for 1 h at 37 ºC. After the washing step (PB-Tw20), wells were filled (100 µl) with the 

target protein (c-Fn or p-Fn) and left incubating for 90 minutes at 37 ºC. The secondary antibody (Anti-

human c-Fn Biotin at 2 µg/ml) was added (100 µl) and left incubating 1 h at 37ºC. HRP-streptavidin at 

1:20000 dilution was added to react with the biotinylated secondary antibody and incubated for 30 

minutes. After the final washing step, TMB was added to react with the enzyme (HRP) for 2 minutes. After 

that time, HCl 1 M was added to stop the reaction. 

Direct assays 

In the reported direct assays, the target protein was immobilized directly on the wells, and only the 

secondary antibody was used to access the specificity of the binding to c-Fn and p-Fn. Immobilization of 

the target protein (c-Fn, p-Fn, BSA, human serum) was performed by filling the wells with 100 µl of the 

target solution and incubating overnight at 4 ºC. After removing the unbounded protein with PB-Tw20, 

the wells were filled (300 µl) with BSA 3 % to reduce non-specific binding. The plates were incubated for 

1 h at 37 ºC. After the washing step (PB-Tw20), 100 µl of secondary antibody (Anti-human c-Fn Biotin at 

2 µg/ml) was added and incubated 1 h at 37 ºC. HRP-streptavidin at 1:20000 dilution was added to 

react with the biotinylated secondary antibody and incubated for 30 minutes. After the final washing step, 

TMB was added to react with the enzyme for 2 minutes. After that time, HCl 1 M was added to stop the 

reaction. 

2.3. Characterization techniques 

2.3.1. Quartz crystal microbalance (QCM) 

QCM measurements were performed in a QSense E1 system (Biolin Scientific). AT-cut quartz crystals 

having gold electrodes of the working surface coated with ca. 50 nm of silicon oxide (QSX 335, Biolin 

Scientific) were used as substrates for single-layer graphene transfer, to mimic the effects at the EG-

GFETs graphene channel. AT-cut quartz crystals having gold electrodes of the working surface coated 

with ca. 50 nm of gold were used to mimic the effects of the EG-GFETs gate electrode. 

Prior to monitoring the effect of human serum by QCM, the graphene surfaces were functionalized with 

PBSE (2 h in 10 mM PBSE in DMF), Anti-human MMP9 or Anti-human c-Fn (at 250 µg/ml in PB 10 mM, 
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overnight, at 4 ºC) and ethanolamine (100 mM in water, 1h). The gold crystals were functionalized with 

DDT (2 mM in ethanol, overnight) prior to exposure to human serum in QCM. 

QCM measurements for the fundamental (ca. 4.95 MHz) frequency and at its 6 odd overtones (n=3, 5, 

7, 9, 11, 13) were carried out under a flow rate of 0.06 mL/min at a constant temperature of 20 °C (set 

within<1 °C from RT, at which the solutions have been stabilized prior to the measurements). The 

frequency shift is reported in the standard ΔFn/n normalization, as recorded by the instrument software. 

The baseline in the blank PB 10 mM was recorded before and after exposure to human serum; exposure 

to human serum was performed by re-circulating 1 mL of the solution through the QCM flow cell. 

2.3.2. EG-GFET electrical measurements 

The acquisition of transfer curves from EG-GFETs and extraction of curve parameters (e.g., minimum 

conductivity point) was performed using an in-house built platform and software for sequential data 

acquisition of the 20 EG-GFETs present in each chip. The acquisition system consisted of an Arduino-like 

board with 10×6 cm2 equipped with a microcontroller, digital-to-analog and analog-to-digital converters 

(DAC, ADC), resistance-controlled current source of 1-100 µA, digital potentiometer, and CMOS matrices. 

A constant drain-source current (IDS) was applied at 1 µA, or a constant drain-source voltage (VSD). The gate 

voltage was linearly scanned within a 1 V range with a voltage step of 200 mV using a liquid gate electrode. 

The waiting time during each measurement of the transfer curve was 18 s. The acquisition software, 

custom-made with Lab-View™ tools, allowed to control the measurement parameters and automatic 

extraction of the transfer curve parameters (e.g., minimum conductivity point, linear region slopes). For 

all functionalization and detection steps, 20 consecutive curves were traced to allow for signal stabilization 

(Appendix III – Baseline measurements with multi-channel acquisition system for EG-GFETs, Figure 

Ap12). 

2.3.3. Plate reader 

 A SYNERGY H1 Microtiter Plate Reader from Biotek is used to read the absorbance values at 450 nm 

from the finalized 96-wells ELISA plates. The system is programmed to perform a 5 s orbital shake of the 

plate for sample homogenization before reading the absorbance values. 

2.4.  Data analysis 

The data extracted from the EG-GFETs acquisition system was analyzed using Origin® 9 software. 

Transfer curves were used for the extraction of charge carrier mobility parameters. Overtime parameters 

(minimum conductivity point) were extracted to evaluate signal stability, and the values from the final 5 
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runs were used to average the voltage at the minimum conductivity point (VCNP). The averaged VCNP was 

used as the signal from each EG-GFET and was compared between functionalization steps. After 

functionalization, exposure to PB 10 mM allowed to stabilize the surface and a baseline VCNP was extracted 

for comparison with the  VCNP from target exposure. Outlier detection and extraction was performed as 

reported in chapter V. 

3. Results & discussion 

3.1.  Biological matrix effects on EG-GFET chip 

Once the detection of the relevant biomarkers was achieved in PB 10 mM with satisfactory reproducibility 

(Chapter V), the challenge was to understand how the biological matrix (human serum) could affect the 

sensor surface and electrical characteristics. As such, to analyze the surface effects, quartz crystals were 

used to infer non-specific surface adsorption of serum elements in the different available surfaces at the 

EG-GFET chip: gold quartz crystals (AuQC) to mimic the gate electrode, and SiO2 quartz crystals (SiO2QC) 

with graphene to mimic the graphene channel. AuQC and SiO2QC were functionalized with DDT and PBSE, 

respectively, followed by a blocking step with ethanolamine and/or antibody immobilization (anti-human 

MMP9 or anti-human c-Fn) . Figure 50A shows the frequency shifts obtained after exposure to human 

serum (dark grey) and depleted human serum (light grey) of the mentioned functionalized surfaces.  

 

  
(A) (B) 

Figure 50. Effects on the sensor surfaces after exposure to the biological matrix (human serum). (A) 
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(in the functionalized gold (DDT) and graphene channel. (B) The VCNP shift of passivated EG-GFETs (DDT 

+ PBSE + ETA) after exposure to diluted serum (1:5) and undiluted serum (1:1).  

When the sensor surfaces are passivated with DDT vs. PBSE + Ethanolamine it is possible to observe a 

significant frequency shift in both exposures (to depleted and non-depleted serum), indicating strong 

adsorption of serum components to the surfaces (even though they are passivated). On the gold surface, 

the non-specific adsorption might be due to the reduced efficiency of DDT to block all the surface area 

[235], when defects or small impurities are present in the surface. In the graphene surface, it is important 

to consider that unlike the close-packed thiol-binding of DDT on gold [235], PBSE has a large surface 

area and there is no evidence of rearrangement of the interaction sites for close-packing. Our previous 

findings using X-ray Photoelectron Spectroscopy (XPS) technique (detailed in Chapter III) [28] allowed to 

estimate that about 34% of the graphene surface is left uncovered by the pyrene-based linker. Therefore, 

as the serum is the protein-rich component of blood, the uncovered surface with PBSE could easily trigger 

cascading adsorption events due to protein denaturation in the presence of a highly hydrophobic surface 

[42]. Besides QCM allowing mimicking the sensor surface exposed to the biological components, with a 

similar area of approx. 1 cm2, it is important to highlight that in the EG-GFETs the surface area of the gold 

gate electrode is about 370 times bigger than the graphene channel [28]. This difference is reflected in 

the negative shift of VCNP observed in Figure 50B (which is indicative of the stronger influence of non-

specific adsorption events occurring at the gate electrode, than that of the effects at the passivated 

graphene channels. The non-specific adsorption in the graphene surfaces functionalized with specific 

antibodies still occurs, but at a lower level. Nevertheless, any presence of non-specific adsorption always 

reduces the sensor sensitivity. The surface functionalized with anti-human MMP9 is the one reporting 

better results.  The surface functionalized with anti-human c-Fn has about 10 Hz more shift than for 

MMP9 surface, and this can be explained by the existence of certain cross-reactivity events with plasmatic 

fibronectin (p-Fn) as 300 to 400 µg/ml of p-Fn is present in the serum of healthy patients [236]. 

Fibronectin is a multidomain protein, composed of multiple repeated modules, allowing for functional 

flexibility [236]. The organization and presence of certain modules defines the functionality of the 

molecule with the major difference between p-Fn and c-Fn being the presence of EIIIA and/or EIIIB 

modules in the second one [236], meaning that the general structure of the two proteins is similar. 

However, the same cannot be explained in depleted serum due to the presence of only proteins below 

3kDa. Therefore, and as the error bars overlap for depleted-serum through the different surface 

treatments, it suggests that serum samples will cause a background noise with a frequency shift of approx. 

-41 Hz, or approximately 20 mV in EG-GFETs (Figure 51). The adsorption effects analyzed in the surface 



Immuno-field-effect transistor platforms based on 2D materials for early 
detection of biomarkers of ischemic stroke  

124 
 

study are reflected when the EG-GFETs are exposed to the same complex biological matrix. In general, 

both for MMP9 and c-Fn specific surfaces, exposure to depleted or diluted serum seems to induce some 

positive shift indicating some interaction occurring at the graphene surfaces, but at levels like those 

observed with PB 10 mM (which is explained by the stabilization of the surface after complete 

functionalization). An exception for the background signal in the functionalized EG-GFETs is observed for 

exposure to undiluted serum in c-Fn specific devices, in which a strong positive shift of VCNP (≈65 mV) 

indicates additional interferences, which are explored later in this chapter (section 3.3). 

3.2.  Detection of stroke protein biomarkers in serum 

After understanding the background noise of serum in EG-GFETs, samples spiked with 100 ng/ml of the 

interesting targets (MMP9 and c-Fn) were tested and the shift in VCNP was taken as a measure of the 

specific detection signal (Figure 51). The transfer curves of each tested EG-GFET chip are shown in Figure 

Ap18 and Figure Ap19 of Appendix IV – Biological Matrix Effects. 

  
(A) (B) 

Figure 51. The shift of VCNP after exposing the functionalized EG-GFETs with immobilized antibodies to 

the biological matrix (light color bars) and specific targets (MMP9 or c-Fn) (dark color bars) prepared in 

depleted serum and serum, undiluted (1:1) and diluted (1:5). (A) The VCNP shift of EG-GFETs functionalized 

with  monoclonal anti-human fibronectin, after exposure to different sample matrices and exposure to c-

Fn at 100 ng/ml, showing the background signal contribution.  (B) The VCNP shift of EG-GFETs, 
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functionalized with  monoclonal anti-human MMP9, after exposure to different sample matrices and to 

MMP9 at 100 ng/ml, showing the background signal contribution. 

The detection of MMP9 and c-Fn in buffer solution is achieved with similar intensity (20 to 30 mV shift) 

indicating a similar interaction between the target and the antibodies. The increasing complexity of the 

matrix (depleted serum and serum, diluted or not) decreases the detection signal for c-Fn. For undiluted 

serum (1:1), a negative shift of VCNP is observed, which can be indicative of a more complex detection 

dynamics related with cross-reactivity events with p-Fn as proposed in the previous section and discussed 

in section 3.3. The detection signal for MMP9 does not seem to be dependent on the matrix complexity, 

since the VCNP shifts obtained in diluted and non-diluted serum fit well within the values obtained in buffer 

solutions. However, the detection signal for MMP9 decreases in depleted serum (diluted or not), which 

could be caused by the instability of the target protein in these mediums, which can easily loose its 

enzymatic activity in mediums with non-ideal pH [237]. The process of serum depletion can indeed 

change the pH of the medium, which might decrease the stability of the protein and reduce is viability for 

detection in a more pronounced fashion than c-Fn. The signal intensity is always higher for the samples 

spiked in serum, instead of in depleted-serum and PB.   

To decrease sample matrix effects, the results obtained suggested that patient samples should be diluted.  

The 1:5 dilution is already recurrent in analytical techniques (e.g., ELISA tests) to reduce the interferences 

from the biological matrix, however, when diluting the sample, the interest target is also diluted, and 

therefore can compromise the assay LoD.   Depending on the clinical application, the difficulty of achieving 

high LoDs can limit the sensor applicability.  For ischemic stroke, the cutoff values for MMP9 and c-Fn 

are still within the dynamic range provided by the EG-GFETs from pg/ml to ng/ml range, and therefore 

far below from the interest region, which is in the ng/ml to µg/ml range. As such, there is potential on 

EG-GFETS for ischemic stroke patient stratification. 

3.3.  Complementary study on p-Fn and c-Fn affinities 

Cross-reactivity studies were performed, using ELISA tests, to understand if some affinity exists between 

plasmatic fibronectin (p-Fn) and the antibodies that are immobilized on the sensor surface for cellular 

fibronectin (c-Fn). The absorbance values presented in the Figures 52 to 54 can be confirmed in the 

tables presented in Appendix IV – Biological Matrix Effects (sections 4.2 and 4.3). 

The first ELISA test was carried out by using a sandwich assay, where the monoclonal antibody used in 

EG-GFETS is used as primary antibody, immobilized on 96-well plate, and a biotinylated polyclonal 

antibody used as a secondary antibody to react with streptavidin-conjugated with horseradish peroxidase 
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(HRP). Figure 52A shows absorbance values similar for samples spiked with c-Fn and p-Fn. Comparison 

of detection in sandwich assays using PBS 1x buffer and diluted serum (1:5) reinforces the evidence of 

the strong interaction between serum components (mainly p-Fn) and the c-Fn specific antibodies (Figure 

52B), since the absorbance values obtained in diluted serum samples are equivalent to that obtained for 

high concentrations of p-Fn ( ≥ 3 µg/ml) and higher to that obtained for c-Fn samples prepared at the 

same concentration in PBS 1x.   

  

(A) (B) 

Figure 52. Absorbance values at 450 nm from 96-well plates after sandwich-assay ELISA. (A) 

Absorbance values with increasing concentration of 2 different lots of c-Fn in comparison with p-Fn, 

between 0.01 µg/ml and 1 µg/ml. (B) Absorbance values with increasing concentration of c-Fn and p-Fn 

in PBS, and c-Fn in diluted human serum (1:5), between 0.5 µg/ml and 5 µg/ml (interest range for c-Fn 

in stroke). 

To understand the affinity between the secondary antibody (Anti-human Fibronectin Biotin) and p-Fn, 

direct assays were performed. Here, p-Fn and c-Fn were immobilized in 96-well plates by physical 

adsorption, followed by a blocking step and a detection step using the biotinylated antibodies. Plate 1, 

with the map showed in Appendix IV – Biological Matrix Effects, Table Ap 4, was prepared for two 

purposes: (a) cross-reactivity of biotinylated antibodies of fibronectin with p-Fn, and (b) events of non-

specific binding due to serum matrix components.  

The absorbance values for the reaction between the Anti-human Fibronectin Biotin antibody and p-Fn 

immobilized in PBS 1x are shown in Figure 53 (average absorbance values in Table Ap5, Appendix IV – 

Biological Matrix Effects). As expected, absorbance increases with antibody concentration, meaning the 

presence of more antibodies increases the change for non-specific interactions with the target. However, 
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it is also observable that the absorbance values obtained when the secondary antibody is used at 2 µg/ml 

are very close to those obtained in the sandwich assays (Figure 52A). This indicates that the affinity issues 

observed initially are equally attributed to the primary and secondary antibodies.  

It is also observed in Figure 53A that the response to diluted human serum is within the window of 

response to p-Fn. Since the human serum used is obtained from healthy volunteers, it is only expected a 

minor amount of c-Fn in circulation that would be difficult to detect in this assay. As such, it is likely that 

the signal comes from the interaction of the secondary antibodies with the immobilized p-Fn occurring 

naturally in human serum. 

 

(A) 
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(B) (C) 

Figure 53. Absorbance values from Plate 1, after direct immobilization of p-Fn and human serum, and 

non-specific detection with Anti-human Fibronectin Biotin antibodies. (A) Absorbance values increase with 

p-Fn concentration and secondary antibody concentration (after adsorption of human serum). (B) 

Absorbance values for the wells blocked with BSA 3% and exposed to PBS and human serum, showing 

effective blocking of the well’s walls. (C) Effect of buffer in the immobilization of the target in the wells. 

Figure 53B shows the effectiveness of the passivation of the wells with BSA, indicating that even in the 

presence of complex solutions (human serum) only a small incidence of adsorption is observed. The 

comparison of target immobilization with different buffers (Figure 53C), indicates that the 

carbonate/bicarbonate buffer improves the efficiency of immobilization in the wells, which can be 

significant for assays where increased reliability and/or quantification are required. 

A second study was performed to access the preferential interaction of the antibodies. Up to this point 

the antibodies only interacted with c-Fn and p-Fn separately, but it was not clear if the mixture of both 

proteins would lead to preferential detection of one of them. Table Ap 6 in Appendix IV – Biological Matrix 

Effects shows the distribution of c-Fn and p-Fn in the 96-well plate, with the controls for separate detection 

and the prepared mixtures. 

The absorbance values for the reaction between the Anti-human Fibronectin Biotin antibody and the c-

Fn/p-Fn mixtures immobilized in PBS 1x are shown in Figure 54 (average absorbance values in Table 

Ap7, Appendix IV – Biological Matrix Effects). As observed before in sandwich assays (Figure 52), for the 

same concentration of protein, the signal intensity obtained for c-Fn (Figure 54A, left group) is lower than 

that obtained for p-Fn (Figure 54A, grey bars). For the highest concentration of p-Fn tested is not clear if 

there is effect from adding c-Fn, since the absorbance values overlap for all c-Fn concentrations (Figure 

53A, right group). When analyzing the data from the perspective of the specific target (c-Fn) it is possible 

to see that the absorbance values are similar between samples with only c-Fn and samples with a p-Fn 

concentration below that of c-Fn (Figure 54B,C). This tendency is lost for p-Fn concentrations equal or 

above c-Fn concentration, indicating that the specificity limitations faced in human serum samples are 

related with the great amount of p-Fn present when compared with c-Fn [236]. 
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(A) 

  

(B) (C) 

Figure 54. Absorbance values from Plate 2, after direct immobilization of c-Fn and p-Fn, and detection 

with Anti-human Fibronectin Biotin antibodies. (A) Absorbance values increase with c-Fn and p-Fn 

concentration. (B) Absorbance values for increasing p-Fn concentration with 0.05 µg/ml c-Fn present. 

(C) Absorbance values for increasing p-Fn concentration with 0.5 µg/ml of c-Fn present. 

4. Conclusions 
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Exposure of the devices to complex biological samples, revealed some limitations in the surface 

functionalization process, indicating that the gold and graphene surface passivation requires further 

investigation. Functionalized surfaces with specific immobilized antibodies for the interesting targets 

revealed specific and non-specific binding to serum components. Cross-reactivity happens between 

fibronectin antibodies and p-Fn, and therefore decreasing the specific detection of c-Fn. These cross-

reactivity events could occur due to the shared modules between cellular fibronectin and p-Fn which 

create common molecular binding regions in the two molecules [236]. Our findings suggested that the 

matrix interferences could be decreased by diluting serum samples, and therefore, obtain a more 

accurate and specific detection of c-Fn and MMP9, indicating the potential of the studied EG-GFETs for 

clinical applications.
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Section VI – Future work 
 

The work developed under this thesis shows the potential application of EG-GFETs as clinical diagnostic 

tools. The optimization of the microfabrication process allowed to improve the homogeneity of the 

transistor’s characteristics (e.g., carrier mobility, resistance, surface cleaning), which are now mostly 

dependent on the graphene quality and transfer. To optimize the throughput of EG-GFETs for biosensor 

development, microfabrication using physical masks can be used to reduce fabrication time from 1 month 

to 1-2 weeks [238]. Still, improvements must be achieved in graphene transfer to reduce variability within 

the wafer. Transfer methods must be optimized to allow large area transfer of graphene (e.g., covering 

the whole wafer at once). 

The detection of MMP9 and c-Fn was achieved with good specificity, and possible to use a biological 

complex matrix, as human serum. Nevertheless, EG-GFETs are prone to some non-specific binding when 

exposed to undiluted serum. The results showed some limitations regarding surface passivation/blocking. 

It is proposed that the 1-Dodecanethiol (DDT) molecules used to passivate gold do not provide effective 

passivation in a complex medium due to the short length of the molecule. As such, longer molecules 

could be tested to improve the blocking and avoid the non-specific adsorption at the gate electrode.  

In the graphene channels, the results showed that the exposure of non-functionalized graphene areas to 

human serum led to the strong adsorption of serum proteins, maybe due to denaturation cascades 

occurring at the hydrophobic interface. It is then proposed to use a surfactant along with ethanolamine 

to allow passivation of the free graphene surface. Previous results showed a strong interaction between 

graphene and Tween® 20 (Appendix V – Future Work (preliminary data)), which would allow reducing 

further interactions with graphene, as well as proposed in the literature [3,116].  

Regarding the biological samples, it is preferred to reduce the sample processing through the operator to 

reduce errors and variability from sample to sample [2]. The detection of cellular fibronectin (c-Fn) showed 

that the presence of p-Fn in serum strongly interferes with its specific detection. This interference can be 

overcome by using a pre-recognition step with, for example, functionalized nanoparticles, as reported 

elsewhere [220]. This implies a ‘labeling’ of the target, without implications in the measurement in the 

EG-GFETs, which can be possibly achieved by using a sample preparation device. To explore the potential 

of this idea, preliminary tests were performed using magnetic nanoparticles (MNPs) functionalized with 

biotinylated antibodies specific for c-Fn. The results are shown in Appendix V – Future Work (preliminary 

data), allowing to access the impact of the nanoparticles in the EG-GFETs signal. Detection using samples 
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prepared with this system was attempted but further optimization of particle ratios is required to reach 

the required clinical cutoff values. If successful, this extraction system can be integrated into a 

microfluidics setup allowing the targeting of the interest biomarker from human serum and avoiding 

sample complexity.  

One of the most important parameters for the use of the EG-GFET biosensors for clinical stratification is 

the linear dynamic range. The results obtained with sequential assays showed that the linear range of the 

sensors was within the ng/mL range, however for the studied clinical application, the linear range should 

be in the microgram/mL range. The future developments of this sensing system would imply adjustment 

of the dynamic range and sensitivity to cover the interest concentrations for diagnosis. The use of diluted 

serum for this particular clinical case can be beneficial not only to decrease sample complexity but also 

to decrease sensor sensitivity. Dynamic range can be adjusted by testing different sample dilution, and/or 

antibody concentrations, which at this point is saturating the surface (Chapter IV, [42]). An alternative 

can also be the sample preparation process on-chip and taking the benefit of nanoparticles to adjust the 

ratio of captured protein biomarkers before detection. These proposals require extensive work since 

adjustment has to be performed for each biomarker depending on the detection range required. Still, only 

after optimizing detection of the interested biomarker within the clinical and relevant dynamic range, it is 

possible to access a multiplex detection strategy for biomarkers associated with the risk of hemorrhagic 

transformation in stroke patients. 
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1. Appendix I – Microfabrication of EG-GFETs 

1.1. Previous layouts 

After the initial proof-of-concept measurements showed in [42], a new generation of EG-GFETs was 

required to provide enough devices for biosensor development. An initial proposal, here referred to as 

Wafer 3, was made to use an SU-8 like passivation to reduce fabrication time and allow passivation of 

the source and drain contacts. The proposed design is presented in Figure Ap1. 

  
(A) (B) 

Figure Ap1. Proposed layout for Wafer 3. (A) Design for 1 chip with contacts available on the four sides, 

to allow multiple use. Each die has 20×20 mm. (B) Close-up on the graphene channels, showing a 

common source electrode and 22 individual drain electrodes. 

After contacts fabrication and graphene transfer, an epoxy similar to SU-8 was used for passivation, 

DWL1x that allowed to passivate the contacts with a 1 µm thick layer, leaving only the graphene channels, 

gate electrode, and connection pads uncovered.  Tests with old layouts were performed to ensure 

adhesion of the passivation to the chip surface and its endurance to cleaning (with ethyl acetate), as 

shown in Figure Ap2. As only slight changes were observed after the cleaning step, it was considered that 

the passivation should be stable enough for the process. 

  
(A) (B) 
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(C) (D) 

Figure Ap2. Initial testing for passivation using DWL 1x. After exposure by optical lithography and 

development a well-defined structure was observed, with the gate electrode (A) and graphene channel (B) 

exposed. After immersion of the sample in ethyl acetate for 2 h (cleaning step) the passivation seems to 

be slightly attacked, with infiltration of the solvent through the mask borders. 

Application of this process to Wafer 3, resulted in a homogeneous passivation as shown in Figure Ap3. 

However, as it is also possible to observe the gate electrode surface obtained is not clean, with a great 

amount of graphene transfer-related residues on top. This can be a limitation in the application of the 

fabricated devices as biosensors due to random adsorption events as discussed in chapter IV. 

 
(A) 
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(B)  (C) 

Figure Ap3. Wafer 3 after full process, showing a homogeneous passivation with DWL 1x (A) with the 

expected overlapping at the gate electrode (B) and only a slight misalignment at the graphene channels 

(C). 

Still the devices were tested for acquisition of transistor transfer curves, and signal stability studies. 

Simultaneous acquisition of the transfer curves of the 22 EG-GFETs was performed using an in-lab 

customized platform, as seen in Figure Ap4A, which applies a fixed source-drain current (ISD) through and 

ADC and a variable gate-source voltage (VGS) through a DAC microcontroller. The current and voltage are 

applied to the EG-GFETs as a series as defined by matrix connectors, and the correspondent source-drain 

voltage (VSD) is the output signal. A schematic of the platform concept is shown in Figure Ap4B. The 

transfer curves acquired showed excellent homogeneity in terms of the voltage of the minimum 

conductivity point (VCNP), as shown in Figure Ap4C. 

 
(A) 

 

 
(B)  (C) 

Figure Ap4. System for multiple acquisition of EG-GFET transfer curves. (A) Photograph of the first 

model of the platform with a chip from Wafer 3 inserted for measurements. (B) Schematic of the principle 

of operation of the FET Curve Tracer platform. (C) Example of transfer curves as taken from the software 
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built to work with the acquisition platform, showing 20 out of 22 EG-GFETs working, with very similar 

position of VCNP.  

For stability studies, the minimum conductivity point voltage (VCNP) was extracted overtime to evaluate 

signal changes, as this is the intended signal for the biosensing studies. Figure Ap5 shows the overtime 

variation of VCNP using a standard acquisition or a pulse-modulated acquisition. The standard mode applied 

a gate voltage value followed by the next, while the pulsed modulation implied a drop to zero gate voltage 

between each step of the gate voltage sweep. With this pulsed mode it is expected to reduce charge 

trapping in the channels, reducing drift of the signal. Indeed, the signal acquired in this mode (Figure 

Ap5, right side) shows reduced drift and faster stabilization of the signal. This also showed the importance 

of grounding the contacts of the EG-GFETs for some time between measurements to reduce charge 

trapping effects that destabilize the devices. 

 
(A)  

Figure Ap5. Overtime variation of VCNP of 22 EG-GFETs (chip 3.5, side 3), using a standard acquisition 

of the transfer curves (left side) or a pulse-modulated acquisition (right side). 

After determining the signal acquisition conditions, devices from wafer 3 were used for functionalization 

and bio detection studies, however with many limitations. The first limitation encountered was related 

with the functionalization with PBSE. As shown in Figure Ap6B, after exposure to DMF (the solvent used 

for PBSE) the borders of the passivation are attacked, and Raman spectroscopy reveals the appearance 

of a photoluminescence band (PL band, Figure Ap6C, blue spectra) indicating residues from the 

passivation might have deposited over the graphene channel.  
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(A) (B) 

 
(C) 

Figure Ap6. Effects of DMF exposure on DWL 1x passivation. (A) Transistor channel as fabricated. (B) 

The same channel after 2h exposure to DMF, showing degradation of the passivation borders. (C) Raman 

spectra of the channel before (red) and after (blue) exposure to DMF. 

As a result, alternatives for PBSE preparation were sought. A range of solvents were tested, but most of 

them were non-compatible for PBSE dissolution (e.g., IPA, Benzene, Hexane, Ethanol). Ethyl acetate 

worked as a solvent but evaporated too fast, not allowing for the optimized 2h incubation. As such, it was 

proposed to use one of the milder solvents (ethanol) mixed with DMF, to reduce the content of DMF, but 

still allow dissolution of PBSE. Tests were performed with a mixture of 7% DMF and 93% ethanol for PBSE 

preparation. A sample like that of Figure Ap6 was tested, and this time no damage was observed in the 

passivation.  

Functionalization studies in samples analyzed by XPS and QCM, however, showed limitations in this 

approach. Figure Ap7A,B shows the XPS N1s spectra obtained in a graphene sample before and after 

functionalization with PBSE prepared in the mixture 7%/93% of DMF and ethanol, respectively. Using the 

fitting parameters and equation (1) it is possible to have an approximate estimation of the amount of 

PBSE on the analyzed surface, which for the analyzed samples resulted in an estimated value between 3 

to 5 × 1014 molecules per cm2. When comparing this with the footprint of the molecule, which would 

expectedly provide a binding density around 1013 molecules per cm2, it is expected that part of the signal 

from PBSE comes from aggregated molecules instead of singular molecules in the surface. Additionally, 
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when functionalizing a QCM crystal (after graphene transfer) with PBSE prepared in pure DMF or the 

mixture (Figure Ap7C), a clear difference is observed in antibodies immobilization, indicative that the 

solvent is not as stable as expected and is hindering the functionalization process. 

  
(A) (B) 

 
(C) 

Figure Ap7. Analysis of the effect of the use of 7% DMF and 93% ethanol mixture as a solvent for PBSE. 

(A) XPS spectra of the N1s range of the graphene surface before functionalization, showing the 

characteristic peak from the SiO2Nx substrate. (B) XPS spectra of the N1s range of the graphene surface 

after functionalization showing the higher energy peak associated with the N of the NHS-ester group of 

PBSE. (C) Frequency shifts of QCM crystals after antibody immobilization in surfaces functionalized with 

PBSE prepared in DMF and the mixture of 7% DMF and 93% ethanol. 

 

 

Considering this, the passivation for the final layout was chosen to be resistant to strong solvents to avoid 

the mentioned limitations. 

1.2. Fabrication of the Dielectric Passivation Layer 

1.2.1. Combined Reactive Ion Etching and Wet Etch Strategy 

𝑛𝑠 = (
𝐼𝑒𝑙𝑒𝑚𝑒𝑛𝑡

𝐼𝑚𝑒𝑡𝑎𝑙
.

𝜎𝑒𝑙𝑒𝑚𝑒𝑛𝑡

𝜎𝑚𝑒𝑡𝑎𝑙
) (

𝑇𝑚𝑒𝑡𝑎𝑙

𝑇𝑒𝑙𝑒𝑚𝑒𝑛𝑡
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𝑄 )           (1) 
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In order to test the possibility of using combined dry and wet etch for the patterning of the hard passivation 

(SiO2 and SiNx based) layer as the final step of the fabrication, two test wafers were prepared to measure 

the dry and wet etch rates of the passivation layer, as follows: Si wafers are coated, using PECVD, with 

90 nm of SiO2 and 50 nm of SiNx on Test Wafer #1, and 120 nm of SiO2 and 50 nm of SiNx on Test Wafer 

#2. For thickness estimation with interferometer, millimeter-sized patterns were patterned by optical 

lithography, as exemplified in the mask on Figure Ap8A. After RIE on Test Wafer #1, it was observed that 

all SiO2 had been etched away, contrary to the intended purpose. As such, the results bellow are referent 

to Test Wafer #2. Figure Ap8B shows the wafer after RIE. After extraction of the thickness values of SiO2 

(Table Ap1), the wafer was exposed to KOH 1 M at 45 ºC for 1h, but an etch rate equivalent to that of 

room temperature was achieved, being to slow for our process (5 ± 0.95 nm/h). To improve the etch 

rate, the wafer was cut into small samples which were immersed in KOH 1M at 60 ºC for different times 

(examples of samples in Figure Ap8C). The SiO2 thickness measured in the interferometer showed it was 

possible to remove all SiO2 within a reasonable amount of time. The interferometer values allowed then 

to extract the estimated etched thickness, which is presented in Chapter IV. 

  
(A) (B) 

 
(C) 

Figure Ap8. Etch rate test wafers and samples. (A) Mask for millimeter-sized patterns for the Test 

Wafers, to allow measurements in the interferometer. (B) Test Wafer #2 after RIE for 30 s (25 + 5 s). (C) 

Three samples from Test Wafer #2 before exposure to KOH 1M at 60 ºC. 

Table Ap1. Measured SiO2 thickness in the millimeter-sized features after each etching step tested. 

 After RIE (25 + 5 s) KOH 45ºC (1h) KOH 60ºC 

 C1 C2 C3 C4 C5 C6 C1 C2 C3 C4 C5 C6 C1 C2 C3 C4 C5 C6 
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L6 29.9 35.1 39.5 41.2 40.4 38.6 26.8 30.7 33.9 35.1 34.4 32.8    0 0 0 

                1h 2h 3h 

L4 33 41.1 47.1 48.4   28.7 36.1 42.1 42.7 40.2 34.9 19.1 20.1 14.9    

             15min 30min 45min    

 

1.2.2. Stopping Layer-Assisted Reactive Ion Etching of Dielectric Passivation 

To perform patterning of the stopping layer by lift-off, a strategy was optimized to avoid the use of 

ultrasonication that would damage graphene. It was proposed to perform a pre-development of the 

photoresist before exposure in optical lithography to harden the top layer of the photoresist. Figure Ap9 

shows a sample after exposure and development using different exposure parameters (Energy and CD 

bias) to correct for size variations arising from the hardened photoresist. It was recommended to increase 

the energy of the laser to be able to go through the hardened photoresist. Values of +15%, +20% and 

+25% of energy (in reference to the standard value for AZ1505) with no clear difference in terms of 

exposure quality. As such, the intermediate value of +20% of energy was kept for further testing. Variation 

of the CD bias showed that without this correction, the features had a ~0.5 µm increase in size when 

compared to the layout size (4.5 µm). Positive bias correction increased even more the size (Figure 

Ap9D), but the use of a negative correction bias (-600) reduced the feature size in ~0.5 µm. This was 

indicative that the CD bias value should be within 0 to -600. As such exposure was performed with -300 

correction to provide feature sizes closer to the designed layouts. 

 
(A) 
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(B) (C) (D) 

Figure Ap9. Test sample after exposure and development of AZ1505 using the soaking methodology. 

(A) Full sample showing the different parameters used for laser exposure. (B) Feature size using CD Bias 

of 0, is 4.93 µm. (C) Feature size using CD Bias of -600, is 4.02 µm. (D) Feature size using CD Bias of 

+600, is 5.39 µm. 

Using the optimized parameters, devices were prepared for the stopping layer patterning. Figure Ap10 

shows the sample after lithography and development, and after patterning by lift-off without 

ultrasonication. After lithography and development, the features have the expected size (Figure Ap10B), 

and SEM imaging (after metal sputtering) shows the typical mushroom-hat like borders of the photoresist 

(Figure Ap10C, D). After immersion and rinsing with acetone, well-defined features were obtained (Figure 

Ap10F), showing that this is a suitable strategy for the patterning of layers by lift-off using milder 

conditions. 

  
(A) (B) 
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(C) (D) 

  
(E) (F) 

Figure Ap10. Optical microscopy photographs of an EG-GFET chip for preparation of the stopping layer. 

After optical lithography and development with optimized parameters the sample shows features with the 

expected size (A, B). After sputtering of the stopping layer materials, SEM was used to check the 

characteristic features of the photoresist using the soak method (C, D). After immersion in acetone and 

rinsing with a acetone wash bottle, a well-defined stopping layer is achieved (E, F). 

1.3. Case Study: Fabrication at 200 mm Wafer Scale of Graphene Electrolyte Gated 

FETs 

Wafer A layout: 
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Figure Ap11. Proposed chip layouts for Wafer A (top), distributed to occupy half of the wafer area with 

each proposal (bottom). The BF19 layout was designed for assays with biosensing occurring at the gate 

electrode, for comparison with the effects of biosensing at the graphene channel (BF20). 
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2. Appendix II – Graphene functionalization 

2.1. Binding of specific biomarkers – complementary calculations 

Binding efficiency was estimated using QCM frequency shifts after specific binding of MMP9 and c-Fn 

each circulating at 3 µg/ml. 

First the total protein in circulation is estimated considering the protein molecular weight. 

MMP9 c-Fn 

VTotal = 1 ml; WMMP9 = 3×10-6 g 

MWMMP9 = 92 kDa = 92000 g/mol 

NA = 6.022×1023 mol-1 

𝑛 =
𝑊𝑀𝑀𝑃9

𝑀𝑊𝑀𝑀𝑃9
=  

3×10−6

92000
= 3.26 × 10−11 𝑚𝑜𝑙  

𝑁 = 𝑛 × 𝑁𝐴 = 19.64 × 1012 MMP9 molecules 

VTotal = 1 ml; WMMP9 = 3×10-6 g 

MWMMP9 = 550 kDa = 550000 g/mol 

NA = 6.022×1023 mol-1 

𝑛 =
𝑊𝑀𝑀𝑃9

𝑀𝑊𝑀𝑀𝑃9
=  

3×10−6

550000
= 5.45 × 10−12 𝑚𝑜𝑙  

𝑁 = 𝑛 × 𝑁𝐴 = 3.28 × 1012 c-Fn molecules 

The estimation of amount of circulating protein, shows that for the same concentration there is 6x more 

MMP9 in circulation than c-Fn. This can lead to decreased binding in the c-Fn specific surface due to the 

reduced chance of the protein reaching the surface. Indeed, this is reflected in the QCM frequency shift. 

The frequency shifts can therefore be used to estimate the amount of bound protein to extract the binding 

efficiency. 

MMP9 c-Fn 

∆𝑚 = −𝐶𝑄𝐶𝑀 × ∆𝑓; CQCM = 17.7 ng.cm-2.Hz-1 [239] 

(QCM crystal area ~ 1 cm2)  

∆𝑚 ~ 506.22 ng → Nbound = 2.85×1012 MMP9 

molecules immobilized (considering molecular 

hydration correction of 14% [8]) 

𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑁𝑏𝑜𝑢𝑛𝑑

𝑁𝑡𝑜𝑡𝑎𝑙
× 100 = 14.5 %  

∆𝑚 = −𝐶𝑄𝐶𝑀 × ∆𝑓; CQCM = 17.7 ng.cm-2.Hz-1 [239] 

(QCM crystal area ~ 1 cm2)  

∆𝑚 ~ 200.19 ng → Nbound = 1.90×1011 MMP9 

molecules immobilized (considering molecular 

hydration correction of 14% [8]) 

𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑁𝑏𝑜𝑢𝑛𝑑

𝑁𝑡𝑜𝑡𝑎𝑙
× 100 = 5.8 %  

As expected, reducing the amount of circulating protein also reduced the binding efficiency although not 

linearly, as the 6x decrease in protein (from MMP9 to c-Fn) only reflected a 2.5x decrease in the binding 

efficiency. To understand better the mechanisms behind these differences a study using different 

concentrations of the same protein could be performed, however it was not the focus of the presented 

work. 
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3. Appendix III – Baseline measurements with multi-channel acquisition 

system for EG-GFETs 

3.1. LoB and LoD according to [221]: 

The limit-of-blank (LoB) is the highest apparent analyte concentration expected to be found when 

replicates of a blank sample containing no analyte are tested. 

The limit-of-detection (LoD) is the lowest analyte concentration likely to be reliably distinguished from the 

LoB. LoD is determined by utilizing both the measured LoB and test replicates of a sample known to 

contain a low concentration of analyte. 

𝐿𝑜𝐵 =  𝑚𝑒𝑎𝑛𝑏𝑙𝑎𝑛𝑘 +  1.645(𝑆𝐷𝑏𝑙𝑎𝑛𝑘) 
(Eq. 1) 

𝐿𝑜𝐷 =  𝐿𝑜𝐵 +  1.645(𝑆𝐷𝑙𝑜𝑤 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑎𝑚𝑝𝑙𝑒) 
(Eq. 2) 

3.2. Signal stabilization 
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Figure Ap12. Transfer curves in representative devices showing drift and stabilization of the signal over 

the 20 acquisitions performed after each surface modification/ detection step. 

3.3. BSA detection in graphene and gold 

  
(A) (B) 

 
(C) 

 
(D) 

Figure Ap13. Transfer curves and overtime acquisition of VCNP after chemical functionalization and 

exposure to BSA. (A) Last transfer curve of each 20-loops measured after passivation of gold (black line), 

functionalization of graphene with PBSE (red line) and exposure to BSA at 100 pg/ml, 100 ng/ml and 

100 µg/ml (blue lines). (B) Last transfer curve of each 20-loops measured after functionalization of gold 

with Sulfo-LC-SPDP (red line) and exposure to BSA at 100 pg/ml, 100 ng/ml and 100 µg/ml (blue lines). 

(C) Extracted VCNP for each working EG-GFET at each transfer curve measurement (20 measures), after 

each step of functionalization and detection on graphene channels (BF20 model). (D) Extracted VCNP for 
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each working EG-GFET at each transfer curve measurement (20 measures), after each step of 

functionalization and detection on the gate electrode (BF19 model). 

 

3.4. Standard response of EG-GFETs to functionalization 

 
13.230 

 
13.346 

 
13.343 

 
13.227 

 
13.235 

 
13.312 

 
13.598 

 
13.765 

Figure Ap14. Transfer curves in representative devices showing the consistent positive shift of VCNP after 

chemical functionalization of graphene with PBSE (red curves), when compared with bare graphene (black 

curves). 

 
13.235 

 
13.236 
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13.343 

 
13.312 

Figure Ap15. Transfer curves in representative devices showing a non-consistent minor shift of VCNP after 

antibody immobilization (green curves) on the PBSE-modified graphene (red curves). The direction and 

intensity of the shift does not seem to be related with the use of Anti-human MMP9 or Anti-human c-Fn. 

 
13.235 

 
13.236 

 
13.343 

 
13.312 

Figure Ap16. Transfer curves in representative devices showing a negative shift of VCNP after blocking 

with ethanolamine (blue curves) on the PBSE + Antibody modified graphene (green curves). The shift is 

generally negative, but some situations exhibit no VCNP shift. The shift intensity is not consistent between 

samples, even in the same assay (e.g., 13.235 and 13.236). 
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4. Appendix IV – Biological Matrix Effects 

  
(A) (B) 

Figure Ap17. Effects of exposure of human blood serum to passivated graphene and gold surfaces. (A) 

Schematic of EG-GFETs surfaces and respective functionalization applied for initial testing with human 

serum (both surfaces passivated). (B) Frequency shift in real-time during exposure of a gold QCM crystal 

blocked with DDT, to undiluted human serum. 

4.1. EG-GFETs transfer curves 
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(B) (C) 

  
(D) (E) 

Figure Ap18. Transfer curves after exposure of Anti-human c-Fn functionalized EG-GFETs to human 

serum solutions for 20 minutes and respective exposure to c-Fn at 100 ng/ml (20 minutes) prepared in 

the same medium. (A) PB 10 mM. (B) Diluted depleted serum (Dep. Serum 1:5). (C) Depleted serum 

(Dep. Serum 1:1). (D) Diluted human serum (Serum 1:5). (E) Human serum (Serum 1:1). 
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(A) 

  
(B) (C) 

  
(D) (E) 

Figure Ap19. Transfer curves after exposure of Anti-human MMP9 functionalized EG-GFETs to human 

serum solutions for 20 minutes and respective exposure to MMP9 at 100 ng/ml (20 minutes) prepared 
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in the same medium. (A) PB 10 mM. B) Diluted depleted serum (Dep. Serum 1:5). (C) Depleted serum 

(Dep. Serum 1:1). (D) Diluted human serum (Serum 1:5). (E) Human serum (Serum 1:1). 

4.2. ELISA sandwich-assays 

Table Ap2. Absorbance at 450 nm from an ELISA sandwich assay, after exposure to the specific target 

(c-Fn) and non-specific protein (p-Fn) in PBS. The left column of each exposure represents the standard 

deviation from the plate duplicates. 

[Target] 

c-Fn (Stock A) c-Fn (stock B) p-Fn 

Average SD Average SD Average SD 

0 0.113 0.007 0.116 0.002 0.129 0.003 

0.01 0.1145 0.019 0.099 0.022 0.129 0.010 

0.1 0.189 0.013 0.195 0.041 0.386 0.073 

1 0.958 0.171 1.153 0.047 1.519 0.018 

Table Ap3. Absorbance at 450 nm from an ELISA sandwich assay, after exposure to the specific target 

(c-Fn) and non-specific protein (p-Fn) in PBS and in human serum diluted 1:5. The left column of each 

exposure represents the standard deviation from the plate duplicates. 

[Target] 

c-Fn in PBS 1x p-Fn in PBS 1x c-Fn in Serum 1:5 

Average SD Average SD Average SD 

0 0.213 0.012 0.332 0.080 2.03 0.073 

0.5 0.910 0.047 1.564 0.005 2.137 0.085 

3 1.594 0.042 2.08 0.066 2.088 0.098 

5 1.582 0.101 2.039 0.004 2.087 0.105 

4.3. ELISA direct assays 

Table Ap 4. Configuration of the 96-well plate used to access affinity of the secondary Anti-human c-Fn 

antibody to p-Fn and serum elements. The concentration of p-Fn in PBS 1x increases from line to line up 

to 1 µg/ml. Comparison with c-Fn at 1 µg/ml prepared in Carbonate/bicarbonate buffer is performed to 

access differences in protein immobilization due to the buffer used. Diluted human serum is used for 

cross-reactivity testing with the secondary Anti-human c-Fn antibody. Line G is blocked with BSA 3% before 

exposure to buffer and human serum to access the quality of the blocking step (secondary Anti-human c-

Fn antibody used at 2 µg /ml in this line). The red values in columns 1 to 6 represent the concentration 

of secondary Anti-human c-Fn antibody in µg/ml. 

Plate 1 HRP 1:20000 

  Ab-biot c-Fn (µg/ml) 

[p-Fn] 

µg/mL 

 1 

0 

2 

0 

3 

2 

4 

2 

5 

5 

6 

5 

7 8 9 10 11 12 

0 A             

0.01 B             

0.1 C             

1 D             
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Table Ap5. Absorbance at 450 nm from an ELISA direct assay, after immobilization of p-Fn and diluted 

human serum and exposure to increasing concentrations of Anti-human Fibronectin Biotin antibodies (Ab-

biot c-Fn). The left column of each exposure represents the standard deviation from the plate duplicates. 

[p-Fn] µg/ml 

Ab-biot 0 µg/ml Ab-biot 2 µg/ml Ab-biot 5 µg/ml 

Average SD Average SD Average SD 

0 0.061 0.001 0.067 0.005 0.079 0.003 

0.01 0.072 0.015 0.102 0.003 0.155 0.010 

0.1 0.069 0.003 0.284 0.020 0.575 0.066 

1 0.070 0.001 1.497 0.021 2.419 0.042 

1 (C/biC) 0.084 0.006 1.906 0.044 2.853 0.025 

Serum 1:5 0.061 0.001 0.395 0.002 0.993 0.020 

BSA + Serum 0.062 0.007 0.193 0.008 0.151 0.018 

 Table Ap 6. Configuration of the 96-well plate used to access the preferential affinity of the secondary 

Anti-human c-Fn antibody to c-Fn or p-Fn. The concentration of p-Fn in PBS 1x increases from line to line 

up to 1 µg/ml. The concentration of c-Fn in PBS 1x increases from column to column up to 1 µg/ml (red 

values). Both targets are immobilized in duplicates, creating quadruplicates for each concentration 

mixture. 

Plate 2 HRP 1:20000 

  Ab-biot c-Fn (2 µg/mL) 

[p-Fn] µg/mL 

[c-Fn] µg/ml 1 

0 

2 

0 

3 

0.005 

4 

0.005 

5 

0.05 

6 

0.05 

7 

0.5 

8 

0.5 

9 

 

10 

 

11 

 

12 

 

0 A             

0 B             

0.005 C             

0.005 D             

0.05 E             

0.05 F             

0.5 G             

0.5 H             

Table Ap7. Absorbance at 450 nm from an ELISA direct assay, after immobilization of p-Fn and c-Fn 

mixtures and exposure to 2 µg/ml of Anti-human Fibronectin Biotin antibodies (Ab-biot c-Fn). The left 

column of each exposure represents the standard deviation from the plate duplicates. 

[c-Fn] (µg/ml) 0 0.005 0.05 0.5 

[p-Fn] (µg/ml) Average SD Average SD Average SD Average SD 

1  E       (In carbonate buffer) 

Serum 1:5 F             

BSA 3% G PBS PBS 
Serum 

1:5 

Serum 

1:5 

Serum 

1:1 

Serum 

1:1 
Ab-biot ( 2 µg/ml) 

 H             
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0 0.085 0.006 0.086 0.005 0.153 0.014 0.658 0.030 

0.005 0.091 0.009 0.103 0.0045 0.167 0.015 0.679 0.040 

0.05 0.186 0.009 0.206 0.009 0.260 0.018 0.745 0.067 

0.5 1.678 0.090 1.718 0.067 1.762 0.034 1.758 0.086 
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5. Appendix V – Future Work (preliminary data) 

5.1. Surfactant effect on EG-GFETs 

5.1.1. Methodology 

Functionalization of the graphene channels of EG-GFETs was performed as reported by [42]. Shortly, the 

gold gate electrode was passivated with 1-Dodecanethiol (DDT, Sigma-Aldrich) at 2 mM in ethanol, by 

immersion, overnight at room temperature. A heterobifunctional pyrene linker, 1-Pyrenebutanoic acid 

succinimidyl ester (PBSE, Sigma-Aldrich), 10mM in DMF, was deposited as a 20 μl drop and allowed to 

interact with the graphene surface for 2 h under a humid atmosphere at room temperature (RT). Anti-

human MMP9 antibodies (Immunostep) were prepared at 250 μg/ml concentration in PB 10 mM and 

spotted (5 μl) onto the pyrene-modified surfaces for overnight incubation at 4 oC under a humid 

atmosphere. Prevention of nonspecific binding was done by passivating free PBSE molecules with 

ethanolamine (ETA, Sigma-Aldrich) at 100 mM concentration for 1h at RT, under a humid atmosphere.  

Purified Matrix Metallopeptidase 9 (MMP9, Immunostep) was prepared for detection on the functionalized 

EG-GFETs, in Phosphate buffer with 0.05 % of Tween® 20. Incubation with the target solution was done 

for 1 h, in a wet chamber, at room temperature. 

5.1.2. Assessment of Tween® 20 effect on EG-GFETs 

Using functionalized devices from Wafer 3 (Appendix I) for specific detection of MMP9, resulted in negative 

shifts of VCNP, contrary to expected for this protein [42] (Figure Ap20A). It was also observed that the blank 

sample (no MMP9 present) resulted an equivalent negative shift of VCNP indicating that the observed effect 

could be from the medium itself instead of the biomarker. To confirm this hypothesis, EG-GFETs 

functionalized for MMP9 detection were incubated with PB 10 mM containing different percentages of 

the surfactant used in the preparation of MMP9 (0 %, 0.02 % and 0.05%). Figure Ap20B shows the VCNP 

shifts obtained after exposure to the PB-Tw20 solutions. The plot of Figure Ap20B clearly shows that 

without Tween® 20 in solution, the VCNP shifts positively, which fits the later observations in more recent 

EG-GFETs, associated with stabilization of the surface/antibodies after the ethanolamine step (in water, 

less stable for antibodies). However, increasing the amount of Tween® 20 in solution seems to shift VCNP 

negatively, with the shift increasing with Tween® 20 concentration. In fact, the shift obtained in the 

samples exposed to PB-Tw20 at 0.05% are comparable to those obtained in Figure Ap20A, reinforcing 

the idea that the shifts from the first plot were not due to MMP9, but due to interactions of Tween® 20 

at the graphene surface. These results led to the removal of Tween® 20 from the medium for protein 

dilution (use only PB 10 mM). 
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(A) (B) 

Figure Ap20. Shift of VCNP in functionalized EG-GFETs after exposure to MMP9 prepared in PB-Tw20 

0.05 % (A), and exposure to PB-Tw20 with varying percentage of surfactant (B). 

5.2. MNPs for sample pre-recognition 

Preliminary tests were performed using Streptavidin-coated magnetic nanoparticles (MNPs) to access the 

possibility of using this system to control target capture, and with that adjust the dynamic range of the 

studied EG-GFETs (Chapters V and VI), as proposed in Figure Ap21. The idea would be to shift the 

saturation range (10-100 ng/ml) to become the detection limit, and allow detection in the μg/ml range. 

Figure Ap 21. Dynamic range adjustment principle. 

5.2.1. Methodology 

Functionalization of the graphene channels of EG-GFETs was performed as reported by [42]. Shortly, the 

gold gate electrode was passivated with 1-Dodecanethiol (DDT, Sigma-Aldrich) at 2 mM in ethanol, by 

immersion, overnight at room temperature. A heterobifunctional pyrene linker, 1-Pyrenebutanoic acid 

succinimidyl ester (PBSE, Sigma-Aldrich), 10mM in DMF, was deposited as a 20 μl drop and allowed to 

interact with the graphene surface for 2 h under a humid atmosphere at room temperature (RT). Purified 

monoclonal anti-human Fibronectin antibodies (Immunostep) were prepared at 250 μg/ml concentration 

in PB 10 mM and spotted (5 μl) onto the pyrene-modified surfaces for overnight incubation at 4 oC under 



Immuno-field-effect transistor platforms based on 2D materials for early 
detection of biomarkers of ischemic stroke  

173 
 

a humid atmosphere. Prevention of nonspecific binding was done by passivating free PBSE molecules 

with ethanolamine (ETA, Sigma-Aldrich) at 100 mM concentration for 1h at RT, under a humid 

atmosphere.  

Streptavidin-coated magnetic nanoparticles (MNPs, 250 nm, 4.9x1011 particles.ml-1, Nanomag-D, 

Micromod), 250 nm wide, were prepared for exposure to functionalized EG-GFETs as follows: 

Bare MNPs (2 µL) were diluted in PB-Tween20 0.05% 100 mM (500 µL), for washing and the eppendorf 

was placed in the magnetic concentrator. After 2 minutes the solution was discarded. The MNPs were re-

suspended in PB 10 mM for final dilutions of 1:8, 1:6, 1:4 and 1:1. Dilutions 1:4 and 1:1 were used 

without functionalization. 

For specific capture of c-Fn the MNPs were incubated with Anti-human Fibronectin Biotin antibodies 

(Immunostep) prepared at 50 µg/ml, for 1 h at room temperature. Passivation of streptavidin free-sites 

was performed by incubating the antibody-functionalized MNPs with BSA at 50 mg/ml for 40 minutes at 

room temperature. Finally, specific capture was performed by incubation of the functionalized particles 

with c-Fn at 100 ng/ml for 1 h at room temperature. After capture the EG-GFETs were exposed to the 

MNPs with c-Fn. 

5.1.2. Results 

Initial assessment of the MNPs effect was performed with passivated graphene channels (PBSE + 

ethanolamine) and non-functionalized MNPs. Exposure to MNPs led a negative shift of VCNP (Figure Ap22A) 

that increased with MNPs concentration in the droplet. The negative shifts could be indicating reactions 

at the gate electrode, since the channels were also passivated, which was confirmed by optical 

microscopy. Figure Ap23 shows optical images of the gate electrode at 5x magnification before (Figure 

Ap23A) and after exposure to non-functionalized MNPs  (Figure Ap23B,C), clearly indicating accumulation 

of MNPs at the gate electrode surface. 

  
(A) (B) 
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Figure Ap22. VCNP shift of EG-GFETs after each step of functionalization of the graphene channels and 

exposure to non-functionalized MNPs (A) and functionalized MNPs (B). 

It was proposed that the exposure of free streptavidin of the MNPs was promoting the random binding of 

the particles in the EG-GFETs. To counteract that effect, EG-GFETs with the same functionalization scheme 

were exposed to functionalized MNPs (antibodies + BSA), since the MNPs are always to be used in the 

functionalized state. Exposure to the functionalized MNPs reduced about 4 times the negative shift 

associated with MNPs interaction at the gate electrode (Figure Ap22B), which was also confirmed by 

optical microscopy (Figure Ap23D) with a great reduction of MNPs accumulation at the gate surface. This 

result indicates, there is the possibility to use the functionalized MNPs on EG-GFETs with reduced 

interference in the target signal. 

  
(A) (B) 

  
(C) (D) 

Figure Ap23. Optical microscope photographs of the gate electrode of EG-GFETs before use (A), after 

exposure to non-functionalized MNPs at 1:4 dilution (B) and 1:1 dilution (C), and after exposure to 

functionalized MNPs at 1:4 dilution (D). 

To further access the potential of the particles for the dynamic range adjustment studies, functionalized 

MNPs prepared at 1:8, 1:6 and 1:4 dilutions were exposed to c-Fn at 100 ng/ml to evaluate the ratios of 

particles that could be more suitable for our application. After target capture, The MNPs were placed on 

the anti-human fibronectin functionalized EG-GFETs for specific recognition of c-Fn. The shifts of VCNP, 

shown in Figure Ap24, show that pre-recognition with functionalized MNPs can indeed reduce the 

response when compared with a control of direct detection of c-FN (first data point). The results showed 

that detection was possible with 1:4 dilution of MNPs with a VCNP of about half of that obtained in the 
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control, however detection was not achieved with 1:6 and 1:8 dilutions. Although the response reduction 

seems promising, the results with 1:6 and 1:8 dilutions were not consistent indicating further work must 

be done to optimize the MNPs ratios for the dynamic range adjustment. 

 
Figure Ap24. Shift of VCNP of functionalized EG-GFETs after direct exposure to c-Fn at 100 ng/ml (first 

data point) and exposure to different ratios of functionalized MNPs after pre-recognition of c-Fn at 100 

ng/ml. 

 


